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Study of Hydrogen-Bonded Banana-Shaped Supramolucular

Liquid Crystals

Student: Ling-Yung Wang Advisor: Dr. Hong-Cheu Lin
Abstract

Banana-shaped (so called bent-core) liquid crystals are achiral structures with
spontaneous polarization and chirality properties. In this thesis, the identifications and
classifications of banana-phase types, electro-optical properties, and bent-core
structural configurations were introduced. Meanwhile, the influences of H-bonded
functional insertions in bent-core supramolecular materials on the mesomorphic and
electro-electric properties were investigated in this doctoral dissertation as well.

In chapter 2, the existence ‘of polar switching behavior in the polar smectic
(SmCP) phase of bent-core asymmetric hetero-dimers (with one H-bond) was proven
to be associated by their configurations with higher dipole moments and suitable bent
angles. In addition, the lack of polar switching behavior in supramolecular bent-core
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.

In chapter 3, the novel examples of supramolecular bent-core dimers and
main-chain polymers with various siloxyl units of central linking spacer, which
exhibited voltage-sensitive removable and reassemble (anti)ferroelectric polar
switching behavior of spontaneous polarization, were established due to the
reorganized H-bonded designs. The ferroelectricity and chirality properties could be
adjusted by the controlling of siloxyl units, where the anticlinic tilt in the
antiferroelectric ground state (SmCaPa) of chiral domain and anticlinic tilt in the

ferroelectric ground state (SmCaPr) of racemic domain were displayed in bent-core



supramolecules with less siloxyl units (di-siloxyl unit) and more siloxyl units
(tri-siloxyl unit), respectively.

In chapter 4, the voltage-dependent anti-ferroelectric properties of spontaneous
polarization behavior in the polar smectic phase, which were displayed in H-bonded
bent-core side-chain copolymers, were also reported influenced by tuning of proper
intermolecular stacking in bent-core covalent- and H-bonded components. A special
approach to constructing (or stabilizing) the SmCP phase was first developed by
copolymerization of bent-core covalent- and H-bonded units in side-chain polymer
complexes with proper molar ratios from both bent-core covalent- and H-bonded
monomers without the SmCP phase.

With respect to mesomorphic and: electro-optical properties of the bent-core
H-bonded dopant systems, more stable SmCP mesophases and low phase tansition
temperatures were achieved and the mesophasic range and Ps value of H-bonded
complexes could be tuned by the modulating of covalent- and H-bonded doping ratio
due to the softer intermolecular arrangement of H-bonded structural dopants. The
phenomena were revealable in both small molecular and small molecule/polymer
dopant systems as shown in chapters 5 and 6.

Overall, the details of influences by H-bonded and configuration effects in
bent-core supramolecules, containing small molecules, imers, and main-chain
polymers, and side-chain polymers, on the mesomorphic, molecular stacking, and

electro-optical propeties were futher studied in this article.
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Figure 3.14
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Figure 5.5
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Figure 5.7
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Figure 5.9

Figure S5.1
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covalent-bonded molecule CB; (b) banana-shaped
H-bonded complexes CPm/HBn, consisting of
covalent-bonded side-chain homopolymer CP and
H-bonded small molecular complex HB

(a) Powder X-ray 2D pattern of H-bonded complex
HP1/CB10 (at 80 °C cooling); (b) Powder X-ray
diffraction intensities against angle profiles of H-bonded
complexes HP1/CB10 and HP1/CB15 in the polar smectic
phase (at 90 °C cooling).

(a) Powder X-ray 2D pattern of H-bonded complex
CP1/HB10 (at 90 °C cooling); (b) Powder X-ray
diffraction intensities against angle profiles of H-bonded
complexes CP1/HB10 and CP1/HB15 in the polar smectic
phase (at 90 °C cooling)

(a) Switching current responses of banana-shaped
H-bonded complex HP1/CB15 (at 80 °C cooling) under the
triangular wave method (as Vpp =240 V and f= 200 Hz).
(b) Ps values as a function of applied voltages (as f = 200
Hz) in the SmCP phase of banana-shaped H-bonded
complexes HP1/CB15 and HP1/CB10 (at 90 °C cooling)
(a) Switching  current responses . of banana-shaped
H-bonded complex CP1/HB15 (at'85 °C cooling) under the
triangular wave method (as Vpp = 240 V and f = 200 Hz).
(b) Ps values as a function of applied voltages (as f =
200Hz) in the SmCP phase of banana-shaped H-bonded
complexes CP1/HB15 and CP1/HB10 (at 90 °C cooling)v
POM textures of the anti-ferroelectric SmCaP, chiral
domain (in a parallel rubbing cell with a cell gap of 4.25
um, where white arrows are the directions of polarizers and
analyzers) in  banana-shaped H-bonded complex
CP1/HB15 by applying d.c. electric fields from (a) -30 V
2 () 0V > (c) +30 V (at 90 °C cooling)

NMR spectra of monomers A’ and B’ and side-chain
H-donor homopolymer AP and bent-core side-chain
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Powder X-ray diffraction intensities against angle profiles
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Figure 6.6

Figure 6.7
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Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

The molecular arranged models of complexes Sm/An-x/y,
Sm/Bn-x/y, and S16/C12-x/y and their individual covalent-
and H-bonded composited chemical structures Sm, An, Bn,
and C12

The POM textures of (a) the complex S12/A12-6/4 in 90
°C and (b) the complex S12/A12-1/9 in 90 °C

The phase transition temperatures of complexes Sm/An in
various molar doping (x/y) ratios

The SmCP ranges of series of complexes Sm/An in various
molar doping (x/y) ratios

The POM textures of (a) the complex S12/A16-3/7 in 90
°C and (b) the complex S12/A16-7/3 in 90 °C

The phase transition temperatures of complexes Sm/Bn in
various molar doping (x/y) ratios

The SmCP ranges of series of complexes Sm/Bn in various
molar doping (x/y) ratios

The POM textures of (a) the complex S16/C12-3/7 in 105
°C and (b) the complex S16/C12-6/4 in 90 °C

The phase transition temperatures of complexes S16/C12
in various molar doping (x/y) ratios

Powder X-ray diffraction intensities against angle profiles
of bent-core complexes S16/A12 with molar doping ratios
x/y = 6/4,7/3, 8/2, and 9/1

Powder X-ray diffraction intensities against angle profiles
of bent-core complexes S16/B16 with molar doping ratios
x/y =2/8, 5/5, and 8/2

Powder X-ray diffraction intensities against angle profiles
of bent-core complexes S16/C12 with molar doping ratios
x/y =2/8, 5/5, and 8/2

(a) Switching current responses of complex S12/A16-7/3 at
90°C (as V pp =400 V, f= 60 Hz); (b) the Ps values as a
function of molar doping ratio x/y (at the SmCP phases as f
= 100Hz) for complexes S12/A12 and S16/A12; (c) the Ps
values as a function of molar doping ratio x/y (at the SmCP
phases as f= 100Hz) for complexes S12/A16 and S16/A16

(a) Switching current responses of complex S12/B16-7/3 at
90°C (as V pp =400 V, f= 60 Hz); (b) the Ps values as a
function of molar doping ratio x/y (at the SmCP phases as f
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Figure 6.15

Figure 6.16

Figure 6.17

Figure S6.1

Figure S6.2

Figure S6.3

Figure S6.4

Figure S6.5

Figure S6.6

= 100Hz) for complexes S12/B12 and S16/B12; (c) the Ps
values as a function of molar doping ratio x/y (at the SmCP
phases as f= 100Hz) for complexes S12/B16 and S16/B16
Dielectric permittivity studies of (a) the complex
S16/A12-8/2 and its components and (b) the complex
S16/B12-8/2 and its components in cooling processes.
POM textures of the antiferroelectric SmCaP, chiral
domain (in a parallel rubbing cell with a cell gap of 4.25
um) in the complex S16/B12-7/3 by applying dc electric
fields from (a) -100 to (b) 0 to (c) +100 V. (White arrows
are the directions of polarizers and analyzers)
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Chaper 1

Introduction

1.1. Introduction of Banana-Shaped Liquid Crystals

Ferroelectric and anti-ferroelectric liquid crystals (FLCs and AFLCs) become
more important due to their fast response of electro-optical properties by applying
external electric fields. At early stages, the molecular design of FLCs was only
confined to molecular structures having chiral ¢ enter derivatives. However, since the
first example of the achiral bent-core (banana-shaped) molecule possessing
switchable behavior has been explored,' many kinds of bent-core liquid crystals were
developed and conferred fascinating optical and electrical properties.

Banana-shaped liquid crystals, which are ~the achiral structures, display
interesting and special electro-optical properties such as spontaneous polarization and
chirality duo to the bent molecular-shape and polar linking functions. In general,
bent-core mesogenic configurations consist of a central core and two rigid wing
segments linking through polar functional groups with a suitable bent angle where
appropriate lengths of flexible chains are attached linking groups (see Figure 1.1).1"!
According to the bent molecular shape and the polar functions, a total dipole force
perpendicular to molecular direction is produced by the coupling of three dimension
dipoles (see Figure 1.2), and the spontaneous polarization behaviors of bent-core
liquid crystals can be induced through the polar directions of layer structures.
Furthermore, the chirality (including racemic and homochiral domains) is also
accomplished according to the polar direction and the molecular tilted direction (see

Figure 1.3).!



1.2. Mesophasic Types of Banana-Shaped Liquid Crystals

Regarding the mesophasic types of banana-shaped liquid crystals, the particular
mesophases, including columnar stacking, tilted smectic phases, and three
dimensional structures, named as B; to Bg phases were explored and identified (see
Figure 1.4)."*! These can be divided into four main types (i) layer modulation, (ii)
modification of layer correlation, (iii) helix formation and (iv) splay modulation. The
classification of “B phases” has been collected by C. Tschierske and R. A. Reddy as
shown in Table 1.1,"°) and the detail introduction of individual “B phases” is described

as following.
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Figure 1.1. The molecular formation of bent-core liquid crystalline designs.
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1.2.1. B, phase

The B, phase, which is generally obtained in the bent-core structures with longer
and shorter molecular length ratio of rigid core and flexible chain, respectively, was
generalized as a columnar (Col) phase because of the two dimension columnar layer
modulation. As shown in Figure 1.5,'" dendritic-like and mosaic textures were
revealable in B; phase. Based on the traditional identification of B; phases via XRD
investigations, a broad diffuse scattering peak in wide angle region and several sharp

peaks in small angle region were observed. In previous studies, the Col; of B; phase,
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which is the non-tilted columnar arrangement as the undulated wavy molecular
stacking, generally exhibited no spontaneous polarization behavior. However, in
contrast to the conventional Col; phase, two other kinds of polar switchable B; phases
named as Coliey and Coly, (Coleyvit) Were developed under a suitable applying of an
electric field, and those different tilted modulated columnar molecular arrangements

and 3D structures were shown and compared in Figure 1.5 as well.

Table 1.1. The positional ordered mesophases formed by bent-core molecules'™

Organization of Non-switching Helical
Mesophase type the molecules B-nomenclature™ phases AF switching FE switching filaments
Intercalated smectic and no m-plane order Orthogonal B& SmA,

Tilted B SmC,
Smectic monolayer and ne in-plane order Orthogonal Smay SmAP, SmAPg

Tilted B2 SmCPy SmCPgg (+)

Tilted SmCP*  SmCPe P ()

Tilted SmCPg
Smectic monolayer with in-plane order,  Tilted B5 B5ar BS5gg

but no interlayer correlation
Smectic bilayer Double tilted BE SmCGaP, (+)
Undulated smectic Talted USmCPar  USmCPgg (+])
Undulated modulated smectic Tilted B7-subtype (B7') U™SmCPar UTSmMC,PE  +
Mesophase with 2D or 3D lattice (7) Talted B7 B7 T aF +
Modulated smectic {columnar ribbon Orthogonal Bl Col/p2mg Col Pagr
phases)
Orthogonal Bl.., Col Jprmn (SmAP) Col 4, Pag Col 4 Peg (+)
Col,, (SmC,.P)

Tilted Bley sitea ) (+)

Double tilted S GaPar (+}
Hexagonal columnar Coly, ColpPar
Soft crystalline mesophase Orthogonal (TGB-like) B4+l B4l
Soft crystalline or hexatic mesophase ? B3 B3
“ Abbreviations: SmA = untilted smectic phase without in-plane order, SmC = tilted smectic phase without in-plane order, SmCG = double-
tilted smectic phase, USm = undulated (sinusoidal deformed) smectic phase, U™Sm = modulated undulated smectic phase, SmA,
SmC = modulated smectic phases (the layers are broken into ribbons), Col = columnar mesophase; P = mesophase with polar order;
subscripts: b = biaxial, ¢ = intercalated; A = AF order, F = FE order, AF = AF switching, FE = FE switching, ¢ = synclinic orientational
correlation between adjacent layers, 2 = anticlinic correlation between layers, R = random (no orientational correlation between layers),

r = rectangular 2D lattice, ob = obhque 2D lattice, h = hexagonal 2D lattice, rev = reversed, rev,tilted = reversed tilted; p2mg = plane group
and pmmn = layer group which characterise the columnar phases in more detail; the superseript [*] indicates a mesophase with supramolecular
chirality, characterised by the spontaneous formation of a conglomerate of domains of opposite chirality sense whereby the molecules
themselves are configurational achiral or racemic; — = not observed, (+) observed in few exceptional cases, + = typical feature of the
mesophase;  these phases are also assigned as “dark conglomerate phases™.
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1.2.2. B; phase

The B, phase (so called SmCP phase) is still the most extensively studied banana
phase. The spontaneous polarization behavior is obtainable in this phase, which is
explained the polar order based on close packing of molecules in a smectic layer with
a unique bending along a C,y symmetry axis. The schileren, broken fan, and circular
textures were possessed in this phase (see Figure 1.6).") The most prevailingly
investigated B, phase revealed ferroelectric (FE)/antiferroelectric (AF) properties,

which possessed identical/inverse polarizations, and synclinic (S)/anticlinic (A)



arrangements with alike/opposite molecular tilted aspects between layer to layer,

*] Hence, depending on the polar directions and molecular tilted

respectively.
directions in neighboring layers, four kinds of different molecular architectures
denoted as SmCaPA, SmCsP s, SmCAPE, and SmCsPr were categorized to homochiral
(SmCAP4 and SmCsPr) and racemic (SmCsP and SmCaPy) conditions, respectively.
In the XRD investigations of B, phase, the smallest and next-smallest angle peaks are

related to the first and second order diffractions corresponding to the smectic layer

with about 30° to 45° molecular tilted angles.
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Figure 1.6. The mesophase textures and molecular arranged models of B; phase.

1.2.3. B; phase

The Bj; phase is a kind of higher-order lamellar arrangement, which often
exhibits in lower temperature cooling from B, phase (see Figure 1.7). Even if the
spontaneous polarization behavior was received in a previous paper,”’) however the
electro-optical identification was uncertainly duo to the non-confirmed second

harmonic generation (SHG) activity and low dielectric constant phenomena.!” As



shown in Figure 1.7, the XRD investigation of B; phase, revealed several diffraction
peaks at small and wide angle regions to describe it is similar with a crystalline

9,11

structure,”'"! and the layer spacing in B; phase was the same as that in a crystal state,

longer than that in B, phase, and shorter than that in B4 phase.
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Figure 1.7. The bent-core chemical structure and XRD patterns of B; phase. |

1.2.4. B4 phase

The B4 phase, so called “smectic blue“, often appears in lower temperature
cooling from B, and Bj; phases. In previous studies, the lattice distance of B4 phase
was longer than that of B; phase. Textures of B4 phase under a polarizing microscope

appeared as transparent dark blue colored domains, as shown in Figure 1.8. This blue



color was first considered to be caused by selective reflection due to the helical

121 In the POM observations of

structure like a twist-grain-boundary (TGB) phase.!
B, phase, the dark and bright domains were demonstrated, which could be exchanged
by the rotating one of the polarizers clockwise and counterclockwise. A CD spectrum
with an opposite sense was also obtained to indicate the chirality structure.'”
Although the B4 phase was not switchable by an electric field and its dielectric
constant was low, SHG was observed even without the electric field. This indicated
the existence of a spontancous non-centrosymmetric order.” In the XRD
investigations of B4 phase (see Figure 1.8), the number of diffraction peaks decreased

in wide angle region and the peaks became wider than that of B; phase, which

suggested that the B4 phase has an in-plane order.
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Figure 1.8. The POM textures, CD spectra, and molecular arranged model of By

phase. [3,11-13]



1.2.5. Bs phase

According to the previous articles, Bs phase was performed in the bent-core
structures which bear CH3 and F substitutes at the central-ring and the F substitute at
both terminal rings (see Figure 1.9)./'" In previous studies, this phase appeared below
the B, phase, and the transition enthalpy between them was small. In electro-optical
studies, the FE and AF switching of spontaneous polarization behaviors in Bs phase
were observable. Even if the electro-optical properties and mesophase texture of Bs
phase were similar with those of B, phase, however their XRD investigations from the
surface oriented samples were distinguishable. In a small angle region, highly order
reflections peaks corresponding to the smectic layer spacing could be observed.

Moreover, the model of in-plane molecular arrangement was established as well.
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Figure 1.9. The bent-core chemical structures, POM texture, XRD patterns, and

molecular arranged models of Bs phase. %!
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1.2.6. B¢ phase

As shown in Figure 1.10, the B¢ phase exhibited a fan-like texture as the smectic
A phase but a homeotropic texture could never be obtained. In XRD investigations,
only one reflection peak smaller than half of molecular length was obtained in the
small angle region to indicate the intercalated molecular arrangement tilted in a layer.
In addition, four broad diffuse peaks were observed in the wide angle region,

suggesting liquid-like in-plane order. !"”

oo

CeHiz® Cryst. 134 B1 142 B6 148 Iso

46 (((

OCSHIS

%4 e

Figure 1.10. The bent-core chemical structures, POM texture, XRD patterns, and
3,15]

molecular arranged models of By phase. !
1.2.7. B7 phase

Based on the previous articles, the B; phase often revealed in the bent-core
structures with a NO, or CN substitutes at the positions of central ring."'® Many kinds
of POM textures could be observed in B; phase such as spiral filament (coexistence of
left- and right-handed spirals), chiral micro-mosaic domain, myeliniclike,

accordion-like, checker-board-like, banana-leaf-like, and circular domain textures as

11



“17l The FE and AF switching of spontaneous behaviors in B,

shown in Figure 1.11.1
phase were obtainable. In XRD investigations, a liquid-like broad diffuse peak and
several sharp reflection peaks were obtained in wide and small angle regions,
respectively, and the sharp reflection peaks were also identified by the high resolution
X-ray diffraction, suggesting the 2D ordered modulated layer structures. The
immediate image of modulated layer structures was also observable by freeze fracture
transmission electron microscopy (see Figure 1.12)."¥) On the other hands, the B,
phase was called SmCg phase within triclinic symmetry as well. Depending on tilting

of the molecular planes (called clinic) and of the layer polarization (called leaning)

where the layer polarizations further exhibited in-layer and out-layer conditions, eight

different general tilted structures were framed as shown in Figure 1.12.1""

Figure 1.11. The bent-core chemical structures and several kinds of POM textures of

B7 phase. [3.4.16.17]
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arranged model of B; phase. **'%!”!

1.2.8. Bg phase

The Bg phase was displayed in the bent-core chemical structures as shown in

13



Figure 1.13. The spiral and fan-like domains were examined in this phase by gradual
and further cooling from isotropic phase, respectively. The AF switching of
spontaneous behaviors in B; phase was obtainable, and the bi-layer structure was also
recognized by XRD investigations."*"’

In recent years, some kinds of mesophases such as nematic, smectic A, and
crystalline phases, which displayed their own spontaneous switching behaviors and
chirality were discovered in novel bent-core liquid crystals (those properties are not
contributed form chiral-center possessed rod-like structures). It is suggested that the
original “B phase” classified rules may be not satisfied for subsequently researches.

Otherwise, complete classification of the Bj-related phases is a subject for future

research.

O O
n=7 Cryst. 183.9 Sm0 190.6 Iso
n==8 Cryst. 178.6 Sm0 187.8 Iso
n=9 Cryst. 174.0 Sm0 184.0 lso
n=10 Cryst. 173.5 Sm0 1800 Sm1 1835 Iso
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Figure 1.13. The chemical bent-core structure and POM textures of Bg phase. |
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1.3. Identifications of AF/FE Spontaneous Polarizations in B, Phase

In this dissertation, we focus the mainly researches in the investigations and
characterizations of the B, phase of bent-core structures. The -electro-optical
properties are deservedly the important investigations for banana-shaped liquid
crystals. Regarding the spontaneous polarization behaviors of B; phase, the equal and
opposite polar directions between layer to layer micro-polar directions are detected.
As shown in Figure 1.14, two kinds of polar switching conditions were defined.”"!
The ferroelectric (FE) switching behavior means a polar smectic ground state (SmPy;)
with equal inter-layer polar directions switches to a reverse polar smectic excited state
(SmPg,) with equal inter-layer polar directions under a sufficient applied electric field.
On the other hands, the anti-ferroelectric (AF) switching behavior means a polar
smectic ground state (SmPxr) with opposite inter-layer polar directions switches to
the polar smectic excited state with equal inter-layer polar directions. Then, the
spontaneous polarization behaviors can be enhanced due to the inter-molecular

micro-aggregation of AF/FE polar switching conditions.

SmPAF

SmP
SmP|=1 AF Ssg 'h‘ F2

»)) switching switching
» i ((((
< switching

Figure 1.14. The definitions of polar switching behaviors of ferroelectric and

.‘.X..

anti-ferroelectric behaviors.

In general, those polar switching behaviors have been determined by using a

triangular wave method (see Figure 1.15).””! As shown in Figure 1.16, two current
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peaks per half-period of an applied triangular voltage were obtained in the switching
current response curves. Here, the characteristic behavior of a sequential electric
response was due to a ferroelectric state switches into an antiferroelectric ground state
and back to the opposite ferroelectric state, which was confirmed the SmCPar
structure of the B, phase. Single current peak per half-period of an applied triangular
voltage was acquired in switching current response curves, indicating that a sequential
electric response was due to a ferroelectric state switches into the opposite
ferroelectric state, which confirms the SmCPrg structure of the B, phase. In addition,
the AF/FE behaviors have been further proved by an applying modified triangular
wave as well.””) The switching current peaks of AF behavior would be separated to
two peaks, which situate at the start and the end locations of zero potential. However,
only one switching current peak of FErbehavior was displayed at the start or end
locations of zero potential. This method can be-applied to confirm the too fast
switching of unobvious AF state clearly and avoid the erroneous judgment of fake FE

behavior (AF behavior with a hidden AF state in-normal triangular wave supplying).
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Figure 1.15. The identifications of spontaneous polarization behaviors of triangular

wave method. 1**!
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behaviors under normal and modified triangular waves.
1.4. Identifications of Racemic/Homochiral Chirality of B, Phase

The exhibition of chirality in achiral bent-core structures is due to the molecular
tilted directions and the polar directions as shown in Figure 1.3. Besides triangular
wave method, a switching process could also be checked through the rotation of the
extinction crosses by applying (or after removing) opposite d.c. electric fields, where
the layer structures were arrangement corresponding to the domain models proposed
by Link et al.”*! Depending on the polar directions and molecular tilted directions in
neighboring layers, four kinds of different molecular architectures denoted as

SmCAP4, SmCgsPs, SmCoPr, and SmCsPr were categorized to homochiral (SmCaPa

17



and SmCgPr) and racemic (SmCsPs and SmCaPr) conditions, respectively. In
previous studies, four chirality switching behaviors between the described
fundamental molecular architectures of B, phase were collated: the switching of (i)
SmCxP4 ground state to SmCsPr excited state, (i) SmCgPr state to opposite SmCgPr
state, (i11) SmCgsPA ground state to SmCaPr excited state, and (iv) SmCaPr state to
opposite SmC4Pr state. The rotated phenomena of extinction crosses in four chirality
switching behaviors were shown in Figure 1.17.”°) In addition, the homochiral
behavior could also be determined by the rotating of polarizer. As shown in Figure
1.18, the regions of dark and bright domains were revealed by rotating one of the
polarizer, and these two domains would be exchanged by opposite rotating of the

polarizer.*>"

1.5. Classifications of Bent-Core Structural Configurations

Up to now, many kinds of bent-shaped configurations have been reported which
are established by five-ring resorcinol derivatives. The structural variations of achiral
molecular designs, such as the central parts, lateral substitutes, linking groups,
terminal chains, and the number of rings, would affect their physical properties to
different extents in small molecular systems. Recently, poly-molecular systems, i.e.,
dimeric, polymeric, and dendritic frameworks, were also developed to investigate the
influence of molecular configurations on mesomorphic and electro-optical properties.
Moreover, some novel supramolecular bent-core interactions or their nanocomposite
architectures have been integrated into organic or inorganic parts to display special
electro-optical characteristics, for instance, bent-core derivatives embedded with
nanoparticles, bent-core H-bonded supramolecules, and bent-core structures with silyl
and siloxyl linkages. In this session, the reported examples of bent-core molecules

with structural varieties are collated.
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Figure 1.18. The identifications of homochiral chirality by the rotating of polarizer.
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1.5.1. Central ring part

In the central ring parts of bent-core structures, basic central structures i.e.,
1,3-disubstituted benzene unit, 2,6-disubstituted pyridine ring, 2,7-disubstituted
naphthalene unit, 1,3-disubstituted biphenyl unit, terphenyl units, and oxadiazole

72°I Based on the discussions of Reddy’s

derivative were often used (see Figure 1.19).!
and Tschierke’s article,”’ for instance, the SmCP phase was observable in compounds
with phenyl, naphthenyl, biphenyl, and terphenyl centers, but the non-switchable
smectic and nematic phases were occurred in oxadiazole derivatives due to the larger
bending angles. However the central-part configuration effects by in bent-core
structures on the mesomorphic properties have been enthusiastically considered.
Novel mesomorphic phenomena depending on the varieties of bent-shaped structures
should be displayed in the future.
1.5.2. linking group

The types and polar directions of linking groups are the important factor to
decide the mesophasic classifications. C=N, COO, N=N, N=N(O), COS, and C=C
linking, have been used to connect the rigid wings. As shown in Figure 1.20, B, to By
phases were obtained in structures with C=N and COOQO linkages. The SmCP of B,
phase was achieved in structures with COS, single N=N, and N=N(O) linkages.
Furthermore, the Colyp,, Col;, SmC, SmCP,», and SmCPr were obtained in the five-ring
bent-core structures connecting by fully ester linking group with various polar linking

. . 5
directions."'**%7

I According to the described linking group effects on mesomorphic
properties, they were strongly indicated linking groups displayed the critical role to
change such as polar order, molecular size, and inter-molecular stacking in the

bent-core structures. We also consider that the influence of linkages should be the one

of important factor even in the future studies.
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Figure 1.20. The configuration effects of bent-core structures by different linking
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groups on mesophasic varieties.

1.5.3. Lateral substitute

Lateral substitutes can be utilized to change the mesophasic types of bent-core
structures. The common lateral substitutes like CHs, Cl, F, Br, I, NO,, CN, and OCH3;
groups are often used. Based on the discussions of Reddy’s and Tschierke’s article,[5]
four kinds of analogous bent-core structures were approximately chosen to compare
the influence of lateral substitute effect on the varieties of mesophasic types (see
Figure 1.21-1.23). The F substitute effect at different positions of bent-core structures
with 1,3-disubstituted benzene and 2,7-disubstituted naphthalene units was shown in
Figure 1.21.”" In general, non-switching smectic, polar smectic, column rectangular,
and column oblique phases were obtained in these structures with single or double F

substitutes at different positions of bent-core. As shown in Figure 1.22, the Schiff’s
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base derivative bent-core structures with NO,, CN, and F substitutes displayed the
influence of lateral substitute effect on mesophasic varities''®'**’! The B; phase was
revealed in the structures with NO;, and CN substitutes at the internal position of
central ring. The Bs phase was exhibited in the structures with F substitutes at the
external position of central and terminal rings. Otherwise, B4 and SmCP phases were
observable in other kinds of Schiff’s base derived bent-core structures. Many kinds of
bent-core molecules such as those compounds shown in Figure 1.23 revealed that
mesophases and mesophasic range could be modified depending on lateral substitutes
and their positions.***") According the comparison of the forgoing comparisons of
lateral substituted effect in bent-core structures, those are clearly indicated that the
influence of the substitutes strongly .depends on the position of the bent-core

molecule.
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Figure 1.21. The lateral substitute effects of bent-core structures with phenyl and

naphthenyl central rings on mesophasic varieties. "
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1.5.4. Bent-core dimer
The first example of bent-core dimer was published by Tschierske et al, which
are the structures with two bent-core units linking by the siloxyl spacer in the central

3141 Few kinds of bent-core dimers have been developed and

part (see Figure 1.24).!
polar switchable SmCP and columnar phases were also enhanced.”'! Up to now, this

kinds of reported literatures are very limited. The influence of bent-shaped

configuration effects are not studied thoroughly yet.

HsG SHs
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2 (n=2):Cr92116.61 SmCP. 132 [41.81 Iso

linear spacer %SmCPA \3& SmC(*)
bent spacer SmCP; @/ SmCa(*)

Figure 1.24. The example of bent-core dimers. *'*!
1.5.5. Bent-core main-chain polymer

The researches of bent-core main-chain polymer are still few. As the polymeric
molecule shown in Figure 1.25, which was reported by Serrano et al,”*? SmCP phase
was obtained and its fundamental mesophasic studies were demonstrated. Concerning
the fully covalent-bonded bent-core polymers, since the example of the bent-core
main-chain polymer with a polar smectic mesophase was synthesized, the polar

switching behavior has been declared to exist in the polymeric framework."*!
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Figure 1.25. The example of bent-core main-chain polymer. ***

1.5.6. Bent-core side-chain polymer
Up to now, the first case of the bent-core side-chain polymer, where the
bent-core units were connected by siloxyl spacers, displayed clear ferroelectric

switching properties (see Figure 1.26).5%

Interestingly, the switching current
behavior of the SmCP phase in the imonomeric units was sustained and the
ferro-electricity could be modified ~by the  polymer structural design of
dimethylsiloxane diluted polysiloxane side-chain copolymer frameworks. However,
just only scarce cases of bent-core side-chain polymers were achieved with barely
detectable polar switching properties-(see Figure1.26)."" To retain the electro-optical
switching behavior in the bent-core structures is constantly the important assignment
in the field of banana-shaped LC research. Even if many kinds of bent-core small
molecular systems displayed particular polar switching current behaviors, duo to the
higher viscosities and larger inter-/intra-molecular interactions in polymers, such
switching current behaviors were not easy to be obtained (or detected) in analogous
bent-core polymer derivatives.
1.5.7. Bent-core dendrimer

The first example of bent-core dendrimer based on carbosilyl core was reported
with polar switchable mesophases by Tschierske et al. (see Figure 1.27). Later, the

related dendrimers based on POSS and DAB dedritic core were also synthesized.

However, the published articles in this field are still limited."**
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Figure 1.28. The mesophasic. varieties of siloxyl terminal subsituted bent-core

structures depending on various siloxyl terminal linkages and various positions of F
35]

lateral substitutes. '
1.5.8. Bent-core structures with silyl and siloxyl linkages

The silyl and siloxyl linkages are the useful functions to decrease and extend the
mesophasic transition temperatures and ranges, respectively. Up to now, this research
field has been developed thoroughly, which was mainly studied by Tschierske et al. In
addition, the lateral substituted effect in bent-core structures with silyl or siloxyl
linkages was also investigated.”>! As shown in Figure 1.28, The FE and AF switching
behaviors could be modified by the turning of siloxyl number, and SmCgsPr phase was
mainly obtained in bent-core structures bearing more than two siloxyl terminal
linkages. Regarding the lateral substituted effect of bent-core structures with siloxyl
terminal linkages on mesophasic varieties, AF/FE SmCP and Col,,Pa phases were

observable in those bent-core structures. Interestingly, lower mesophasic transition

28



temperatures were achieved in almost silyl and siloxyl substituted bent-core structures.
For instance, the six-ring bent-core molecule with three siloxyl members, where the C
and D positions bear F substitutes, possessed the lowest mesophasic transition
temperature (41°-125°).
1.5.9. Bent-core metallo structures

As shown in Figure 1.29, the examples of bent-core metallo structures were
performed.”® However, the polar switchable mesophase was not received in this case.
It was suggested that the metallo insertion would destroy the bent-shaped molecular
stacking and the polar order duo to the influence of stronger electron field, which is
contributed from metal factor. Up to now, these kind of published articles are still

lacking.

(La(L11}NO,),] (9-13) : R = C ,Hyq

RO i 0 \\ l \‘ % OR
~ 4 Ve vals
? @‘40 rc;@?@* )
H;0 0
CF,

[LA(LI1)(CF,00,),(H,0)] (14) : R = C ,H,,

Figure 1.29. The examples of bent-core metallo structures. "*°

1.5.10. Bent-core nanocomposite architectures
The bent-core supra-structure, which connected with nanoparticle, was firstly

reported by Hegmann et al. However the pure bent-core nanocomposite architecture
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did not exhibited any mesophase. It was used to be an organic-inorganic guest dopant
in five-ring fully covalent-bonded bent-core molecular host by very less doping ratios.
The mesophasic varieties were studies and their surface arrangements were also

investigated by High-resolution TEM instrument (see Figure 1.30).1°”!

Dispersions/
Composites

B2 host

BC1; Cr 111 (SmCP, 107) Iso

Figure 1.30. The example of the bent-core anocomposited structures/mixtures and
there TEM image. !

1.5.11. Bent-core H-bonded supramolecules

Hydrogen bond (H-bond) can be seen a kind of linkage, which is often used to
form a novel molecular configuration by-connecting with two structural parts. In
recent years, this smart linking method has been utilized in bent-core molecular
designs. As shown in Figure 1.31, the first example of bent-core H-bonded structure
was published by Serrano et al, which revealed the polar switchable SmCP phase.
Later, several kinds of bent-core H-bonded molecular configurations were also
developed.”® However, the polar switching behavior seems only to be demonstrated
in single H-bonded bent-core structures. Based on our researches in this dissertation,
H-bond would destroy the intra-molecular dipole moment to cause the Iess
contribution in double H-bonded bent-shaped molecules.”” The detailed discussions

will be further described later.
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Figure 1.31. The examples of bent-core H-bonded structures. "**!

1.6. Research Motive

Supramolecular conception 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
intra-molecular 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 electro-optical
applications. Interestingly, supramolecular approaches have been employed ripely in
mesomorphic studies to establish self-assembled molecules, such as H-bonded
mesogens.

In recent years, the supramolecular bent-core model in which two

complementary segments were linked through H-bonds was referred. So far, few
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records regarding H-bonded banana-shaped liquid crystals with given fundamental
electric and optical behavior were reported, and their analogous side-chain polymers
were developed by Serrano’s group. However, the comprehensive influences of the
number and site of H-bonds on the spontaneous polarization and switching current
behavior of banana-shaped liquid crystalline supramolecules were lacking. In addition,
the influence of H-bonds on the threshold voltages of (anti)ferroelectric switching
phenomena and the investigations of dipole moment and bent angle effects on polar
switching behaviors in bent-core H-bonded supramolecules were still not reported.
Moreover, to retain the electro-optical switching behavior in the bent-core structures
is constantly the important assignment in the field of banana-shaped LC research.
However, even if many kinds of bent-core H-bonded small molecular systems
displayed particular polar switching current behaviors, duo to the higher viscosities
and larger inter-/intra-molecular interactions in polymers, such switching current
behaviors were not easy to be obtained (or detected) in analogous pure bent-core
H-bonded polymer derivatives.

Hence, we will focus the purpose on bent-core H-bonded researches, which are
containing five topics: (1) H-bonded banana-shaped supramolecules with single and
double H-bonded linkages, (i1) H-bonded banana-shaped liquid crystalline dimeric
complexes and main-chain Polymers, (iii)) H-bonded supramolecular side-chain
banana-shaped liquid crystalline polymers/copolymers, (iv) bent-core covalent- and
H-bonded polymeric/small-molecular dopants, and (v) bent-core covalent- and
H-bonded small-molecular dopants. The variations of mesomorphic and
electro-optical properties influenced by H-bonded number and position effects in
small-molecules, main-chain polymers, side-chain copolymers, small-molecular
dopants, and polymeric/small-molecular dopants will be mainly investigated and

further described at the next chapters (Chapter 2-6).
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Capter 2
Configuration Effects of H-Bonded Sites and Rigid Core
Lengths on H-Bonded Banana-Shaped Liquid Crystalline
Supramolecules Consisting of Symmetric Trimers and

Asymmetric Hetero-Dimers

2.1. Introduction

Supramolecular conception 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
intra-molecular 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 electro-optical
applications.*”) Interestingly, supramolecular approaches have been employed ripely
in mesomorphic studies to establish self-assembled molecules, such as H-bonded
mesogens.'*!) Ferroelectric and anti-ferroelectric liquid crystals (FLCs and AFLCs)
become more important due to their fast response of electro-optical properties by
applying external electric fields.l*? At early stages, the molecular design of FLCs was
only confined to molecular structures having chiral centers. However, since the first
example of the achiral bent-core (banana-shaped) mesogen possessing switchable

behavior has been explored,!'*'*

many kinds of bent-core liquid crystals were
synthesized to examine the mesomorphic and electro-optical properties. Regarding the

single bent-core molecules with low molecular weights, the configuration effects,

such as various rigid core shapes, flexible chain lengths, and substituents at different
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5a,28¢,35
260:43.25a.28¢350] purthermore, the bent-core

positions of rigid cores, were studied as well.!
molecules with rod-like rigid units attached to one end of the terminal flexible
chains*" and the special bent-core structures connnected with silicon groups at the

45,25b)]

centers or the termini of the flexible chains' were inspected. In addition,

[32d,33 [31,452,46

polymeric, I dimeric, I"and dendritic bent-core molecules”* 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 complementary
segments were linked through H-bonds was referred.”*” One H-bonded bent-core
system formed by oxadiazole mesogens was developed and only the SmA phase
without switching behavior was exhibited.'"*)-So far, few records regarding H-bonded
banana-shaped liquid crystals with given fundamental electric and optical behavior
were reported, and their analogous side-chain polymers were developed by Serrano’s
group.””*! However, the comprehensive influences of the number and site of H-bonds
on the spontaneous polarization and. switching current behavior of banana-shaped
liquid crystalline supramolecules were lacking. In addition, the influence of H-bonds
on the threshold voltages of (anti)ferroelectric switching phenomena and the
investigations of dipole moment and bent angle effects on polar switching behaviors
in H-bonded bent-core supramolecules were still not reported.

Herein, in order to investigate the influence of H-bonded configurations (H-bonded
linking positions, the aromatic ring numbers, and the chain lengths) in molecular
skeletons on mesomorphic and electro-optical properties of bent-core structures,
several series of novel banana-shaped supramolecules consisting of H-bonded
symmetric trimers (with two H-bonds) and asymmetric hetero-dimers (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
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Figure 2.1. Chemical structures of fully covalent-bonded five-ring bent-core

molecule S12, H-bonded bent-core symmetric trimers (with two H-bonds), and

asymmetric dimers (with one H-bond) containing acidic H-donors (Am, Bm, and
Cm) and pyridyl H-acceptors (I-II and IIIn-Vn).

five kinds of bent-core H-acceptors (I-II and IIIn-Vn, bearing double and single

terminal pyridyl groups, respectively) were synthesized and displayed in Figure 2.1.

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 super-high transition temperatures of their
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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 hetero-dimers (with one H-bond). In
contrast to the fully covalent-bonded structures, the H-bonded effects of H-bonded
symmetric trimers (with two H-bonds) and asymmetric hetero-dimers (with one
H-bond) with analogous H-bonded configurations on mesomorphic and
electro-optical properties were investigated. The mesomorphic and electro-optical
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 electro-optical (EO) switching experiments. The
variation of polar switching behavior for ‘H-bonded symmetric trimers (with two
H-bonds) and asymmetric hetero-dimers (with one H-bond) were evaluated by the

theoretical calculation of electron cloud dispersions; dipole moments, and bent angles.

2.2 Experimental Section
2.2.1. Characterization methods

"H NMR spectra were recorded on a Varian Unity 300 MHz spectrometer using
DMSO-ds and CDCIl; as solvents. Mass data were measured by a Micromass
TRIO-2000 GC-MS. Elemental analyses (EA) were performed on a Heracus CHN-OS
RAPID elemental analyzer. Mesophasic textures were characterized by polarizing
optical microscopy (POM) using a Leica DMLP equipped with a hot stage. Infrared
(IR) spectra were investigated by Perk-Elmer Spectrum 100 instrument. Temperatures
and enthalpies of phase transitions were determined by differential scanning
calorimetry (DSC, model: Perkin Elmer Pyris 7) under N, at a heating and cooling
rate of 5 °Cmin”'. Synchrotron powder X-ray diffraction (XRD) measurements were

performed at beamline BL17A of the National Synchrotron Radiation Research
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Center (NSRRC), Taiwan, where the wavelength of X-ray was 1.334431 A. The XRD
data were collected using imaging plates (IP, of an area = 2 x 40 cm® 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, where the
temperature controller is programmable by a PC with a PID feedback system. The
scattering angle theta was calibrated by a mixture of silver behenate and silicon. The
electro-optical properties were determined in commercially available ITO cells (from
Mesostate Corp., thickness = 4.25 pm, active area = 1 cm?) 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 d.c. power supply (Keithley
2400) was utilized in the d.c. field experiments. During electro-optical measurements,
the modulations of textures by applying electric fields were observed by POM. The
dielectric permittivity studies were investigated by a impedance/gain-phase analyzer
(HP4194A) in non-rubbing cells with a cell gap of 9 um at a frequency of 5 kHz and
various cooling temperatures.
2.2.2. Computational method

Sets of low energy structures were obtained from systematic pseudo Monte Carlo
search using MacroModel V 9.5 with an all-atom amber* force-field in gas phase on
each bent-core structures of S1, I-A1, IV1-Al, and I11-B1.°! 5000 structures were
sampled (with an energy window of 5 kcal/mol) for each search and they were
minimized using PR conjugated gradient method to obtain the lowest energy structure
in each simulation. Unique conformations within 1 kcal/mol of the global minimum
were used in full geometry optimization using Gaussian03 at B3LYP level with

6-31G(d) basis set.””
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2.2.3. Synthesis

All synthetic processes were followed according to five routes shown in Scheme
S1 (see Supporting Information). The esterification reactions were carried out via two
procedures (i.e., steps 1 and iii) to acquire related products. Protecting reactions were
proceeded by step iv. De-protecting actions were executed by two procedures (i.e.,
steps i1 and v) to eliminate protecting groups. In addition, the starting compounds Am
(m = 12 and 16) were prepared according to the literature procedures,'® and all
synthetic details were described in the Supporting Information.
2.2.4. Sample preparation

All H-bonded complexes were constructed by mixing appropriate molar ratios of
proton donors (H-donors) and acceptors . (H-acceptors) in the solutions of
chloroform/THF (ca. 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: (i) asymmetric
hetero-dimers (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);
(1) H-bonded symmetric trimers (with two H-bonds) consisting of bis-pyridyl

H-acceptors (I-1I) with acidic H-donors (Am and Bm, where m = 12 and 16).

2.3. Results and Discussion

2.3.1. Mesophasic and thermal properties of H-bonded asymmetric
hetero-dimers (with one H-bond):

2.3.1.1. Four- and five-ring systems (IIIn-Am, IIIn-Bm, and IVn-Am). In order to
understand the influence of H-bonded sites (at the rigid cores) on mesomorphic,
molecular stacking, and thermal properties, H-bonded four- and five-ring asymmetric

hetero-dimers, i.e., [IIn-Am, IIIn-Bm, and IVn-Am (n, m = 12 and 16), were
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Figure 2.2. 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 non-specific 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 Col; phase with dendritic- and mosaic-like textures of complex V12-B12 at
120 °C; (e) the polar smectic phase with the fan-like texture of complex V16-B16 at
140 °C; (f) the Col; phase with dendritic- and mosaic-like textures of complex
V12-C12 at 130 °C; (g) the smectic A phase with the fan-like texture of complex
I116-B16 at 110 °C. (h) the smectic A phase with the fan-like texture of complex
11116-A16 at 95 °.

investigated by POM and DSC measurements. In addition, an analogous fully
covalent-bonded structure S12 (n = 12) with five rings (see Figure 2.1), which has
been reported by Pelzl et al,”*! was compared as well. Furthermore, their mesophasic
textures, phase transition temperatures, enthalpy values are shown in Figure 2.2 (a, g,

and h), Figure 2.3a, and Table 2.1. All complexes IlIn-Am and IIIn-Bm (n, m = 12
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and 16) possessed the smectic A (SmA) phase, which were verified by POM to show
the enantiotropic fan-like texture. For instance, the fan-like texture of complexes
I1116-A16 and 11116-B16 are demonstrated in Figs. 2h and 2g, respectively. However,
complexes IVn-Am revealed a polar smectic (B2 or SmCP) phase''*’***! in both
heating and cooling processes, and the POM texture of complex IV12-A12 is shown
in Figure 2.2a.

Regarding H-bonded four- and five-ring asymmetric hetero-dimers 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 temperatures and broader SmA
phase ranges than analogous complexes IIIn-Am (4 rings). To compare the
mesophasic type of five-ringcomplexes IlIn-Bm and IVn-Am with different
H-bonded sites at the rigid cores; the SmCP and SmA mesophases 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
covalent-bonded bent cores of IVm in complexes IVn-Am. Moreover, the
isotropization 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.
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Table 2.1. Phase Transition Temperatures and Enthalpies of H-Bonded Four- and

Five-Ring Asymmetric Hetero-Dimers (with One H-Bond)

H2n+1 C O/©)‘\

In-Am (x = 1)
IIIn-Bm (x =2)

JOLS
Qw@* T

XOCmH2m+1

)‘\©\OCmH2m+l

Hape GO fVn-Am

Complex n m X | Phase transition temperature/°C [Enthalpy/kJ/g]
11112-A12 12 | 12 1 | I |.114.3[20.5] SmA 71.2169.8] | K
11112-A16 12 | 16 1 < 11105.0714.0] SmA 70.4 [152.1] | K
11116-A12 16 | 12 I I 114.6 [25.0] SmA 69.1[49.3] | K
11116-A16 16 | 16 1 | I |103.9][14.3] SmA 80.6 [146.5] | K
11112-B12 12 | 12 |=2 | I | 149.0 [7.5] SmA 99.0[161.2] | K
11112-B16 12 | 16 | 2 | 1] 149.1[9.6] SmA 96.3[169.8] | K
11116-B12 16 | 12 | 27 L | 128.0[10.8] SmA 91.2[135.0] | K
11116-B16 16 | 16 | 2 | I | 128.1[8.2] SmA 96.2[157.2] | K
IV12-A12 12 |12 | — | I 99.2][27.1] SmCP 91.71223] | K
IV12-A16 12 | 16 | — | I | 96.5[21.3] SmCP 86.9 [30.1] | K
IV16-A12 16 | 12 | — | I | 88.2[17.2] SmCP 75.0[334] | K
IV16-A16 16 | 16 | — | I | 119.0[20.7] SmCP | 103.7 [54.1] | K

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. Phase
transitions of compound S12 were obtained as I 119.0 [22.5] CmCP 109.0 [41.9] K.

2.3.1.2. Six-ring systems (IIIn-Cm, IVn-Bm, and Vn-Am). Three series of

comparable six-ring asymmetric hetero-dimers, i.e., [lln-Cm, IVn-Bm, and Vn-Am

(n, m = 12 and 16), were investigated for the influence of different H-bonded sites (at

the rigid cores) on their mesophasic types and phase transition temperatures as shown
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Table 2.2. Phase Transition Temperatures and Enthalpies of H-Bonded Six-Ring
Asymmetric Hetero Dimers (with One H-Bond)

/,,
u

(0]
IIIn-Cm )K©\ 7
O
H2n+1 CnO )b\

Q)L QA Viem J\@OC

Ha1CoO ol

Complex m | Phase transition temperature/°C [Enthalpy/kJ/g]
mI12-C12 | 12 | 12 | 1 | 147.220.3] N 120.1[2.7] | K
I112-C16 | 12 | 16 | I | 142.6[25.0] N 121.8[23] | K
mIie-C12 | 16 | 12 | I} 156.7 [17.8] N 119.1[3.6] | K
I116-C16 | 16 | 16 | T |[142:9]11.9] N 127.7[3.1] | K
IV12-B12 12 | 120 1 [ 113.8[32.7) | SmCP | 103.4[64.1] | K
IV12-B16 12 | 16| I | 111.3[20.0] | SmCP 98.4[50.7] | K
IV16-B12 16 | 12771 [ 114.4[34.4] | SmCP 97.282.6] | K
IV16-B16 16 | 16 | T | 116.5[30.7}} SmCP | 100.4[98.2] | K
V12-A12 12 | 12 | I | 110.0 [19.6] | SmCP 91.4[43.6] | K
V12-A16 12 | 16 | I |113.7[27.1] | SmCP 92.8[394] | K
V16-A12 16 | 12 | I |[112.4[22.8] | SmCP 93.6[599] | K
V16-A16 16 | 16 | I | 115.5[28.5] | SmCP 96.6[72.3] | K

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.

in Table 2.2 and Figure 2.3b. With respect to the mesophasic types, the enantiotropic
nematic phase was obtained in complexes IIIn-Cm (n, m = 12 and 16) 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)

exhibited SmCP phases owing to their far-central H-bonded sites, whose trends are
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the same as five-ring asymmetric hetero-dimers 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 revealed spherulite and non-specific
grainy textures in Figure 2.2b, and complex IV12-A12 exhibited spherulite and stripe
textures in Figure 2.2¢c, which suggested the polar smectic (SmCP) phase.

Comparing the phase transition temperatures of six-ring asymmetric
hetero-dimers IIIn-Cm, IVn-Bm, and Vn-Am (Figure 2.3b), complexes IIIn-Cm
revealed the highest isotropization temperatures due to the relatively much higher
isotropization temperatures of ingredients in H-donors Cm with the longest rigid
cores (see Supporting Information Figure S2.1 and Table S2.1) in analogous Am,
Bm, and Cm (m = 12 and 16). Similar phenomena were also displayed in
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 covalent-bonded bent cores of Vn in complexes Vn-Am.

2.3.1.3. Seven- and eight-ring systems (IVn-Cm, Vn-Bm, and Vn-Cm).
Three series of H-bonded seven- and eight-ring asymmetric hetero-dimers, i.e.,
IVn-Cm, Vn-Bm, and Vn-Cm (n, m = 12 and 16), were investigated for the
influence of different H-bonded sites (at the rigid cores) and ring numbers on their
mesophasic types and phase transition temperatures as shown in Table 2.3 and
Figure 2.3c. 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. Besides, the rectangular columnar (Col, or B1) and SmCP

phases were obtained in complexes Vn-Bm (n, m = 12 and 16) with seven rings (at
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Table 2.3. Phase Transition Temperatures and Enthalpies of H-Bonded Seven- and
Eight-Ring Asymmetric Hetero-Dimers (with One H-Bond)

0] 0]

(0] (@) (0) X
X 0 o)
Hyn:1CLO IVn-Cm (x=1,y=2) o
Y
OCmH2m+1

Vn-Bm (x=2,y=1)
Vn-Cm (x=2,y=2)

Complex | n | m Phase transition temperature/°C [Enthalpy/kJ/g]
IV12-C12 | 12 | 12 Phase separation

IV12-C16 | 12 | 16 Phase separation

IV16-C12 | 16 | 12 Phase separation

IV16-C16 | 16 | 16 Phase separation

V12-B12 | 12| 12 | 1| 152.6[1.9] | N | 142.1 [28.5] | Col, | 107.0[86.7] | K
V12-B16 | 12| 16 (1| 156.9[1.6] | N | 148.2[36.9] | SmCP | 110.4 [92.2] | K
V16-B12 | 16 | 12 | 1| 158.6[2.0] .| N | 149.4 [38.8] | SmCP | 101.9 [78.6] | K
V16-B16 | 16 | 16 | 1| 155.4[0.7] | N | 152.5([37.7] | SmCP | 114.5[96.5] | K
V12-C12 |12 | 12 | 1| 1561 [31.1}| N | 133.8[2.0] | Col, | 92.2[24.5] | K
V12-C16 | 12| 16 | 1| 159.0 [21.6] | N | 147.3[7.9] | Col, | 1199[50.1] | K
V16-C12 | 16 | 12 | 1| 159.8 [12.3] | N'| 138.9[4.4] | Col, | 104.7[33.7] | K
V16-C16 | 16 | 16 | 1| 158:4[15.5] | N | 1479 [7.3] | Col, | 111.0[484] | K

I = isoptropic state; N = nematic phase; Col;'= column rectangular (Col;) 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.

the rigid cores), where complex V12-B12 demonstrated the Col; 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 Col;
phase owing to their longer rigid cores in contrast to complexes Vn-Bm (with 7
rings). The mesophasic textures were evidenced by POM experiments, for example,
complex V16-B16 displayed the fan-like texture in Figure 2.2e as the evidence of
the polar smectic (SmCP) phase, and complexes V12-B12 and V12-C12 exhibited

dendritic-like and mosaic-like textures in Figures 2.2d and 2.2f, which were the
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symbolic textures of the Col; phase. In general, complexes Vn-Cm (with 8 rings)
had higher transition temperatures and wider nematic phase ranges than Vn-Bm
(with 7 rings), where the wider nematic phase ranges in complexes Vn-Cm is due
to their higher length ratios of rigid cores (with 8 rings) to flexible chains.

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

ranges of the SmCP phase.
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Figure 2.3. Phase diagrams (upon 2nd cooling) of asymmetric hetero-dimers: (a)
four- and five-ring systems (IIIn-Am, IIIn-Bm, and IVn-Am); (b) six-ring systems
(Im-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).
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2.3.2. Mesophasic and thermal properties of H-bonded symmetric 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 5, 7, and 9 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 2.4 and Figure 2.3d.
Due to the large variation of solubilities in H-donors Am, Bm, and H-acceptor 11,
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), where a SmX phase 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 2.4a, and complex I-B12 exhibited the
tilt smectic (SmC) phase with the fan-like texture in Figure 2.4b, which were the

evidence of the tilt smectic (SmC) phase. Besides, complex I-B12 demonstrated

the undefined smectic phase with the arced fan-like texture in Figure 2.4c.

) Ty . . \‘1_‘_‘.'

Figure 2.4. POM textures at the cooling process: (a) the till smectic phase with
spherulite and schlieren texture of complex I-A12 at 100 °C; (b) the till smectic
phase with the fan-like texture of complex I-B12 at 130 °C; (c) the undefined

smectic phase with the arced fan-like texture of complex I-B12 at 80 °C.
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To compare the phase transition temperatures of symmetric trimers I-Bm and I-Am
(m = 12 and 16) (Figure 2.3c), complexes I-Bm (with 7 rings) possessed higher
isotropization temperatures and wider SmC phase ranges than complexes I-Am (with
5 rings) due to the longer rigid core of I-Bm. Overall, in contrast to H-bonded
asymmetric hetero-dimers (with one H-bond), all H-bonded symmetric trimers (I-Am
and I-Bm with two H-bonds) do not show the SmCP phase due to higher flexibilities

of two H-bonds in the supramolecular complexes.

Table 2.4. Phase Transition Temperatures and Enthalpies of H-Bonded Symmetric
Trimers (with Two H-Bonds)

ofe SO,

o) /@)*o” I-An (x =0,y =0) *C@
-B =1, 0
© X II-:n( )((x 0y )) o
) X

Hant1CaO R OCoHans1
Complex m Phase transition temperature/oC [Enthalpy/kJ/g]
108.0 78.3
1-A12 12 SmC K
[4.4] [46.8]
113.7 83.0
1-A16 16 SmC K
[11.8] [53.3]
168.9 81.5 .
1-B12 12 SmC SmX 79.8
[14.6] [31.9]
171.0 84.3 76.6
I-B16 16 SmC SmX
[14.1] [29.6] [18.3]
11-A12 12 Phase separation
11-A16 16 Phase separation
11-B12 12 Phase separation
1I-B16 16 Phase separation

I = isoptropic state; SmC = normal tilt smectic phase without polar switching
behavior; B1 = column rectangular (Col;) phase; SmX = undefinded smectic phase;
K = crystalline state. * means the temperature data is observed in POM only. The
phase transitions were measured by DSC at the 2nd cooling scan with a cooling

rate of 5 °C/min.
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2.3.3. IR characterization

In order to prove the formation of supramolecules, (compared with the
transition temperatures of individual components in Figure S2.1 and Table S2.1 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 complexes 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) were compared in Figure
5 to examine the H-bonds in erystalline and mesophasic states. In contrast to the
O-H band of pure B16 (self-H-bonded dimeric acids) at 2546 cm™, and the weaker
O-H bands observed at 2506 and /1920 cm™ 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 C=0O stretching vibration
appeared at 1742 cm™ in complex V16-B16, which showed that the carbonyl group
is in a less associated state than that in pure B16 with weaker C=0O stretching
vibration appeared at 1729 cm™ either in crystalline phase or mesophases (Figures
2.5a and 2.5b).°! Both results suggested that H-bonds formed between B16 and
V16 in both solid and mesophasic states of complex V16-B16.

In addition, similar IR analysis of H-bonds in symmetric H-bonded complex 1-B16
(with one H-bond) was inspected at various temperatures. With the IR evidence of
weak O-H band at 2516 and 1914 cm™” and less association of C=O stretching
vibration at 1740 cm™ as shown in Figs. 5c¢ and 5d, it revealed the successful

supramolecular framework of H-bonded complex I-B16 by complexation of H-donor
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B16 and H-acceptor I in 2:1 molar ratio.
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Figure 2.5. IR spectra of H-bonded asymmetric hetero-dimeric complex V16-B16
(a) at variable temperatures and (b) its composed moieties (at room temperature);
H-bonded symmetric trimeric complex I-B16 (¢) at variable temperatures and (d)

its composed moieties (at room temperature).

2.3.4. Powder XRD analyses of H-bonded asymmetric hetero-dimers (with one

H-bond):

2.3.4.1. Four- and five-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 2.5). Wide angle diffuse peaks corresponding to a d-spacing value of 4.6 A
indicated that similar liquid-like in-plane orders with average intermolecular distances

were prevalent inside the smectic layers of all H-bonded complexes. In addition, sharp
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XRD peaks indexed as (001) were observed at the corresponding d-spacing values of
d; = 42.5, 46.1, 46.6, and 49.5 A in small angle regions of II112-A12, 11112-A16,
I1116-A12, and II116-A16, respectively. The tilt angle values (between the molecular
axis and the layer normal) were calculated from the values of d-spacing (d;) and
molecular length (L), where L is the theoretical coplanar molecular length from the
molecular modelling. Almost equal values of d-spacing and calculated molecular
length (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 fan-like and homeotropic textures. The analogous
XRD results also suggested the SmA phase for all complexes IIIn-Bm, which
exhibited a single sharp reflection peak in small angle region with a d-spacing value
(dy) corresponding to the calculated molecular length (L) to prove the SmA phase, and
the detailed XRD data are illustrated in Table 2.5.

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 d;=42.2 A, 47.6 A,
46.3 A, and 50.6 A in IV12-A12, IV12-A16, IV16-A12, and IV16-A16, respectively.
The tilt angles (0) calculated from the values of d-spacing (d;) and molecular length
(L) were around in 35- 39°, and the tilt angles were normally larger than those of the
SmC phase (without polar switching behavior), which have also been confirmed in
previous reports.” It is an indication that tilt lamellar arrangements existed in the
mesophasic 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.
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Table 2.5. XRD Data of H-Bonded Four- and Five-Ring Asymmetric
Hetero-Dimers (with One H-Hond)

Measured Miller | Theoretical Tilt

Complex . i

spacing (d)/A | index | length (L)/A | angle
11112-A12 42.5 (100) L=434 11.7°
11112-A16 46.1 (100) L=46.5 7.5°
11116-A12 46.6 (100) L=46.7 3.8°
11116-A16 49.5 (100) L=49.7 5.1°
11112-B12 51.9 (100) L=52.1 5.9°
11112-B16 55.4 (100) L=55.6 4.9°
11116-B12 54.6 (100) L=555 10.3°
11116-B16 59.2 (100) L=59.8 8.2°
IV12-A12 42.2 (100) L=54.5 39.2°
IV12-A16 47.6 (100) L=583 35.2°
IV16-A12 46.3 (100) L=58.2 37.2°
IV16-A16 50.6 (100) L=61.8 35.0°

Table 2.6. XRD Data of H-Bonded Six-Ring Asymmetric Hetero-Dimers (with
One H-Bond)

Measured Miller Theoretical Tilt
Complex . :
spacing (d)/A | index | length (L)/A | angle
IV12-B12 423 (100) L=575 42.6°
IV12-B16 49.0 (100) L=60.9 36.4°
IV16-B12 50.3 (100) L=60.7 34.1°
IV16-B16 52.7 (100) L=64.0 34.6°
V12-A12 46.6 (100) L=54.1 31.0°
48.7 (100)
V12-A16 L=59.2 34.9°
24.4 (200)
49.0 (100)
V16-A12 L=3593 34.3°
243 (200)
V16-A16 51.3 (100) L=61.7 33.9°

2.3.4.2. 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 2.6. Only broad peaks of complexes
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IHIn-Cm in small and wide angle regions were obtained in the mesophasic 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
d-spacing (d;) values of 42 — 52 A, which implied the polar smectic (SmCP) phase

with the tilt angles of 31 —42°.

Table 2.7. XRD Data of H-Bonded Seven- and Eight-Ring Asymmetric
Hetero-Dimers (with One H-Bond)

Measured Miller | Theoretical | Tilt angle or lattice
Complex : .
spacing (d)/A | index | length (L)/A parameters
44.9 (110) a=64.8A
V12-B12 L=64.8
32.4 (200) b=623A
51.3 (100)
V12-B16 L=694 42.3°
25.8 (200)
52.4 (100)
V16-B12 L=69.6 41.2°
26.2 (200)
54.2 (100)
V16-B16 27.6 (200) L=729 41.9°
17.9 (300)
40.0 (110) a=652A
V12-C12 L=66.9
32.6 (200) b=50.6 A
42.2 (110) a=658A
V12-C16 L=70.5
32.9 (200) b=550A
41.1 (110) a=662A
V16-C12 L=69.7
33.1 (200) b=52.4A
46.3 (110) a=672A
V16-C16 L=73.1
33.6 (200) b=60.5 A

2.3.4.3. Seven- 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 2.7. Regarding the
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complexes Vn-Bm, the tilt smectic arrangements were demonstrated in V12-B16,
V16-B12, and V16-B16. For example, sharp layer reflection peaks (up to the third
order diffraction as shown in Figure 2.6a) were observed at the associated
d-spacing values of d;=54.2 A, d,=27.6 A, and d;= 17.9 A with tilt angles c.a.
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 d; = 44.9 A and d, = 32.4 A in complex
V12-B12 to reveal the rectangular columnar (Col;,) arrangement.'**) The analogous
XRD results also suggested the Col, 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 2.6b). The two-dimensional lattice parameters
could be calculated as a = 67.2 A and b = 60.5 A as shown in the inserted pattern
of Figure 2.5b. All centre-rectangular lattices 'with two-dimensional lattice
parameters were identified as a Col; phase as revealed in Table 2.7.

2.3.5. 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 2.7. The tilt lamellar
arrangements with various tilt angles (as shown in Table 2.8) 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 7 rings) are larger than those of complexes

53



I-Am (containing 5 rings).

Intensity (a.u.)

T — 1 T T ehlesma iy’ T | L
2 4 6 8 10 12 14 16 18 20

2 theta / degree
2

>>\\<<< ,,,,, >
- 1/
=}
S
> 7 S . S W > NN\ N
g >> /
C
5 <<<
£

— 71 + T+ T ‘*+ T ‘* T ‘*t T ‘*t T T T T+ T 7T
0 2 4 6 8 10 12 14 16 18 20

2 theta / degree
Figure 2.6. Powder X-ray diffraction intensity against angle profiles obtained upon
cooling from the isotropic phase: (a) in the polar smectic phase of complex V16-B16;
(b) in the Col; phase of complex V16-C16.

54



Table 2.8. XRD Data of H-Bonded Symmetric Trimers (with Two H-Bonds)

Measured Miller | Theoretical Tilt
Complex . i
spacing (d)/A | index | length (L)/A | angle
I1-A12 32.5 (001) L=46.2 45.3°
I-A16 40.9 (001) L=50.9 36.5°
1I-B12 33.5 (001) L=61.1 56.7°
I-B16 37.6 (001) L=66.6 55.6°

2.3.6. Spontaneous polarization (Ps) behaviour and dielectric analysis of
H-bonded complexes

In order to prove the polar switching properties in symmetric trimer and asymmetric
hetero-dimer complexes, the triangular wave method”” was applied to measure the
switching current behaviour (i.e., the spontaneous polarization) under 4.25 pum 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 hetero-dimeric complexes IVn-Am, IVn-Bm, Vn-Am, and Vn-Bm
(m 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 2.7. 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 SmCP, (A = anti-ferroelectric behavior)
structure of the B2 phase in these asymmetric hetero-dimeric complexes.” 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/ecm?® 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 2.8, the spontaneous polarization values vs. applied

electric fields were surveyed in the SmCP phase of the H-bonded asymmetric
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hetero-dimers (Vn-Bn, Vn-An, IVn-Bn, and IVn-An), where the maximum applied
voltages were Vpp = 600 V — 650 V and the saturated Ps values were reached at
voltages above Vpp = 200-230 V. On the contrary, the saturated Ps value of 500
nC/cm™ in compound S12 was obtained at a much higher voltage above Vpp = 320 V
in our study (as shown in Figure S2.2 of the Supporting Information). Hence, the
H-bonded substitution for the covalent-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.
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Figure 2.7. Switching current responses of H-bonded asymmetric hetero-dimers (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 pum thickness).

However, since the Bl,., and Bl it phases have the switching phenomena by
applying electric fields,”****! the Col, (B1) phase in complexes V12-B12 and Vn-Cm
(m, m = 12 and 16) was confirmed considering no switching current behaviour
observed. Moreover, the Col, phase was further verified in view of no texture
variation (in 4.25 pm thick parallel rubbing cells) under polarizing optical microscopy

by applying electric fields up to 400Vpp (peak to peak). Regarding the electro-optical
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properties of the SmC phase in symmetric trimers I-Am and I-Bm (m = 12 and 16,
with two H-bonds), it was proven by that no switching current responses were
observed under AC fields. As the applied electric field was raised to 200 Vpp, the
fan-like domain was broken into the grainy domain, which suggested the unstable

H-bonds were arisen due to the symmetric bent-core structures with two H-bonds.
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Figure 2.8. Ps values as a function of applied voltages (at the SmCP phase as f=
60Hz) for (a) complexes IVn-Am, (b) complexes IVn-Bm, (c) complexes Vn-Am,

and (d) complexes Vn-Bm.

The antiferroelectricity was also further evidenced by the dielectric permittivity
studies, and compound S12, H-bonded complexes IV12-A12, V16-B16, and 1-A12
were investigated under their cooling processes at a frequency of 5 kHz in

non-rubbing cells (9um cell gap) as shown in Figure 2.9. Higher permittivity values (e
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~ 32) of the SmCP phase were observed than those of the isotropic, nematic and
crystalline states in complex V16-B16 to indicate the antiferroelectric polar smectic
phase.””! Similar higher permittivity values (¢ ~ 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 that the tilt smectic phase without polar switching behavior.
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Figure 2.9. Dielectric permittivity studies of compound S12 and H-bonded complexes
IV12-A12, I-A12, and V16-B16 in the cooling processes.

2.3.7. Chirality investigation

Besides triangular wave method, a switching process could also be checked
through the rotation of the extinction crosses (Figure 2.10) by applying (or after
removing) opposite d.c. 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 arrangement

8,24

corresponding to the domain models proposed by Link et al.®**! As shown in

Figure 2.10, the rotation of the extinction crosses during the switched on and off
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Figure 2.10. POM textures of the anti-ferroelectric SmCsPa chiral domain (in a

parallel rubbing cell with a cell gap of 4.25 pm) in five-ring complex IV16-A16 by
applying d.c. electric fields from (a) -50 V = (b) 0 V = (¢) +50 V; in seven-ring
complex V16-B16 by applying d.c. electric fields from (d) -50 V > (e) 0 V = (f) +50

V. (White arrows are the directions of polarizers and analyzers.)

L | &

Figure 2.11. Chiral domain textures for complex V16-B16. (Arrows are the directions

of polarizers and analyzers.)
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states in complexes IV16-A16 and V16-B16 demonstrated the chiral domain
behavior.'”! In view of Figure 2.10a and 2.10c, by applying d.c. 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 (SmCgsPr). By removing electric fields (off
state), the extinction crosses were reoriented back to the crossed polarizer
directions (see Figure 2.10b), indicating an anticlinic tilt in the antiferroelectric
ground state (SmCxP4). Similarly, complex V16-B16 yielded the synclinic and
ferroelectric SmCsPr state by applying opposite d.c. electric fields (see Figures
2.10d and 2.10f), and the SmCAP4 state after removing electric fields (see Figure
2.10e).

The chiral domain behavior could also be proven by the method of rotating the
polarizer without applying electric fields. 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 2.11a).
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 2.11b). This observation was also indicative of the
occurrence of chiral domains with opposite handednesses.

2.3.8. Theoretical analyses of dipole moments and bent angles in H-bonded
complexes

In order 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 bent angles were calculated by the molecular modelling, which
would influence the polar switching behavior in covalent- and H-bonded bent-core

structures with suitable bent-cores and flexible chains. Four simplified bent-core
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Figure 2.12. 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-Al, and (d) I111-B1.

structures, including H-bonded complexes I-Al, III1-B1, and IV1-Al, and
covalent-bonded compound S1, bearing methoxyl groups at their terminuses were
designed as shown in Figure 2.12, where the electron cloud distributions of these

model structures are demonstrated. Due to the H-bonds, the polarities and dipoles of
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complexes I-A1, III1-B1, and IV1-A1 were reduced by the non-covalent aggregation
of H-bonded electrons at benzoic acid positions. As shown in Table 2.9, the
theoretical calculations of molecular modeling for covalent- and H-bonded bent-core
structures with lowest energies (see supporting information) were simulated by
Gaussian03 at B3LYP level with 6-31G(d) basis set. Regarding covalent-bonded
compound S1, the projective low values of dipole moments along X and Z directions
were equal to 1.394 and 0.172 Debyes, which were mutually offset due to the
symmetric structure. However, a large value of -4.123 Debyes in direction Y 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, the similar results of
the projective low values of dipole moments: in X and Z dimensions were eliminated
to 1.041 and -0.090 Debyes, and a very small value of 1.126 Debye was acquired in Y
dimension due to the non-covalent electron aggregation of H-bonded sites. Hence, a
much smaller total dipole moment of 1.53 Debye (along with the smallest polarity)
was obtained in the simplified H-bonded complex I-A1l, and thus to speculate the
non-polar 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 Y
direction (-2.971 Debyes) for complex IV1-Al due to the non-covalent electron
aggregation of H-bonded sites. However, the projective dipole contribution along X
and Z directions (-3.418 and -0.022 Debyes, respectively) were revealed as a result of
the asymmetric structure in complex IV1-A1l. Therefore, the total dipole moment of
4.53 Debyes in complex IV1-Al 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-Al, 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.
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Table 2.9. Calculated Dipole Moments and Bent Angles of Optimized Covalent-
and H-Bonded Bent-Core Structures at the B3LYP/6-31G(d) Level

Compound Bent angle (°)* Axial Dipole moment (Debye)
X 1.394
Y -4.123
S1 120.0
Z 0.172
Total 4.35
X 1.041
Y 1.126
I-A1 131.2
Z -0.090
Total 1.53
X -3.418
Y -2.971
IV1-A1 113.7
V4 -0.022
Total 4.53
X -1.385
X -3.837
1111-B1 99.6
Z -0.457
Total 4.10

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. * Bent 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-Al),
4.53-6.69 (IV1-Al), and 4.10-7.24 (11I-B1) (see supporting information).

In the investigation of bent angle effect on the polar switching behavior of
bent-core liquid crystals, the suitable bent angle for bent-core molecular
configuartion is better close to 120° (or in the range of 110° to 130°).02%#3438]
Usually, calamitic LC materials possessing bent-core configurations with bent
angles larger than 130° or less than 110° will reveal normal mesophases without

polar switching behavior, such as the smecitc C, smecitc A, and nematic phases. In

our theoretical molecular modelling, almost 120° and 114° bent angles were
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obtained in molecules S1 and IV1-Al, respectively, to support the existence of
spontaneous polarization. However, the lower bent angle values (less than c.a.
100°) were achieved in complex III1-B1 due to the near central-site H-bonds, even
if the sufficient total dipole moment values (c.a. 4.10 Debyes) 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
IIn-Bm and IIIn-Cm, was owing to their small bent angles (less than c.a. 100°).
Overall, the asymmetric H-bonded molecular design as well as the suitable
molecular bent angle is useful to enhance the total dipole moments and polarities
in accordance with the theoretical analyses of molecular modelling, and the
spontaneous polarization and switching behavior can not only be experimentally

proven but also theoretically predicted in our study.

2.4. Conclusions

In summary, several series..of novel banana-shaped liquid crystalline
supramolecules consisting of H-bonded symmetric trimers (with two H-bonds) and
asymmetric hetero-dimers (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 (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 polarization (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 (Col; or B1) phase, the

SmCxP4 phase was revealed in most supramolecular asymmetric hetero-dimers (with
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one H-bond), which was switched to the SmCsPr phase by applying electric fields. In
addition, the SmA and nematic phases were observed in H-bonded asymmetric dimers
with H-bonded sites close to the core center, but the polar smectic C phase was
dominated for those with H-bonded sites apart from the core center. Compared with
the fully covalent-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 hetero-dimers (with one H-bond) related to the molecular configurations
with higher dipole moments as well as the suitable bent angle was further
demonstrated by the theoretical calculations of molecular modeling. Besides, 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 covalent-bonded analogues) in the future
studies. Finally, the spontaneous polarization and switching behavior of H-bonded
banana-shaped LC materials are the first time experimentally proven and theoretically

predicted in our study.

2.5. Electronic Supplementary Information
2.5.1. Synthesis

The synthetic procedures of all H-donors and H-accepters were proceeded
according to scheme S2.1.

2.5.1.1 Synthesis of Am (m = 12 and 16). Compounds Am (m = 12 and 16)
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were prepared by following the literature procedures.”” A12: Yield: 92%, '"H NMR
(300 MHz, DMSO-de): & 12.59 (s, 1H, COOH), 7.85 (d, J = 8.7 Hz, 2H, Ar-H), 6.98
(d, J = 8.7 Hz, 2H, Ar-H), 4.01 (t, J = 6.3 Hz, 2H, OCH,), 1.74-1.66 (m, 2H,
OCH,CH>), 1.34-1.16 (m, 18H, CH>), 0.84 (t, J = 6.3 Hz, 3H, CH3); EIMS: m/e 306;
Ci19H3003 requires m/e 306.44; EA: Calcd for Ci9H3003: C, 74.47; H, 9.87;. Found: C,
74.44; H, 9.52. A16: Yield: 95%, '"H NMR (300 MHz, DMSO-de): & 12.59 (s, 1H,
COOH), 7.85 (d, J = 8.7 Hz, 2H, Ar-H), 6.98 (d, J = 8.7 Hz, 2H, Ar-H), 4.01 (t, J =
6.3 Hz, 2H, OCH>), 1.72-1.65 (m, 2H, OCH,CH.), 1.39-1.15 (m, 28H, CH,), 0.84 (t, J
= 6.0 Hz, 3H, CHs3); EIMS: m/e 363; Cy3H3303 requires m/e 362.55; EA: Calcd for
Cy3H3305: C, 75.41; H, 10.25;. Found: C, 75.72; H, 10.37.

2.5.1.2. Synthesis of compound I. Aimixture of resorcinol (1 eq.), isonicotinoyl
chloride hydrochloride (1.1 “eq.) and :triethylamine was dissolved in dry
dichloromethane (DCM) under nitrogen for 8 h-at room temperature. After work up,
the solvent was extracted with water/DCM and organic liquid layer was dried over
anhydrous magnesium sulphate.” After removal-of the solvent by evaporation under
reduced pressure, the residue was purified by column chromatography and
recrystallized from THF/hexane to give a white solid. I : Yield: 74%, '"H NMR (300
MHz, DMSO-dq): 6 8.88 (d, J = 6.0 Hz, 2H, Ar-H), 8.01 (d, J = 6.0 Hz, 2H, Ar-H),
7.60 (t, J = 7.8 Hz, 1H, Ar-H), 7.44 (s, 1H, Ar-H), 7.34 (d, J = 8.7 Hz, 2H, Ar-H);
EIMS: m/e 320; C;sH2N,04 requires m/e 320.30; EA: Calcd for C;sH2N>O4: N, 8.75
C, 67.50; H,3.78;. Found: N, 8.54 C, 67.43; H, 3.74.

2.5.1.3. Synthesis of compound 8. Resorcinol (1 eq.), benzyl bromide (1 eq.),
K>CO; (1 eq.) and acetone were mixed and stirred for 15h at reflux temperature. After
reaction, acetone was removed by evaporation under reduced pressure, and the
residue was extracted with water/DCM and the organic liquid layer was dried over

anhydrous magnesium sulphate. After removal of the solvent by evaporation under
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reduced pressure, the crude product was purified by column chromatography to get a
waxed solid. Yield: 49%, 'H NMR (300 MHz, CDCL): & 7.43-7.30 (m, 5H, Ar-H),
7.12 (t, J= 7.8 Hz, 1H, Ar-H), 6.56 (d, J= 7.8 Hz, 1H, Ar-H), 6.48 (s, 1H, Ar-H), 6.42
(d, J= 7.8 Hz, 1H, Ar-H), 5.02 (s, 1H, -OH), 4.95 (s, 2H, OCHo,).

2.5.1.4. Synthesis of compound 1 (n = 12 and 16). Am, compound 7,
N,N-dicyclohexylcarbodiimide (DCC) (1.2 eq) and a catalytic amount of
4-(N,N-dimethylamino) pyridine (DMAP) was dissolved in dry dichloromethane
(DCM) wunder nitrogen for 15 h at room temperature. The precipitated
dicyclohexylurea (DCU) was filtered off and washed with an excess of DCM (20 ml).
The filtrate was extracted with water/DCM and the organic liquid layer was dried
over anhydrous magnesium sulphate.. After removal of the solvent by evaporation
under reduced pressure, the residuc was recrystallized from ethanol to give a white
solid. 1/12: Yield: 71%, "H NMR+(300 MHz, CDCls): § 8.20-8.15 (m, 4H, Ar-H), 7.51
(d, J = 8.7 Hz, 2H, Ar-H), 7.46-7.37 (m, SH, At-H), 7.04 (d, J = 9.0 Hz, 2H, Ar-H),
6.95-6.82 (m, 3H, Ar-H), 5.07 (s, 2H, -OCH>»-),4.10 (t, J = 6.3 Hz, 2H, OCH,), 1.80
(m, 2H, OCH,CH,), 1.28 (m, 18H, CH>), 0.88 (s, 3H, -CH;). 1/16: Yield: 73%, 'H
NMR (300 MHz, CDCl): & 8.18 (d, J = 9.0 Hz, 2H, Ar-H), 8.15 (d, J = 8.4 Hz, 2H,
Ar-H), 7.52 (d, J = 8.4 Hz, 2H, Ar-H), 7.45-7.36 (m, 5H, Ar-H), 7.08 (d, J = 9.0 Hz,
2H, Ar-H), 5.40 (s, 2H, -OCH>»-), 4.10 (t, J = 6.3 Hz, 2H, OCH>»), 1.86-1.81 (m, 2H,
OCH,CH>), 1.51-1.31 (m, 28H, CH>), 0.92 (t, J = 6.3 Hz, 3H, CHj).

2.5.1.5. Synthesis of compound Bm (m = 12 and 16). Compound 1 and Pd/C
catalyst were stirred in THF under hydrogen at room temperature. The catalyst was
removed by filtration through Celite and washed with THF. The solvent was removed
by evaporation under reduced pressure and the crude product was recrystallized by
THF/hexane to give a white solid. B12: Yield: 92%, '"H NMR (300 MHz, CDCl): &
13.05 (s, 1H, COOH), 8.17 (d, J = 8.4 Hz, 2H, Ar-H), 8.12 (d, J = 8.7 Hz, 2H, Ar-H),
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7.31 (d, J=8.4 Hz, 2H, Ar-H), 6.96 (d, J = 8.7 Hz, 2H, Ar-H), 4.07 (t, /= 6.6 Hz, 2H,
OCH»), 1.78-1.68 (m, 2H, OCH,CH>), 1.38-1.26 (m, 18H, CH>), 0.85 (t, J = 6.6 Hz,
3H, CHs); EIMS: m/e 426; CysH3403 requires m/e 426.55; EA: Calcd for CycH3405: C,
73.21; H, 8.03;. Found: C, 73.21; H, 8.06. B16: Yield: 90%, '"H NMR (300 MHz,
DMSO-dg): 6 13.02 (s, 1H, COOH), 8.06 (d, /= 8.7 Hz, 2H, Ar-H) 8.01 (d, J=9.0 Hz,
2H, Ar-H) 7.38 (d, J = 8.7 Hz, 2H, Ar-H), 7.10 (d, J = 9.0 Hz, 2H, Ar-H), 4.07 (t, J =
6.3 Hz, 2H, OCH>), 1.75-1.70 (m, 2H, OCH,CH,), 1.41-1.22 (m, 28H, CH>), 0.83 (t, J
= 5.7 Hz, 3H, CHs); FABMS: m/e 484; C3oH4,0; requires m/e 482.65; EA: Calcd for
C;30H4,05: C, 74.65; H, 8.77. Found: C, 74.71; H, 8.80.

2.5.1.6. Synthesis of compound 2 (n = 12 and 16). By following the similar
esterification procedure of compound 1, compounds Bm (1 eq.) and compound 8 (1.2
eq.) were reacted to obtain a white solid.~2/12: Yield: 72% 'H NMR (300 MHz,
DMSO-dg); 6 8.16 (d, J = 8.7 Hz, 2H, Ar-H), 8.08 (d; J= 8.7 Hz, 2H, Ar-H), 7.49 (d, J
= 8.7 Hz, 2H, Ar-H), 7.46-7.32 (m, 6H, Ar-H), 7.11 (d,J = 8.7 Hz, 2H, Ar-H), 7.01 (s,
1H, Ar-H), 6.96 (d, /= 8.1 Hz, 1H, Ar-H), 6.88 (d, /= 8.1 Hz, 1H, Ar-H), 5.11 (s, 2H,
OCH,), 4.08 (t, J = 6.6 Hz, 2H, OCH»), 1.73 (t, J = 6.3 Hz, 2H, OCH.CH,),
1.41-1.23 (m, 18H, CH,), 0.92 (t, J = 6.6 Hz, 3H, CH;). 2/16: Yield: 79% 'H NMR
(300 MHz, CDCls); & 8.25 (d, J = 8.7 Hz, 2H, Ar-H), 8.13 (d, J = 9.0 Hz, 2H, Ar-H),
7.42-7.29 (m, 8H, Ar-H), 6.94 (d, J = 9.0 Hz, 2H, Ar-H), 6.90-6.81 (m, 3H, Ar-H),
5.06 (s, 2H, OCH»), 4.04 (t, J = 6.6 Hz, 2H, OCH,), 1.81 (t, J = 6.6 Hz, 2H,
OCH,CH,), 1.45-1.24 (m, 28H, CH>), 0.86 (t, /= 6.3 Hz, 3H, CHs).

2.5.1.7. Synthesis of compound 3 (n = 12 and 16). By following the similar
deprotection procedure of compounds Bm, compound 2 were reacted Pd/C catalyst to
yield a white solid. 3/12: Yield: 95%, 'H NMR (300 MHz, DMSO-dy): & 8.25 (d, J =
8.7 Hz, 2H, Ar-H), 8.14 (d, J = 9.0 Hz, 2H, Ar-H), 7.40 (d, J = 8.7 Hz, 2H, Ar-H),
7.22 (t, J = 8.1 Hz, 1H, Ar-H), 7.03 (d, J = 9.0 Hz, 2H, Ar-H), 6.71-6.66 (m, 3H,
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Ar-H), 4.06 (t, J = 6.6 Hz, 2H, OCH,), 1.80 (m, 2H, OCH,CH>), 1.47-1.28 (m, 18H,
CH>), 0.88 (t, J = 6.3 Hz, 3H, CH3). 3/16: Yield: 98%, '"H NMR (300 MHz, CDCl;): &
8.24 (d, J=8.7 Hz, 2H, Ar-H), 8.12 (d, /= 9.0 Hz, 2H, Ar-H), 7.34 (d, J = 8.7 Hz, 2H,
Ar-H), 7.26 (t, J = 8.4 Hz, 1H, Ar-H), 6.96 (d, J = 9.0 Hz, 2H, Ar-H), 6.79-6.71 (m,
3H, Ar-H), 4.04 (t, J = 6.6 Hz, 2H, OCH,), 1.81 (t, J = 6.6 Hz, 2H, OCH,CH>),
1.46-1.25 (m, 28H, CH>»), 0.86 (t, /= 6.6 Hz, 3H, CH3). ;

2.5.1.8. Synthesis of compound IVn (n = 12 and 16). Compound 3 (1 eq.),
isonicotinoyl chloride hydrochloride (1.1 eq.) and triethylamine were reacted
according to the similar esterification procedure of compound I to get a white solid.
IV12 : Yield: 95%, '"H NMR (300 MHz, DMSO-ds): & 8.89 (d, J = 4.2 Hz, 2H, Ar-H),
8.22 (d, J=8.7 Hz, 2H, Ar-H), 8.08(d,J =18:7 Hz, 2H, Ar-H), 8.01 (d, /J=4.2 Hz, 2H,
Ar-H), 7.59 (t, J = 8.1 Hz, 1H, Ar-H), 7.51 (d, J = 9.0 Hz, 2H, Ar-H), 7.41 (s, 1H,
Ar-H), 7.32 (br, 2H, Ar-H), 7.10(d, J = 9.0 Hz, 2H, Ar-H); 4.07 (t, J = 6.3 Hz, 2H,
OCHa), 1.74 (br, 2H, OCH,CHa), 1:23 (br, 18H, CH,),0.84 (t, J = 6.3 Hz, 3H, CH3);
FABMS: m/e 624; CssH41NO;7 requires m/e 623.73; EA: Caled for CssHyiNO7: N,
2.25 C, 73.17; H, 6.63;. Found: N, 2.44 C, 73.25; H, 6.75. IV16 : Yield: 89%, 'H
NMR (300 MHz, DMSO-d¢): ¢ 8.81 (d, J = 6.0 Hz, 2H, Ar-H), 8.25 (d, /= 9.0 Hz,
2H, Ar-H), 8.10 (d, /= 9.0 Hz, 2H, Ar-H), 7.98 (d, /= 6.0 Hz, 2H, Ar-H), 7.49 (t, J =
8.1 Hz, 1H, Ar-H), 7.38 (d, J = 9.0 Hz, 2H, Ar-H), 7.27 (s, 1H, Ar-H), 7.22-7.17 (m,
2H, Ar-H), 7.01 (d, J =9.0 Hz, 2H, Ar-H); 4.03 (t, /= 6.6 Hz, 2H, OCH>»), 1.79-1.75
(m, 2H, OCH,CH>), 1.45-1.24 (m, 28H, CH>), 0.84 (t, J = 6.6 Hz, 3H, CH3); FABMS:
m/e 681; C3sH41NO7 requires m/e 679.84; EA: Calcd for C42H49NO7: N, 2.06 C, 74.20;
H, 7.26. Found: N, 2.17 C, 74.24; H, 7.18.

2.5.1.9. Synthesis of compound 4 (n = 12 and 16). Compounds Bm (1 eq.) and
compound 7 (1.2 eq.) were reacted by following the esterification procedure of

compound 1 to produce a white solid. 4/12: Yield: 64%, '"H NMR (300 MHz, CDCls)
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0 8.27 (d, J = 8.7 Hz, 2H, Ar-H), 8.17 (d, J = 9.0 Hz, 2H, Ar-H), 8.15 (d, /= 9.0 Hz,
2H, Ar-H), 7.47-7.35 (m, 7H, Ar-H), 7.31 (d, J = 9.0 Hz, 2H, Ar-H), 7.00 (d, J = 9.0
Hz, 2H, Ar-H), 5.38 (s, 2H, -OCH>-), 4.05 (t, J = 6.0 Hz, 2H, OCH>), 1.87-1.80 (m,
2H, OCH,CH.), 1.48-1.27 (m, 18H, CH>), 0.88 (t, J = 5.4 Hz, 3H, -CHs).; 4/16: Yield:
73%, '"H NMR (300 MHz, CDCL) & 8.21 (d, J = 8.7 Hz, 2H, Ar-H), 8.13 (d, J = 8.7
Hz, 2H, Ar-H), 8.10 (d, J = 9.0 Hz, 2H, Ar-H), 7.42-7.30 (m, 7H, Ar-H), 7.24 (d, J =
8.7 Hz, 2H, Ar-H), 6.95 (d, J = 9.0 Hz, 2H, Ar-H), 5.43 (s, 2H, -OCH>-), 4.03 (t, J =
6.0 Hz, 2H, OCH,), 1.81-1.72 (m, 2H, OCH,CH,), 1.44-1.23 (m, 28H, CH>), 0.86 (s,
3H, -CH3).

2.5.1.10. Synthesis of compound Cm (m = 12 and 16). By following the
similar deprotection procedure of compounds. Bm, compound 4 were reacted Pd/C
catalyst to yield a white solid. C12: Yield:94%, 'H NMR (300 MHz, DMSO-d¢) &
8.32 (d, J=8.7 Hz, 2H, Ar-H), 8:18 (d, J = 8.7 Hz, 2H, Ar-H), 8.14 (d, /= 8.7 Hz, 2H,
Ar-H), 7.47 (d, J = 8.7 Hz, 2H, Ar-H), 7.41 (d, J = 8.7 Hz, 2H, Ar-H), 7.10 (d, /= 8.7
Hz, 2H, Ar-H), 4.11 (t, J= 6.3 Hz, 2H, OCH,), 1.82.(m, 2H, OCH,CH>), 1.46-1.25 (m,
18H, CH»), 0.92 (t, J = 4.8 Hz, 3H, CH3).; FBMS: m/e 547; C33H3307 requires m/e
546.65; EA: Calcd for Cs3H3307: C, 72.51; H, 7.1. Found: C, 72.11; H, 6.99. C16:
Yield: 98%, '"H NMR (300 MHz, DMSO-d¢) & 8.25 (d, J = 8.7 Hz, 2H, Ar-H), 8.10 (d,
J=28.1Hz, 2H, Ar-H), 8.07 (d, J = 8.4 Hz, 2H, Ar-H), 7.39 (d, J = 8.7 Hz, 2H, Ar-H),
7.32 (d, J=8.1 Hz, 2H, Ar-H), 7.01 (d, J = 8.4 Hz, 2H, Ar-H), 4.03 (t, /= 6.3 Hz, 2H,
OCH,), 1.76 (br, 2H, OCH,CH>), 1.43-1.24 (m, 28H, CH>), 0.84 (t, J = 4.8 Hz, 3H,
CH3).; FBMS: m/e 603; Cs7H46O7 requires m/e 602.76; EA: Calcd for Cs7H4cO7: C,
73.73; H, 7.69. Found: C, 73.86; H, 7.72.

2.5.1.11. Synthesis of compound 5 (n = 12 and 16). Compounds Cm (1 eq.)
and compound 8 (1.2 eq.) were reacted by following the esterification procedure of

compound 1 to acquire a white solid. 5/12: Yield: 73%, '"H NMR (300 MHz, DMSO)
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8.25 (d, /=9.0 Hz, 2H, Ar-H), 8.23 (d, /= 8.7 Hz, 2H, Ar-H), 8.10 (d, J = 8.4 Hz, 2H,
Ar-H), 7.56 (d, J = 9.0 Hz, 2H, Ar-H), 7.53 (d, J = 8.7 Hz, 2H, Ar-H), 7.47 (s, 1H,
Ar-H), 7.45-7.33 (m, 5H, Ar-H), 7.12 (d, J= 8.4 Hz, 2H, Ar-H), 7.03 (t, J = 8.1Hz, 1H,
Ar-H), 6.98 (d, J = 8.1Hz, 1H, Ar-H), 6.90 (d, J = 8.1 Hz, 1H, Ar-H), 5.12 (s, 2H,
OCH»), 4.09 (t, J= 6.3 Hz, 3H, OCH>»), 1.74 (br, 2H, OCH,CH,), 1.40-1.23 (m, 18H,
CH,), 0.84 (t, J= 5.7 Hz, 3H, CHs). 5/16: Yield: 81%, "H NMR (300 MHz, DMSO)
8.26 (d, /=9.6 Hz, 2H, Ar-H), 8.23 (d, /= 8.7 Hz, 2H, Ar-H), 8.10 (d, J = 8.7 Hz, 2H,
Ar-H), 7.56 (d, J = 9.6 Hz, 2H, Ar-H), 7.53 (d, J = 8.7 Hz, 2H, Ar-H), 7.47 (s, 1H,
Ar-H), 7.45-7.33 (m, 5H, Ar-H), 7.13 (d, /= 8.7 Hz, 2H, Ar-H), 7.02 (t, /= 7.5Hz, 1H,
Ar-H), 6.97 (d, J = 7.5Hz, 1H, Ar-H), 6.89 (d, J = 7.5 Hz, 1H, Ar-H), 5.13 (s, 2H,
OCH,), 4.10 (t, J = 6.3 Hz, 3H, OCH>), 1.73 (br, 2H, OCH,CH,), 1.43-1.23 (m, 28H,
CH>), 0.83 (t, J= 5.7 Hz, 3H, CH3).

2.5.1.12. Synthesis of compound 6 (n = 12 and 16). By following the similar
deprotection procedure of compounds Bm, compound 5 were reacted Pd/C catalyst to
yield a white solid. 6/12: Yield: 95%,.'"H NMR (300 MHz, DMSO-ds); 5 8.26 (d, J =
8.7 Hz, 4H, Ar-H), 8.14 (d, J = 8.1 Hz, 2H, Ar-H), 7.45 (d, J = 8.4 Hz, 4H, Ar-H),
7.25 (t, J = 8.1 Hz, 1H, Ar-H), 7.07 (d, J = 8.4 Hz, 2H, Ar-H), 6.71-6.69 (m, 3H,
Ar-H), 4.10 (t, /= 6.3 Hz, 2H, OCH>»), 1.82 (t, /= 6.6 Hz, 2H, OCH,CH>»), 1.43-1.22
(m, 18H, CH,), 0.86 (t, J = 6.6 Hz, 3H, CHs). 6/16: Yield: 91%, 'H NMR (300 MHz,
DMSO-dy) & 8.25 (d, J=9.0 Hz, 4H, Ar-H), 8.11 (d, /= 8.4 Hz, 2H, Ar-H), 7.41 (d, J
= 8.4 Hz, 4H, Ar-H), 7.19 (t, J = 8.4 Hz, 1H, Ar-H), 7.02 (d, J = 8.4 Hz, 2H, Ar-H),
6.69-6.64 (m, 3H, Ar-H), 4.04 (t, J = 6.6 Hz, 2H, OCH,), 1.78 (t, J = 6.9 Hz, 2H,
OCH,CH>), 1.45-1.23 (m, 28H, CH>), 0.85 (t, J = 6.6 Hz, 3H, CH3).

2.5.1.13. Synthesis of compound Vn (n = 12 and 16). Compound 6 (1 eq.),
isonicotinoyl chloride hydrochloride (1.1 eq.) and triethylamine were reacted

according to the similar esterification procedure of compound I to get a white solid.
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V12: Yield: 95%, '"H NMR (300 MHz, DMSO-de) & 8.89 (d, J = 5.4 Hz, 2H, Ar-H),
8.25 (d, /=8.7 Hz, 4H, Ar-H), 8.10 (d, J = 8.7 Hz, 2H, Ar-H), 8.02 (d, /= 5.4 Hz, 2H,
Ar-H), 7.27-7.52 (m, 5H, Ar-H), 7.42 (s, 1H, Ar-H), 7.34 (d, J = 8.7 Hz, 2H, Ar-H),
7.12 (d, J= 8.7 Hz, 2H, Ar-H). 4.09 (t, J = 6.6 Hz, 2H, OCH>), 1.74 (t, J = 6.3 Hz, 2H,
OCH,CH>), 1.42-1.24 (m, 18H, CH>), 0.84 (t, J = 6.6 Hz, 3H, CH3).; EIMS: m/e 744;
C4sH4sNOg requires m/e 743.84; EA: Calcd for C45H4sNOo: N, 1.88; C, 72.66; H, 6.10.
Found: N, 1.98; C, 72.69; H, 5.98. V16: Yield: 91%, '"H NMR (300 MHz, DMSO-ds)
0 8.81 (d, J = 4.8 Hz, 2H, Ar-H), 8.27 (d, J = 9.0 Hz, 4H, Ar-H), 8.11 (d, J=9.0 Hz,
2H, Ar-H), 8.02 (d, J = 4.8 Hz, 2H, Ar-H), 7.50 (t, /= 8.1 Hz, 1H, Ar-H), 7.44 (d, J =
8.7 Hz, 2H, Ar-H), 7.42 (d, ] = 8.4 Hz, 2H, Ar-H), 7.27 (s, 1H, Ar-H), 7.23-7.18 (m,
2H, Ar-H), 7.02 (d, /=9.0 Hz, 2H, Ar-H),4.04 (t, J = 6.3 Hz, 2H, OCH»), 1.77 (t, J =
6.6 Hz, 2H, OCH,CH>), 1.45-1.28 (m, 28H, CH>), 0.85 (t, J = 5.4 Hz, 3H, CHs).;
EIMS: m/e 801; C4Hs3NOy requires m/e 799.95; EA: Calcd for C4Hs3sNOg: N, 1.75;
C, 73.57; H, 6.68;. Found: N, 1.94; C, 73.69; H, 6.49.

2.5.1.14. Synthesis of compound 10. Methyl 4-hydroxybenzoate (1eq.), benzyl
bromide (1.1eq.), and K,COs (1.5eq.) were reacted in acetone at reflux temperature
for 10h. After removing acetone at reduced pressure, the precipitate was produced
immediately by adding water. The crude product was recrystallized from
acetone/hexane to give a white solid. 10: Yield: 97%, '"H NMR (300 MHz, CDCL) &
7.03 (d, J=9.0 Hz, 2H, Ar-H), 6.63-6.50 (m, 5H, Ar-H), 6.35 (d, J=9.0 Hz, Ar-H),
4.38 (s, 2H, OCH,), 2.49 (s, 3H, OCH3).

2.5.1.15. Synthesis of compound 11. Compound 10 (leq.) and KOH (4eq.) were
reacted in ethanol at reflux temperature for 10h. Water was added to produce the
precipitate, and the crude product was recrystallized from THF/hexane to give a white
solid. 11: Yield: 98%, '"H NMR (300 MHz, DMSO) & 7.87 (d, J = 9.0 Hz, 2H, Ar-H),
7.46-7.33 (m, SH, Ar-H), 7.07 (d, /= 9.0 Hz. 2H, Ar-H), 5.17 (s, 2H, OCH»).
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2.5.1.16. Synthesis of compound 12. Compound 11 (2.2 eq.) and compound 9 (1
eq.) were reacted by following the esterification procedure of compound 1 to acquire
a white solid. 12: Yield: 75%, 'H NMR (300 MHz, CDCL;) & 8.15 (d, J = 9.0 Hz. 4H,
Ar-H), 7.48-7.33 (m, 11H, Ar-H), 7.13 (d, J = 9.0 Hz. 2H, Ar-H), 7.12 (s, 1H, Ar-H),
7.05 (d, J=9.0 Hz. 4H, Ar-H), 5.16 (s, 4H, OCH»).

2.5.1.17. Synthesis of compound 13. By following the similar deprotection
procedure of compounds Bm, compound 12 were reacted Pd/C catalyst to yield a
white solid. 13: Yield: 95%, "H NMR (300 MHz, CDCls) & 7.98 (d, J = 9.0 Hz. 4H,
Ar-H), 7.51 (t, J = 7.5 Hz. 1H, Ar-H), 7.06 (d, J = 7.5 Hz. 2H, Ar-H), 7.03 (s, 1H,
Ar-H), 6.92 (d, J=9.0 Hz. 4H, Ar-H).

2.5.1.18. Synthesis of compound II. Compound 13 (1 eq.), isonicotinoyl
chloride hydrochloride (2.4 eq.) and triethylamine were reacted according to the
similar esterification procedure of compound I'to get a white solid. IT: Yield: 84%, 'H
NMR (300 MHz, DMSO-ds) 6-8.92(d, J = 5.4 Hz, 4H, Ar-H), 8.38 (d, J = 8.4 Hz, 4H,
Ar-H), 8.10 (d, J = 5.4 Hz, 4H, Ar-H), 7.60 (t, J= 7.8 Hz, 1H, Ar-H), 7.55 (d, J = 8.4
Hz, 4H, Ar-H), 7.34-7.28 (m, 3H, Ar-H).; FBMS: m/e 562; Cs,H,oN,Og requires m/e
560.51; EA: Calcd for C5,HyoN,Og: N, 5.00; C, 68.57; H, 3.60;. Found: N, 5.07; C,
68.43; H, 3.84.

2.5.1.19. Synthesis of compound IIIn. Compounds Bm (1 eq.) and compound
14 (1 eq.) were reacted by following the esterification procedure of compound 1 to
acquire a white solid. IIT12: Yield: 86%, 'H NMR (300 MHz, DMSO-dg) & 8.61 (s,
1H, Ar-H), 8.30 (d, /= 6.0 Hz, 1H, Ar-H), 8.25 (d, /= 8.7 Hz, 2H, Ar-H), 8.10 (d, J =
8.7 Hz, 2H, Ar-H), 7.85-7.82 (m, 1H, Ar-H), 7.57 (m. 1H, Ar-H), 7.53 (d, /= 8.7 Hz,
2H, Ar-H), 7.12 (d, J = 8.7 Hz, 2H, Ar-H), 4.09 (t, J = 6.3 Hz, 2H, OCH>), 1.73 (m,
2H, OCH,CH>), 1.49-1.24 (m, 18H, CH>), 0.84 (t, J = 6.3 Hz, 3H, CHj3).; EIMS: m/e
504; C31H37NOs requires m/e 504; EA: Calcd for Cs3;H37NOs: N, 2.78; C, 73.93; H,
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7.41. Found: N, 2.81; C, 73.67; H, 7.35. 1II16: Yield: 82%, 'H NMR (300 MHz,
DMSO-dy) 6 8.51 (s, 1H, Ar-H), 8.46 (d, J = 4.5 Hz, 1H, Ar-H), 8.26 (d, J = 8.7 Hz,
2H, Ar-H), 8.11 (d, J = 8.7 Hz, 2H, Ar-H), 7.63-7.62 (m, 1H, Ar-H), 7.42 (s. 1H,
Ar-H), 7.39 (d, J = 8.7 Hz, 2H, Ar-H), 7.02 (d, J = 8.7 Hz, 2H, Ar-H), 4.03 (t, /= 6.3
Hz, 2H, OCH,), 1.77 (t, J = 6.6 Hz, 2H, OCH,CH5), 1.44-1.24 (m, 28H, CH>), 0.84 (t,
J = 5.4 Hz, 3H, CHs).; EIMS: m/e 559; C;5H4sNOs requires m/e 559; EA: Calcd for

C35sH4sNOs: N, 2.50; C, 75.10; H, 8.10. Found: N, 2.85; C, 74.95; H, 8.11.
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Scheme S2.1. Synthetic procedures of H-donors and H-acceptors Am, Bm, Cm, I,
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Table S2.1. Phase Transition Temperatures and Enthalpies of H-Donors (Am, Bm,
and Cm) and H-Acceptors (I, II, IIIn, IVn, and Vn)

Compd. Phase transition temperature/°C [Enthalpy/kJ/g]

Al12 I 135.5[8.09] N 129.2 [6.3] SmC  86.5[40.2] K

Al6 I 127.1[25.8] SmC 83.7[71.5] K

BI12 I 2039[7.7] SmC 104.7 [46.2] K

B16 I 198.6[85] SmC 105.3[40.3] K

C12 I 289° N 218.8 [2.9] SmC  139.5[13.6] K

Cl16 I 283° N 220.3 [1.7] SmC 135.4[15.9] K
I I 93.5[104.8] K
I I 141.4[89.5] K

1112 I 83.6[99.4] K

116 I 81.0[106.8] K

Ivi2 I 105.41[2.5] N 85.3[48.2] K

V16 I 100.5[93.9] K

V12 I 148.1[4.9] N 124.5 [64.4] K

V16 I 147.41[44] N 135.7[66.6] K

I = isoptropic state; N = nematic;phase; SmC = normal tilt smectic phase; K =
crystalline state. * means the ‘temperature data'is observed in POM only. The phase
transitions were measured by DSC at the 2nd cooling scan with a cooling rate of

5°Cmin’".
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Table S2.2. Sets of Low Energy Structures Calculated at B3LYP/6-31G(d) of the
Bent-Core Structures of S1, I-A1, IV1-A1l, and I111-B1

conform AE dipole Bent angle®
Energy/au axial (x, y, )
ation kcal/mol (Debye)
1 0 -2139.766923 4.35 1.3938, -4.1232,0.1724 120.0
2 0.01 -2139.766901 3.99 1.0048, -3.7895, 0.7715 118.7
3 0.01 -2139.766905 6.84 0.8859, -6.7903, -0.0177 114.1
3 4 0.07 -2139.766804 7.64 0.0004, -7.6426, -0.0069 117.1
5 0.10 -2139.766771 6.42 1.7294,-5.7808, -2.2023 121.5
6 0.24 -2139.766545 8.54 0, -8.4013, -1.5619 114.1
1 0.00 -2174.281484 1.53 1.0407, 1.1258, -0.0896 131.2
2 0.11 -2174.281306 1.57 -0.9194, 1.2815, -0.0478 119.8
1Al 3 0.26 -2174.281069 0.21 -0.0001, -0.2131, 0 125.5
4 0.40 -2174.280849 1.94 0, -0.1646, -1.9337 124.7
1 0.00 -2157.024320 4.53 -3.4182,-2.9711, -0.0225 113.7
2 0.07 -2157.024213 6.19 -4.7331, -3.9889, -0.2286 121.4
fvi-al 3 0.14 -2157.023980 6.69 -4.805, -4.2353, -1.9228 120.2
4 0.17 -2157.024055 5.05 -3.6149, -2.7624, -2.1964 115.6
1 0.00 -2157.028836 4.10 | -1.3853,-3.8368, -0.4568 99.6
2 0.04 -2157.028772 4.52 -1.4495, -3.9812, -1.5770 99.1
3 0.07 -2157.028654 4.49 -1.4595, -3.6807, -2.1111 97.4
4 0.11 -2157.028654 448 -1.2277, -3.6898, -2.085 97.3
-5l 5 0.18 -2157.028489 7.06 -4.5694, -5.3715, -0.3763 130.9
6 0.21 -2157.028438 7.03 -4.7317,-5.0783, -1.1274 129.7
7 0.25 -2157.028443 7.24 -4.6038, -5.4708, -1.1317 131.5
8 0.27 -2157.028407 6.91 -4.8768, -4.7492, -1.2033 130.5
9 0.68 -2157.027754 6.95 -5.9565, -2.5551, -2.5049 135.6

* Bent angle (°) measured as the angle between the first, central and final benzene

rings’ centers of the bent-core structures.

81




Chapter 3
H-Bonded Banana-Shaped Liquid Crystalline Dimeric
Complexes and Main-Chain Polymers Containing Bent-Core

Pyridyl Acceptors and Siloxane Diacid Donors

3.1. Introduction

Supramolecular design has been displayed the intelligent approach to create
exquisite architectures during inter- and intra-molecular non-covalent linking groups
such as the popular useful tool, e.g. hydrogen-bonds (H-bonds).""!! Many classified
investigations (including liquid crystal research) spread out excellent achievements on
the judicious way between hydrogen-accepter (H-acceptor) and -donor (H-donor)
parts to emerge various . attractive mesogenic properties, especially their
electro-optical characteristic under electric fields. 'For instance, ferroelectric and
anti-ferroelectric liquid crystals (FLCs and AFLCs) became more important due to
their fast responses of electro-optical properties by applying external electric fields.'*”!
It is because that the chiral center insertion was disposed in the rod molecular
configuration to induce the chirality and spontaneous polarization properties.

However, since the novel formation building by bent-shaped structures without
any chiral elements revealed ferroelectric and anti-ferroelectric effects,!'! more
bent-shaped derivatives, so called banana-shaped or bent-core mesogens were
presented and conferred their fascinating optical and electrical studies. Naturally, their
particular mesophases, including column stacking, tilt smectic phases, and three
dimension structures, named as B1 to B7 were developed and identified. Traditionally,
electro-optical switching behavior was observed in the smectic B1, B2, B5, and B7

phases. Among these phases with switching properties, the B2 phase was the most
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frequently investigated. The B2 (SmCP) phase depends on the polar direction and
molecular tilt direction in neighboring layers. Ferroelectric (F) and antiferroelectric
(A) states are performed duo to the identical and inverse polarization between layer to
layer, respectively, and synclinic (S) and anticlinic (A) status are executed cause of
the alike and opposite molecular tilt aspect between layer to layer, respectively. Hence,
four kinds of different supramolecular architectures denoted SmCaPs, SmCsPa,
SmC4Pr, and SmCgPy are carried out to recognize homochiral (SmCaP A and SmCgPg)
and racemic (SmCgsP4 and SmCaPr) conditions individually. However, it is the most
important and interesting assignment to perform the lamellar organization with
electric-optical switching properties and chirality.

In common studies, more recently, different parts of achiral molecular structures, such
as the central parts, lateral substituents; linking groups, terminal chains, and the
number of rings, have been varied to study their influences of molecular designs on
the mesomorphic behavior. -Moreover, more molecular systems with bent-core
configurations were investigated, including not-only molecules with low molecular

weights comprising many kinds of substituents at different positions of rigid cores and

4,25a-b,28¢,35a,43d-e, [31,46

flexible chains,' ! but also polymeric,”” dimeric”'**" and dendritic

molecules.”¥ Particularly, some special supramolecular structures constructed with

25a,4 .
“31 In previous reports,

silicon groups are also investigated by Tschierske et al.!
several kinds of molecular architectures were also developed and showed that
materials with special segregation contributed by silyl and siloxyl groups displayed a
novel way for the switching of ferroelectricity. Simultaneously, lower phase transition
temperatures could be procured by different number of silyl units. The fascinating
characteristics of silyl and siloxyl insertions have become a useful approach to modify

the flexible spacers. Even though some successful cases of covalent bent shaped

dimeric and main-chain polymeric molecules” have been reported, very limit
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illustrations of non-covalent, i.e. H-bonds bent-core mesogenic structures with polar
smectic phase and antierroelectric switching properties were observed in previous

58] not to mention the H-bonded main-chain polymers which had no case

literatures,
to report. It is because that the suppression of polar switching behaviors for
main-chain bent polymers was taken place constantly due to intermolecular

micro-segregation based on the serious rigid core and shower flexible spacer which

both established on main chain framework.

Di-piridiyl V H-bonded bent-core main-chain

H-accepter olymeric complex
Diacid H=donor o P

" H-bonds ,_A U‘A\_

Single-piridiyl H-bonded bent-core
H-accepter dimeric complex

Fig. 3.1. The bent-shaped supramolecular frameworks of H-bonded bent-core dimeric
and main-chain polymeric (MCP) complexes.

Accordingly, in fundamental molecular designs of H-bonded bent-core
dimeric and main-chain polymeric complexes, siloxyl derivative inserted at middle
part of flexible chain is necessary in bent configuration to maintain intermolecular
organization and induce their electro-optical and chiral properties. Therefore, in
order to elucidate the effects of various structural configurations (H-bonded
injections, various siloxyl numbers, and different core shapes) on mesomorphic,
electro-optical and chiral properties of H-bonded bent-core dimeric and
main-chain polymeric (MCP) supramolecules, several kinds of H-bonded

bent-core dimers and MC polymers were self-assembled by appropriate molar
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Di-pyridyl H-accepters

0@@”@ Ay Om@i e

x=1 x=1
C12H250

Figure 3.2. The chemical structures of five diacid H-donors and four pyridyl
H-accepters.

ratios of proton donors (H-donors) and acceptors(H-acceptors) as shown in Figure
3.1. Five kinds of acidic H-donors with two or three siloxyl units (A, B, C, D, and
E, bearing two terminal acidic groups) and four kinds of bent-core H-acceptors
(I-II and IV-V, bearing double and single terminal pyridyl groups, respectively)
were synthesized and displayed in Figure 3.2. H-bonded dimeric supramolecules
IV-N and V-N (N = A, B, C, D, and E) were self-assembled by single-pyridyl
H-acceptors (IV and V) with all acidic H-donors (A, B, C, D, and E) as shown in
Figure 3.3, and H-bonded MCP supramolecules I-N and II-N (N = A, B, C, D, and
E) were self-assembled by bis-pyridyl H-acceptors (I-II) with all acidic H-donors
(A, B, C, D, and E) as shown in Figure 3.4. The configuration effects of H-bonded
bent-core dimeric and MCP complexes on mesomorphic, electro-optical, and chiral

properties were investigated, and the polar switching behavior depended on

85



applied electric fields was also examined. The mesomorphic, electro-optical, and
chiral properties of all H-bonded complexes were surveyed by polarizing optical
microscopy (POM), differential scanning calorimetry (DSC), powder X-ray

diffraction (XRD) measurements, and electro-optical (EO) switching experiments.

o o)
@)940 O/(o);@oy\@,,,ﬂ\ )OI\

Cy2H250 (6}

| |
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Figure 3.3. H-bonded bent-core dimeric complexes IV-N and V-N (N = A, B, C, D

and E).

—OC;;Hy0

IF-A: x=0,y=1,N=A:
I-B:x=0,y=1,N=B:
I-C:x=0,y=2,N=C:
I-D:x=0,y=2,N=D:
IFE: x=0,y=2,N=E:

Figure 3.4. H-bonded bent-core main
II-N(N=A,B,C,Dand E).

A x=1Ly=1N=A:—_)—
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II-D:x=1,y=2,N=D:
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-chain polymeric (MCP) complexes I-N and
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3.2. Experimental
3.2.1. Characterization methods

"H NMR spectra were recorded on a Varian Unity 300 MHz spectrometer using
DMSO-ds, CDCl; and D-THF as solvents. Elemental analyses (EA) were performed
on a Heraecus CHN-OS RAPID elemental analyzer. Mesomorphic textures were
characterized by polarizing optical microscopy (POM) using a Leica DMLP equipped
with a hot stage. Infrared (IR) spectra were investigated by Perk-Elmer Spectrum 100
instrument. Temperatures and enthalpies of phase transitions were determined by
differential scanning calorimetry (DSC, model: Perkin Elmer Pyris 7) under N, at a
heating and cooling rate of 5 °Cmin”'. Synchrotron powder X-ray diffraction (XRD)
measurements were performed at beamline BL17A of the National Synchrotron
Radiation Research Center (NSRRC), Taiwan, where the wavelength of X-ray was
1.33336 A. The powder samples were packed into-a capillary tube and heated by a
heat gun, whose temperature controller is programmable by a PC with a PID feedback
system. The scattering angle theta was calibrated by a mixture of silver behenate and
silicon. The electro-optical properties were determined in commercially available ITO
cells (from Mesostate Corp., thickness = 4.25 pm, active area = 1 cm?) 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 d.c. power supply
(Keithley 2400) was utilized in the d.c. field experiments. During electro-optical
measurements, the modulations of textures by applying electric fields were observed
by POM.
3.2.2. Synthesis

All synthesized processes of H-donors and H-acceptors were shown in Scheme

S3.1 and S3.2 (see Supporting Information). Regarding preparations of acidic
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compositions (A, B, C, D, and E), their synthesized ways were following according to
five fundamental methods shown in Scheme S3.1. The benzoic acidic derivatives
were protected by benzyl bromide (i.e., steps 1), and combinded with alkene chain by
triphenyl phosphine (PPH3), diethyl azodicarboxylate (DEAD) in tetrahydrofuran
(THF) solvent (i.e., steps ii). The dimeric conformations were established via siloxyl
linking part using platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex,
solution in xylenes,(~2% Pt) (i.e., steps 1iii), and the esterification reactions were
carried out by N,N-dicyclohexylcarbodiimide (DCC) and 4-(N,Ndimethylamino)
pyridine (DMAP) in dichloromethane (DCM) solvent to acquire related products (i.e.,
steps 1v). De-protecting actions were executed by Pd/C catalyst and hydrogen gas (N;)
in THF solvent as the procedure (i.e., steps v) to_eliminate protecting groups.

All the synthesized processes of pyridyl-core compositions (I, II, IV, and V)
were realized according to five routes shown in-scheme S3.2. The esterification
reactions were carried out via two procedures (i.e., steps 1 and iii) to acquire related
products. Protecting reactions were proceeded by step iv. De-protecting actions were
executed by two procedures (i.e., steps 11 and v) to eliminate protecting groups. In
addition, the starting compound 14 were prepared according to the literature

procedures,”"!

and all synthesized details were described in the Supporting
Information.
3.2.3. Sample preparation

All H-bonded complexes were constructed by mixing appropriate molar ratios of
proton donors (H-donors) and acceptors (H-acceptors) in the solutions of
chloroform/THF (ca. 2:1 vol.), which were self-assembled into supramolecules by
evaporating solvents slowly. Hence, ten H-bonded bent-core dimers IV-N and V-N

(with single site of H-bond in each bent-core unit) consisting of single-pyridyl

H-acceptors (IV and V) with diacid H-donors (A, B, C, D, and E) and ten H-bonded
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bent-core MC polymers I-N and II-N (with two sites of H-bonds in each bent-core
unit) consisting of bis-pyridyl H-acceptors (I and II) with diacid H-donors (A, B, C,

D, and E) were achieved by H-bonded force.

3.3. Result and Disscussion
3.3.1. Identification of H-bonds existence

In order to prove the formation of supramolecules, (compared with the
transition temperatures of individual components in Figure S3.1 and Table S3.1 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 stability of H-bonding in all
polymeric and dimeric complexes IV-N; V-N, IV-N, and V-N was characterized
by IR spectra at various temperatures. Therefore, two examples of H-bonded
dimeric and polymeric complexes are demonstrated and compared with their
components (pyridyl and acidic‘derivatives) as-shown in Figure 3.5.

For instance, the IR spectra of H-bonded bent-core dimeric complex V-A and
its constituents V (H-acceptor) and A (H-donor) were compared in Figure 3.5 to
examine the H-bonds in crystalline and mesophasic states. In contrast to the O-H
band of pure A at 2560 cm™, and the weaker O-H band observed at 2500 and 1920
cm’ in the H-bonded complex V-A were indicative of hydrogen bonding between
the pyridyl group of V and acidic group of A. On the other hand, a C=0 stretching
vibration appeared at 1740 cm™ in complex V-A, which showed that the carbonyl
group is in a less associated state than in pure A with weaker C=0 stretching
vibration appeared at 1680 cm™ either in crystalline phase or mesophase (Figure
3.5a and 3.5b)."") Both results suggest that H-bonds are formed between A and V

in solid and mesophasic states of the H-bonded complex V-A. In addition, similar
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IR analysis of H-bonds in H-bonded bent-core polymeric complex II-A was
inspected at various temperatures. With the IR evidence of weak O-H band at 2500
and 1920 cm™ and less association of C=0 stretching vibration at 1730 cm™ as
shown in Figurs. 3.5a and 3.5c, it revealed the successful supramolecular
framework of H-bonded complex II-A by complexation of H-donor A and

H-acceptor II in 1:1 molar ratio.

A 1680
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Figure 3.5. IR spectra of (a) complexes II-A, V-A and their composed moieties A;
(b) complex V-A at variable temperatures; (c¢) complex II-A at variable
temperatures.

3.3.2. Mesophasic and thermal properties of H-bonded bent-core dimeric

complexes
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In order to understand the influence of various bent-core configurations
(different chain lengths, rigid cores, and H-bonded sites effect) on mesophasic and
thermal properties, ten H-bonded bent-core dimers were identified by POM and DSC
measurements as shown in Table 1, Figures 3.6 and 3.7a. All dimeric complexes
(except IV-B) possessed the polar tilt smectic phase (SmCP), so called B2 phase,
which were confirmed by POM to show the spherulite and grainy textures.''*"** For
instance, the spherulite and grainy small spherulite textures are demonstrated in
dimeric complexes IV-A and V-D, respectively (see Figures 3.6a and 3.6b).
Furthermore, another kind of spherulite texture was verified in dimeric complex I'V-B
as shown in Figure 3.6¢c to display the tilt smectic phase with chiral behavior but
without polar switching property.

Comparing the phase transition temperatures of dimeric complexes V-A, V-B
and V-C, higher isotropization temperature was revealed in complex V-B duo to the
relatively much higher isotropization temperature of ingredient in H-donor B with the
longest rigid cores (see Supporting Information Figure S3.1 and Table S3.1).
Meanwhile, complex V-C showed the lower isotropization temperature and the wide
enantiotropic SmCP phase than complexes V-A and V-B duo to the more bulky siloxyl
units (tri-siloxyl unit) of acidic linking spacer to reduce the molecular stacking and
provide the higher stability of the SmCP phase (more expansive mesophasic range).
The phenomenon of wide enantiotropic mesophasic ranges were also observed in
dimeric complexes V-D and V-E. Regarding the phase transition temperatures of
complexes V-C, V-D, and V-E as shown in Figure 3.7a and Table 3.1, the most
extensive SmCP phase range was executed in complex V-E (bearing biphenyl acidic
H-donor) to suggest that more rigid design at terminal core such as the biphenyl acidic

H-donor is helpful to stabilize mesophasic exhibition.
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Table 3.1. Phase transition temperatures (°C) and enthalpies (kJ/g) of H-bonded

bent-core dimeric complexes

Complex Mesophase transition: heating(up) and cooling(down)
K 120.5(85.2) 1
IV-A
1104.5(-35.7) SmCAP, 101.2(-47.6) K
IV-B K 123.1(35.0) SmC* 162.8(11.0) I
1127.0(-8.1) SmC* 100.0(-29.2) K
K 106.8(28.00) I
IV-C
197.5(-26.7) SmCsP, 77* K
IV-D K 118.1(39.0) SmCsP4 124.6(17.6) 1
I1112.2(-15.6) SmCsP, 93.6 (-29.6) K
IV-E K 117.0(30.4) SmCsP4 152.4(7.9) 1
1131.9(-6.4) SmCsP, 87(-24.8) K
VA K 149.6 (49.0) I
1127.0(-23.4) SmCAP, 95.7(-18.9) K
V-B K 140.1(21.0) SmCAPA* 159.5(15.4) 1
1 154:7(-17.2) SmCaPa* 131.6(-19.0) K
. K 102.0(23.8) SmCsPa 139.2(18.4) I
1121.2(-21.8) SmCsPx 83.2(-12.9) K
VoD K 115.0(31.0) SmCsP4 129.3(20.7) 1
I'112.7(-19.8) SmCsPA 84.1(-32.4) K
VE K 121.9(27.4) SmCsP4 140.3(16.2) I
1125.9(-19.1) SmCsP4 78.6(-17.0) K

I = isoptropic state; SmCP = polar tilt smectic phase; SmC = normal tilt smectic phase

without polar switching behavior; K = crystalline state; * means that the phase change

can be observed by POM only; * means that chiral domain can be determined by
POM.

el _X- :
Figure 3.6. POM textures at cooling approach: (a) the polar smectic phase with
spherulite domain of dimeric complex IV-A at 103 °C; (b) the polar smectic phase
with grainy and small spherulite domains of dimeric complex V-D at 105 °C; (c) the

tilt smectic phase with spherulite domain of dimeric complex I'V-B at 110 °C.

92



180

1704 (a)
160

A SmC* Il SmCP [ K

150 S —

140

130 I
o -

£1204 | I

[ 4

110 -

100 -

90

80

2ol [Hel [Hiel Hel [Hiel [Hie| [Hie| |HIe| [Hie] [Hic] [HIe

IV-A IV-B IV-C IV-D IV-E V-A V-B V-C V-D V-E

220 - (b) [ ISmC S SmC* Il SmCP[__]K

200

180—- m I .

07 |Hld |Hlc HH Hic| [HIc| [HIc| [Hic| Hic| [Hic| Hc
-A I-B I-C I-D |- lI-A 1I-B 1I-C II-D II-E

Figure 3.7. Phase diagrams of H-bonded bent-core (a) dimeric and (b) MCP
complexes during 2nd heating (H) and cooling (C) conditions.

The analogous phase transition tendencies such as series of complexes V-N were
acquired in series of dimeric complexes IV-N (N = A, B, C, D, and E), where the
highest and lowest isotropization temperatures were obtained in complexes I'V-B and
IV-C, respectively duo to the relatively ingredient in H-donor and the bulky siloxyl

units. The most extensive and narrow SmCP phase ranges were achieved in complexes
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IV-E and IV-A, respectively to indicate again that the mesophasic stability would be
performed in mesogenic designs with the rigid core (as biphenyl acidic H-donor) and
the bulky siloxane diacidic H-donors (tri-siloxyl unit). In addition, almost dimeric
complexes V-N exhibited wider SmCP phase than those of dimeric complexes IV-N
owning to their longer length of rigid cores, and the SmCP phase was induced in
complex V-B.
3.3.3. Mesophasic and thermal properties of H-bonded bent-core main-chain
polymeric complexes

Two series of analogous MCP complexes, i.e., I-N, and II-N (N = A, B, C, D,
and E) were investigated for the influence of H-bonded sites, rigid-core, and flexible
chain variations on their mesophasic types and phase transition temperatures as shown
in Figure 3.8, Figure 3.7b and Table 3.2. In regard to the mesophasic types, the tilt
smectic phase without polar switching and chiral properties was examined in MCP
complexes I-N, except complex I<A, which presented only crystalline state. With
respect to MCP complexes II-N, the tilt smectic-with chiral behavior was revealed in
complex II-B, and polar smectic phase were demonstrated in complexes II-C, II-D,
and II-E. The mesophasic textures were evidenced by POM experiments, for example,
complex I-B displayed the spherulite domain in Figure 3.8a, and complex II-A
exhibited the other kind of spherulite domain in Figure 3.8b as the evidence of the
polar smectic (SmCP) phase. In addition, the evidence of SmCP phase was also

performed as the schlieren texture in complex II-D (see Figure 3.8c).
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Figure 3.8. POM textures at cooling approach: (a) the tilt smectic phase with
spherulite domain of MCP complex I-B at 170 °C; (b) the polar smectic phase with
spherulite domain of MCP complex II-A at 147 °C; (c) the polar smectic phase with
schlieren texture of MCP complex II-E at 150 °C.

Table 3.2. Phase transition temperatures (°C) and enthalpies (kJ/g) of H-bonded
bent-core main-chain polymeric complexes

Complex | Mesophase transition: heating(up) and cooling(down)
LA K 84.2(4.6) K’ 120.6° K” 136.6 (61.3)° I
1111.46(28.0) K” 79.6(8.2) K> 71.1 (11.7) K
LB K 129.2(20.4) K’ 163.3(22.8) SmC 185" 1
1181.9(3.3) SmC 110.8(17.4) K’ 91.5(22.7) K
LC K 78.0 (3.8) K> 102.2 (35:5) 1
I 75.0(-38.3) SmC 66" K
LD K 100.7(20.7) SmC 110.9(8.1) 1
1104.4(-11.9) SmC 81.6(-21.3) K
LE K 127.6(15.6) SmC 153.6(11.0) I
1129.7 (-10.7) SmC 102.7 (-14.3) K
K 155.2(108.0) I
II-A b b
1149.3° SmCAP,A 146.5(-91.7)° K
LB K 187.4(35.5) 1
1183.4(10.3) SmC* 170.4(26.5) K
.C K 73.46(11.2) K> 135.51(29.1) I
1121.61(22.9) SmCAPr 93" K’ 43.58 (11.5) K
LD K 167.5(23.6) SmCAPr 174.9(34.4) 1
1164.6(-31.8) SmCAPr 146.5 (-24.7) K
ILE K 155.4(11.8) K’ 161.4 (2.8) SmCAPr 204.7 (33.0) I
1193.3(27.5) SmCAPr 127.0(1.9) K* 105.9 (9.6) K

I = isoptropic state; SmCP = polar tilt smectic phase; SmC = normal tilt smectic phase
without polar switching behavior; K = crystalline state; * means that the phase change
can be observed by POM only; ° means the enthalpy values of two cover transition

peaks; * means that chiral domain can be determined by POM.
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With respect to the phase transition temperatures of CMP complexes I-N (N = A,
B, C, D, and E), the highest isotropization temperature was obtained in complexes
I-B due to much higher isotropization temperature of ingredient in H-donor B with
the longest rigid cores, and the lowest isotropization temperature was received in
complex I-C due to the bulky siloxane spacer of diacidic H-donor. To compare the
phase transition temperatures of complexes I-C, I-D, and I-E, the higher and more
extensive range of enantiotropic tilt smectic phase was obtained in complex I-E,
oppositely, the narrow range of monotropic tilt smectic phase was acquired in complex
I-C (see Figure 3.7 and Table 3.2). Regarding the phase transition temperatures of
MCP complexes II-N (N = A, B, C, D, and E), the analogues phase transition
tendencies and extensive mesophasic ranges than those of CMP complexes I-N were
obtained, where lower phase transition temperature and wide enantiotropic
mesophasic range were observed in complexes II-C and II-E, respectively. It would
be suggested that higher mesophasic stability can provided by the rigid terminal core
designs as well as the bulky ‘siloxane spacer. To compare the Phase transition
temperatures of H-bonded bent-core dimers and MC polymers, almost MCP
complexes exhibited higher mesophasic transitons, and dimeric complexes displayed
wider mesophasic ranges. In addition, SmCP phases were more stable in dimeric

complexes.

3.3.4. Powder XRD analyses of H-bonded bent-core dimeric complexes

The H-bonded molecular organizations of H-bonded bent-core dimeric
complexes IV-N and V-N (N = A, B, C, D, and E) in different mesophases (smectic
phases) were investigated by XRD measurements (see Table 3). Duo to the too narrow
mesophasic range of complex IV-N, its XRD analyses was limited to determinate.

However, the tilt smectic arrangements were demonstrated in complexes I'V-N. For
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example, sharp layer reflection peaks (up to the second order diffraction as shown in
Figure 3.9a) were observed at the associated d-spacing values of d;=38.0 A and d,=
19.0 A indexed as (001) and (002), respectively with tilt angles (between the
molecular axis and the layer normal) c.a. 46.4°in complex IV-E (see Table 3.3) as the
evidence of the tilt lamellar arrangements. Furthermore, wide angle diffuse peaks
corresponding to a d-spacing value of 4.6 A indicated that similar liquid-like in-plane
orders with average intermolecular distances were prevalent inside the smectic layers.
[54]

With respect to dimeric complexes V-N (N = A, B, C, D, and E), for instance,
complex V-D displayed sharp layer reflection peaks (up to the third order diffraction
as shown in Figure 3.9b), which were.acquired at the associated d-spacing values of
di=509 A, d=25.5 A, and d3="17.0 A-with tilt angles c.a. 41° (see Table 3.3) to
indicate the tilt smectic organization. The analogues XRD investigations of other
dimeric complexes V-N were obtained in their mesophasic ranges to confirm the tilt
smectic behaviors.”

3.3.5. Powder XRD analyses of H-bonded bent-core main-chain polymeric
complexes

In powder XRD studies of two series H-bonded bent-core main-chain polymers I-N and
II-N, the collative data was displayed in Table 3.4, and two XRD patterns of molecules
I-B and II-D were procured in Figure 3.10. The broad peak situated in spacing value
of 4.6 A and sharp reflection peak were obtained at (001) index of d; = 36.2 A in
MCP complex I-B (see Figure 3.10a), and all the MCP complex I-N (N = A,
B, C, D, and E) exhibited the similar XRD investigations, where the longest
d-spacing and tilt angle values were calculated in ranges of 33.2 — 38.2 A and 44° —
58°, respectively to suggest the lamellar order exists (see Table 3.4). Regarding the

series of MCP complexes II-N (N = A, B, C, D, and E), for example, complex II-E
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revealed the sharp and broad peaks at corresponding d-spacing values of 52.7 A and
4.6 A, respectively in the mesophasic range as shown in Figure 3.10b. The tilt angle
value of 44° was acquired. The XRD results of complex II-E was indicated the
lamellar order exists. Others H-bonded MCP complexes 1I-A, II-B, II-C and II-D
displayed the lamellar molecular arrangements duo to their d-spacing and tilt angle

values in ranges of 52.7 — 58.7 A and 33° — 48°, respectively.

Table 3.3. Powder XRD data of H-bonded bent-core dimeric complexes

D-Spacing | Miller index | Molecular length | Tilt angle
Complex | Phase

D(A) (abc) L(A) @(degree)

IV-A SmCP — — 51.1 —
35.2 (001)

IV-B SmC* 64.8 57.1
17.7 (002)
38.2 (001)

IV-C SmCP 52.0 42.7
19.5 (002)

IV-D SmCP 36.2 (001) 533 47.2
38.0 (001)

IV-E SmCP 55.2 46.4
19.0 (002)

V-A SmCP 39.8 (001) 64.8 52.1
51.1 (001)

V-B SmCP* 68.0 41.2
25.8 (002)

V-C SmCP 50.0 (001) 65.7 40.5
50.9 (001)

V-D SmCP 25.5 (002) 66.9 40.5
17.0 (003)
39.4 (001)

V-E SmCP 68.8 55.0
26.5 (002)
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Figure 3.9. Powder X-ray diffraction pattern intensity against angle profiles obtained upon cooling from

the isotropic phase: (a) in the SmCP phase of dimeric complex IV-E; (b) in the SmCP phase of dimeric

complex V-D.

Table 3.4. Powder XRD data of H-bonded bent-core main-chain polymeric

complexes
D-Spacing | Miller index | Molecular length | Tilt angle
Complex | Phase

D(A) (abc) L(A) @(degree)

I-B SmC 362 (001) 67.9 57.8
38.2 (001)

I-C SmC 53.0 43.9
19.1 (002)
35.9 (001)

I-D SmC 57.3 54.8
17.9 (002)
33.2 (001)

I-E SmC 61.1 57.0
16.6 (002)

II-A SmCP 52.7 (001) 68.0 39.2
53.4 (001)

11I-B SmC* 27.1 (002) 80.2 48.2
18.2 (003)

II-C SmCP 58.7 (001) 69.9 32.8
54.6 (001)

[18)) SmCP 27.5 (002) 74.2 42.6
18.5 (003)

1I-E SmCP 55.7 (001) 77.9 44.4
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Figure 3.10. Powder X-ray diffraction pattern intensity against angle profiles obtained upon cooling
from the isotropic phase: (a) in the tilt SmC phase of MCP complex I-B; (b) in the SmCP phase of MCP
complex II-D.

3.3.6. Spontaneous polarization (Ps) behavior. of H-bonded bent-core dimeric
complexes

In order to verify the polar switching properties in H-bonded bnet-core dimeric
structures, the triangular wave method”"' was applied to measure the switching
current behavior (i.e., the spontaneous polarization) under 4.25 um thick parallel
rubbing cells. The current peaks per half-period of an applied triangular voltage were
obtained in the switching current response curves of all SmCP phase in almost
H-bonded bent-core dimeric complexes IV-N and V-N (except complex IV-B).
Regarding the H-bonded bent-core dimeric complexes IV-N and V-N (N = A and B
with di-siloxyl units), antiferroelectric behavior was clearly examined in complexes
IV-A, V-A and V-B according to the two-peak switching current response. For
example, the two-peak switching current response curves of complex IV-A was
shown in Figure 3.11a. 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 SmCP, (A =
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anti-ferroelectric behavior) structure of the B2 phase in complex IV-A.’

Furthermore, the POM texture of IV-A (see Figure 3.11b) under applied electric field
was compared with POM texture of IV-A without voltage applying as shown figure
6a. The extinction crosses of spherulite domain paralleled with polarizer indicated
antiferroelectric state, and the extinction cross of switching domain was rotating to
mean ferroelectric state. The analogues results were also provided in complexes V-A
and V-B (with di-siloxyl unit).

With respect to the dimeric complexes IV-N and V-N (N = C, D and E with
tri-siloxyl unit), for instance, the single like current peak of dimeric complex V-D was
observed under triangular wave applying at low (30 — 60 Hz) or high frequencies
(200 — 500 Hz) as shown in Figure 3.11c: However, when the modified triangular

5
wave 2%

was applied (Figure 3.11¢), the current response was separated into two
peaks at both offset of voltage arrearage. It was also-indicated that the SmCP, state is
existed and hidden under triangular wave measurement cause of the quick exchange
of SmCPr > SmCP, = SmCPg. The POM texture of switched-on state (SmCPf) was
shown in Figure 3.11d to compare the POM texture (see Figure 3.6b) of switched-off
ground state (SmCP,). The similar results were also preformed in other dimeric
complexes IV-N and V-N (N = C, D and E with tri-siloxyl units) to mean the
antiferroelectric behavior. In addition, The Ps values of series IV-N and V-N (except
complex IV-B) were calculated in the ranges of 40 — 224 nC/cm” and 303 — 361
nC/cm?, respectively. It was indicated that more stable polar switching behavior is

achieved caused by longer covalent-bonded bent-core design of H-accepter V in

complexes V-N.
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Figure 3.11. Switching current response of H-bonded bent-core dimeric
complexes (a) IV-A at 104 °C (as Vpp = 231 V, f = 60 Hz) by applying a
triangular wave and (b) its POM texture under the corresponding electric field; (c)
V-D at 120 °C (as Vpp = 197 V, £=200 Hz) by applying a triangular wave, and (d)
its POM texture under the corresponding electric field; (e) V-D at 120 °C (as Vpp
=197 V, f = 200 Hz) under a modified triangular wave. (in parallel rubbing cells
with 4.25 pm thickness).
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3.3.7. Spontaneous polarization behaviors of H-bonded bent-core main-chain
polymeric complexes

To investigate the polar switching behavior of H-bonded MCP complexes of I-N
and II-N (N = A, B, C, D, and E), their smectic phases of MCP complexes I-N and
II-N were examined by triangular and modified triangular waves in applied electric
field (up to 300Vpp) under 4.25 pum thick parallel rubbing cells. The tilt smectic phase
of complexes I-N was confirmed considering no switching current behaviour
observed, however, the first example of novel bent-core main-chain polymers
constructed on H-bonded design with spontaneous polarization behaviors were
achieved in series II-N (N = A, C, D, and E, except for complex II-B).

The current response of polar switching behaviors were determined in of MCP
complexes II-N (N = A, C, D,"and E). Regarding complex II-A, two current peaks
were obtained at 147 °C (as Vpp = 264 V, f = 200-Hz) to mean the antiferroelectric
behavior as shown in Figure 3.12a: In addiction, the POM texture of complex II-A
(inserted in Figure 3.12a) under electric field was compared with the POM texture of
II-A without voltage applying as shown Figure 3.8b. The antiferroelectric and
ferroelectric states were verified duo to the extinction crosses of spherulite domains
paralleled with polarizer (Figure 3.8b) and the rotating extinction cross of switching
domain (the orange part in the inserted texture of Figure 3.12a), respectively.
However, a single current peak indicative the ferroelectric behavior, which confirmed
the SmCPr (F = ferroelectric behavior) structure of the B2 phase was observed in
MCP complexes II-N (N = C, D, and E). For instance, the polar smectic phase of
complex II-E exhibited the single current response peak, which prove the molecular
rotation around a cone, in both triangular (Figure 3.12b) and modified triangular
waves (Figure 3.12¢) to mean the ferroelectric state switched into the opposite

ferroelectric state (SmCPr = SmCPp)."*" Hence the bistable switching of

103



ferroelectricity and the range of Ps values (27 — 144 nC/cm?®) were obtained in MCP

complexes II-C, II-D and II-E (with tri-siloxyl unit).
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Figure 3.12. Switching current response of H-bonded bent-core MCP complexes
(a) II-A at 147 °C (as Vpp = 264 V, £ =200 Hz) by applying a triangular wave and
(b) its POM texture under the corresponding electric field; (c¢) II-E at 120 °C (as
Vpp =327 V and f= 100 Hz) by applying a triangular wave and (¢) II-E at 120 °C
(as Vpp = 327 V and f = 30 Hz) under a modified triangular wave (in parallel
rubbing cells with 4.25 pm thickness).

Table 3.5. Ps values and operating conditions of switching behavior

Complex (nCI/)jmz) phase | Complex (nCI/)jmz) phase | Complex (nCI/)jmz) phase
II-A 27 AF IV-A 40 AF V-A 313 AF
1I-B — — IV-B — — V-B 363 AF
1I-C 85 FE IV-C 84 AF V-C 303 AF
1I-D 144 FE IV-D 224 AF V-D 351 AF
1I-E 114 FE IV-E 123 AF V-E 309 AF
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Overall, to compare the ferroelectricity of H-bonded bent-core dimeric and MCP
complexes, only the antiferroelectric behavior was revealed in dimeric complexes
IV-N and V-N with SmCP phase. However, the ferroelectricity of MCP complexes
II-N was dependent on the siloxyl unit of H-donors, where antiferroelectric and
ferroelectric behaviors were displayed according to their corresponding di-siloxyl and
tri-siloxyl H-donors, respectively. The Ps values of all H-bonded bent-core dimeric
and MCP complexes (with SmCP phase) were shown in Table 3.5. To compare the
SmCP phase range and Ps values of each series of H-bonded bent-core complexes,
wider ranges of SmCP phases were occurred in series of complexes with H-donor E
(complexes IV-E, V-E and II-E). However the higher Ps values were observed in
almost series of complexes with H-donor D.(complexes IV-D and II-D), but not
including series of complexesV-N, which the highest Ps value was obtained in
complex V-B duo to its most rigid of molecular stacking.

3.3.8. Voltage- and temperature-dependent spontaneous polarization behaviors
of H-bonded bent-core dimeric'and main-chain polymeric complexes

In theory, the spontaneous polarization behaviors were demonstrated in
H-bonded bent-shaped dimers and main-chain polymers if the suitable electric field,
frequency, and temperature were given. In order to identify the influence of H-bonds
as well as the applied electric fields and temperatures on spontaneous polarization
behaviors, two series of complexes V-N and II-N (not including complex II-B) with
SmCP phases (represented the H-bonded bent-core dimers and MCP polymers,
respectively) were examined in various electric fields and temperatures, and their
correlative data were shown in Figures 3.13 and 3.14.

To consider the temperature-dependent spontaneous polarization studies of series
of complexes V-N, their Ps values were raised gradually and diminished substantially

during the cooling process of isotropic to mesophasic states and mesophasic to
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crystalline states, respectively (see Figure 3.13a). The observations of Ps value vs.
temperature were corresponded with DSC measurements to indicate that the Ps
behavior is certainly contributed from polar smectic arrangement. The similar results

in series of complexes II-N were also accomplished as shown in Figure 3.13b.

500 160
m V-A J
(a) e VB 1404 (b) AN = |-C
V-C ® e |I-D
400 - ]
v V-D A I-E
B i IR VA= 1204 Agad,ia,a
P W vvv vv"l;“_v"l; v o ° — AAA S,
£ 300+ v > e T . £100 - . o
= o A
I3) > Il|.|.|. < J ° A
=3 v v QC) 80 - ___H'._l.ll . A
° £
@ 200 8 "o o A
3 M A . S 60 . »
N - © N
g Y S _ [ A N
7] ° ° ] °
@ 100 . . . & 40-_ . o
[ ) o
v y . 204 - . A
0 vv ] . v . y A
—71 1 T 11T 1 T T T 1 " T7 04 = A ° w ° A
40 50 60 70 80 90 100 110 120 130 140 150 160 170 T T T T T T T T T T T T T T
80 100 120 140 160 180 200

Temperature (°C) Temperature (°C)

Figure 3.13. Ps values of (a) dimeric complexes V-N (N = A, B, C, D and E) and (b) MCP complexes II-N
(N =C, D and E) as a function of cooling temperatures (as f = 200Hz and Vpp =250 V).
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To inspect the voltage-dependent effect of spontaneous polarization behaviors,
the tendencies of Ps value vs. applied electric field were surveyed in the SmCP phases
of complexes V-N and II-N (not including complex II-B) as shown in Figure 3.14.
Regarding the series of dimeric complexes V-N (N = A, B, D, and E), Ps values were
increased and saturated via the increasing of applied voltage, where the maximum
applied voltages were Vpp = 325 V and the saturated Ps values were reached at
voltages above Vpp = 125 — 260 V. With respect to series of MCP complexes II-N (N
= C, D, and E), their saturated Ps values of complexes II-C, II-D and II-E were
attained in voltages above 120 Vpp, 195 Vpp and 246 Vpp, respectively (see Figure
3.14b). Higher voltages were necessary to switch the relatively spontaneous
polarization behaviors of complexes with: higher isotropization temperatures duo to
the tighter molecular stacking.: This phenomenon was also revealed obviously in
series of dimeric complex V-N; where the minimum required voltage of dimeric
complex V-B (above Vpp = 260 V) were higher than those of other dimeric
complexes V-A, V-C, V-D and V-E duo to its high isotropization temperature.

Almost H-bonded bent-core dimeric and MCP complexes would exhibit the
stable spontaneous polarization behaviors under high applied electric fields, but not
completely. For instance, as shown in Figure 3.14a, the Ps values of complex V-C
were decreased when applied voltage was higher than 230 Vpp cause of the broken
hydrogen bond force. In order to demonstrate this condition, the further clear apparent
case of complex II-A was inspected by POM observations, which its Ps vs. Voltage
data was lose collected imprecisely because that non-clear current response peak and
very less Ps value were demonstrated under lower (Vpp < 240 V) and higher (Vpp
< 270 V) voltage applying duo to the voltage sensitive effect. In general, the
SmCxP4 ground state would be transformed to polar switching domain (SmCsPy, as

the orange circular domain shown in inserted POM texture of Figure 3.15a) to
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contribute Ps property by the increasing of applied electric field. Nevertheless, the
polar circular domain was disappeared and changed gradually to gray grainy domain
to form the non polar switching domain as shown in Figure 3.15b and 3.15c.
Afterwards, the fan-like domain indicative the SmCaP, state (see Figure 3.15d)
would return by the removing of electric field. It was indicated that the H-bond of
complex II-A would become weak and unstable easily under large electric field
applied to restrain the arising of spontaneous polarization behavior. Consequently, a

voltage applied dependent material is established.

Figure 3.15. POM textures of MCP complex II-A under the applied triangular wave
electric field as (a) Vpp =264V, (b) Vpp =276V, (c) vpp =300 V and (d) Vpp=0V
(electric field removing).
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Figure 3.16. POM textures of dimeric complex IV-C under the applied triangular
wave electric field as (a) Vpp =230V, (b) Vpp =263V, (¢) Vpp =296 V and (d) Vpp
= 0 V (voltage removing and heating and cooling again); (e¢) Ps values of dimeric
complex IV-C as a function of applied voltage (as f=200Hz and (Tc - T) = 10 °C).
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In addition, the voltage-dependent condition was also demonstrated in complex
IV-C to record its tendency of Ps value completely in Figure 3.16e. The saturated Ps
values were obtained by the increasing of electric field up to V = 102 Vpp, and Ps
values were decreased when the applied electric field was more than 246 Vpp. The
circular and broken-fan domains indicative the polar switching behavior was shown in
Figure 3.16a at 230 Vpp. However when the voltage was higher than 246 Vpp, the
circular and broken-fan domains were dispersed into the dark grainy domain as shown
in Figure 3.16b and 3.16c. Finally, the circular and fan-like domains (Figure 3.16d)
were reversible by voltage removing, heating and cooling again. It was a typical case
to show the voltage-sensitive polar switching behavior of bent-core material duo to
the collapsible and reversible weak H-bonded force.

3.3.9. Chirality investigation

In principle, the chirality of SmCP phase was depended on molecular polar
direction and molecular tilt direction in neighboring layers. The polar direction was
determined based on the current response under triangular wave electric field
applying to show opposite or identical directions between neighboring layers. In
addition, a switching process of molecular tilt direction could be determined through
the rotation and retention of the extinction crosses. In order to understand the chirality
of all H-bonded bent-core dimeric and MCP complexes with SmCP phases, their
optical investigations were observed by applying (or after removing) triangular wave
(TAW), square wave (SW) and opposite direct current (d.c.) electric fields in
H-bonded bent-core complexes with polar smectic phase.

In investigation the antiferroelectric characteristic of the H-bonded bent-core
complexes with H-donors A and B (owning di-siloxyl unit), circular domains were
formed in the SmCP phase, where the smectic layers are circularly arranged around

the centers of the domains. The layer structure arrangement corresponds to the
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Figure 3.17. The POM textures of chiral domain switching in MCP complex II-A
between (a) SmCAP A ground state with 0 V (without electric field) and (b) SmCgPy state
with 130 V of applied d.c. electric field in a parallel rubbing cell with a cell gap of

4.25 um. (White arrows are the directions of polarizers and analyzers.)

8241 As shown in Figure 3.17, the rotation

domain models was proposed by Link et al.!
of the extinction crosses during the switched on and off states in complex II-A
demonstrated the chiral domain behavior.!”) Without the electric fields (off state), the
extinction crosses were reoriented to the crossed polarizer directions (see Figure
3.17a), indicating an anticlinic tilt in the antiferroelectric ground state (SmCaP,). In
view of Figure 3.17b, by applying d.c. 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 (SmCsPr). The chiral domain switching between SmCgPr and
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SmCxP,4 states was also observed by triangular wave method as shown in Figure 3.8
and Figure 3.12b. Meanwhile, all H-bonded bent-core complexes with SmCP phase
bearing H-donors A and B (owning di-siloxyl unit) like IV-A, V-A and V-B exhibited
the similar chirlity investigation with complex II-A to show the chiral domain of

anticlinic tilt in the antiferroelectric ground state (SmCaP,).

-

W SCER:

Figure 3.18. The co-existence of chiral (SmCsPr) and racemic (SmCsPr) domains
under (a) the first time of the d.c. electric field applying and (b) second time of d.c.
electric field applying (opposite polarities). (White arrows are the directions of

polarizers and analyzers.)

In chirality investigation of H-bonded bent-core dimeric complexes with
H-donors C, D and E (owning tri-siloxyl unit), the chirality switching processes were
determined in the complex V-C by applying the triangular wave, square wave and
direction current (d.c.) electric fields. When the first time of d.c electric field was
applied, two different circular domains were exhibited. As shown in Figure 3.18a, the
extinction crosses of circular domain oriented to crossed polarizer directions was
indicated the SmCAPr state, and the rotated extinction crosses of circular domains
(orange region) was meant the SmCgPr state (see the red arrows in Figure 3.18a). This
phenomenon was described the co-existence of chiral (SmCgPr) and racemic

(SmCaPr) domains under the first time of the d.c. electric field applying. The similar
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observation was obtained in the applied triangular wave field as well. However, the
SmCsPr domains became smaller or disappeared to switch into the SmCaPr domains
under the second time of opposite d.c. electric field applying as shown in Figure 3.18b.
In order to understand chirality switching processes, the optical investigation of the
switching behavior of complex V-C were performed by the processes of applied SW
(£35 V, 0.05 Hz) and TAW (140 Vpp, 100Hz) electric fields as shown in Figure 3.19.
When the SW electric field started to apply, The retented extension crosses of racemic
domain (SmCxPr state) and few rotating extension crosses of chiral domain (SmCgPp
state), which were pointed out by the red arrows as shown in Figures 3.19b and 3.20b,
were received form the ground states (SmCgPa and SmCaP4, see Figures 3.19a and
3.20a). The area of rotating extension.cross were diminished obviously and oriented
to crossed polarizer directions with the applied times of SW electric field (Figures 19c,
3.19d and 3.20c) to mean the changing chirality from chiral (SmCgsPr) to racemic
(SmCxPF) domains. When the SW electric field was removed, the SmC4Pr state was
switched into SmCgP, ground state as shown in Figures 3.19¢ and 3.20d, and then,
even if the TAW or SW fields were applied, only the transfer of racemic domain
(SmCsPa = SmCaPr) could be examined under switched off- (Figures 3.19f and
3.20d) and on-states (Figure 3.19g and 3.20c) of electric fields, suggesting the
racemic behavior with no reversible of chiral behavior under electric field applying.
However, the co-existence of chiral (SmCgsPr) and racemic (SmCaPr) domains could
be achieved by heating to isotropic state and cooling to mesophasic state again.
Regarding the chirality of H-bonded bent-core MCP complexes with H-donors C,
D and E (owning tri-siloxyl unit), the racemic domain of SmCsPr ground state was
identified. In optical inspection of MCP complex II-D, the extension crosses were
oriented to the crossed polarizer directions with no d.c. electric field applying to mean

the racemic domain of SmCsPr ground state (see Figure 3.21a). However, the
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extension crosses were retained without rotating phenomenon under d.c. (Figure
3.21b) and TAW (Figure 3.21c¢) electric fields applying simultaneously, suggesting the

»l This kind of characteristic was

opposite racemic domain of SmCuPr state.!
performed in H-bonded bent-core MCP complexes II-C, II-D and II-E with H-donors
C, D and E to reveal the racemic behavior.

The chiral domain behavior could also be proven by the method of rotating the
polarizer without applying electric fields.”* For example, the polarizer was rotated
clockwise by a small angle of 10° from the crossed position in complex II-B, and then
the dark and bright domains become clearly distinguishable (see Figure 3.22a). 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 3.22b). This observation was also indicative of the occurrence of
chiral domains with opposite handednesses. The phenomenon could also be displayed
in complexes IV-B and V-B..It means even if the complexes II-B, IV-B and V-B
(with H-donor B) exhibited no . spontaneous polarization behaviors, the opposite
handednesses of chiral domain were still maintained (see Figure 3.22¢ to 3.22f).

Overall, the chirality of H-bonded bent-core dimeric complexes were depended
on the siloxyl unit of H-donors, where the chiral domain of SmCxP4 ground state and
opposite handednesses was revealed in dimeric complexes with di-siloxyl H-donors A
and B, and racemic domain of SmCsP4 ground state was demonstrated in the dimeric
complexes with tri-siloxyl H-donors C, D and E, respectively. However, the chiral
domain was demonstrated in MCP complexes, in which SmCaP, ground state and
opposite handednesses were displayed in MCP complexes with di-siloxyl H-donors A
and B, and SmCsPr ground state was exhibited in MCP complexes with tri-siloxyl

H-donors C, D and E, respectively.
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Figure 3.19. The spherulite domains of dimeric complex V-C: (a) the co-existence of
chiral (SmCaP4) and racemic (SmCsP,) domains without electric field applying; (b)
the co-existence of chiral (SmCsPr) and racemic (SmCsPr) domains under the first
time of square wave electric field applying; (c¢) The decreasing of chiral (SmCgPy)
domains, which transferred to racemic (SmC,Pr) domains partially under third time
of square wave electric field applying; (d) The racemic (SmCxPr) domains with the
disappearance of chiral (SmCsPy) domains under fifth time of square wave electric
field applying; (e) the racemic (SmCsP,) domains without electric field applying; (f)
the racemic (SmCAPr) domains under triangular wave electric field applying; (g) the
racemic (SmCxPr) domains after the removing of triangular wave electric field
applying. (White arrows are the directions of polarizers and analyzers, and red arrows

are the indicators of chiral (SmCAPA or SmCsPr) domains.)
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Figure 20. The layer structural models of chirality switching behavior in dimeric
complex V-C by five executed switching processes: (a) the initial state with
co-existence of SmCsP, and SmCaP4 mixed domains was transferred into (b) the
field-on state of SmCAPr and SmCsPr mixed domains, where the SmCsPr domains
were retained under triangular wave electric fields (i.e., steps 1) but decreased
gradually under square wave electric fields (i.e., steps ii). (¢c) The fully SmCaPr
domains (field-on state) were achieved by applying square wave electric field several
times (i.e., steps i), and switched into (d) SmCsPx domains (field-off state) were
transferred after the electric field removing (i.e., steps iii). Afterwards, the
inconvertibly chirality switching of racemic behavior (SmCsPs and SmCaPr) was
established even if the triangular or square wave electric fields were applied (i.e.,
steps 1v). However, the co-existence of SmCsP, and SmCsPs mixed domains were

occurred by heating to isotropic state and cooling to mesophasic state again (i.e., steps

V).
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Figure 3.21. The POM textures of racemic domain switching in MCP complex II-D:
(a) SmCAPr ground state under 0 V d.c. electric field; (b) SmCaPr state under 50 V
d.c. electric field; (¢) SmCaPr state under triangular wave electric field as Vpp = 140 V
in a parallel rubbing cell with a cell gap of 4.25 um. (White arrows are the directions
of polarizers and analyzers.)
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Figure 3.22. Chiral domain textures of exchange of dark and bright areas in (a) and (b)
complex II-B; (c¢) and (d) complex IV-B; (e) and (f) complex V-B. (White arrows are
the directions of polarizers and analyzers.)

3.4. Conclusion

In conclusion, the novel example of H-bonded bent-core main-chain polymers
and their corresponding dimers with polar switching behaviors were developed by
self-assembling via H-bonded force of bent-core pyridyl H-accepters and siloxane

diacid H-donors. Their mesoporphism, polar switching behaviors and chirality
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influenced by molecular configuration effects such as H-bonded injection, siloxyl
units and rigid cores were reported. Almost H-bonded bent-core dimeric and MCP
supramolecules exhibited the SmCP phases expect for the series of five-ring
main-chain polymers and some complexes with diacid H-donors B. In addiction, the
most extensive SmCP phase ranges and highest Ps values were achieved in H-bonded
bent-core complexes composited with the biphenyl and naphthyl diacid H-donors E
and D, respectively duo to the rigid terminal core designs as well as the bulky
siloxane spacer. The SmCaPs ground state was observed in H-bonded bent-core
dimeric and MCP complexes with di-siloxyl linking spacer of H-donor A to identify
the chiral domain behavior, and SmCgsP4 ground state were investigated in H-bonded
bent-core MCP complexes with tri-siloxyl linking spacer of H-donors to recognize the
racemic domain behavior. However, a co-existence of SmCsP and SmCsP4 ground
states were examined in H-bonded bent-core dimers with tri-siloxyl linking spacer of
H-donors, and the unstable SmCAP 4 state would retain-under triangular wave electric
field, but exchange inconvertibly to the SmCsP4 state under applying then removing
the d.c. or square wave electric fields. Simultaneously, the voltage-dependent
switching behavior of spontaneous polarization in H-bonded bent-core
supramolecules were established by reorganized H-bonded design to be the voltage
sensitive removable and reassemble (anti)ferroelectric materials.
3.5. Electronic Supplementary Information
3.5.1. Synthesis

The synthetic procedures of all diacid H-donors and pyridyl H-accepters were
proceeded according to scheme S1 and S2, respectively.

3.5.1.1. Synthesis of NP0 and BP0. In preparation of compound NPO,
6-hydroxy-2-naphthoic acid (1 eq.), benzyl bromide (1.2 eq.) and potassium
carbonate (K,COs3) (1.5 eq.) were mixed in N,N-Dimethyl formamide (DMF) solvent
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for 8 hours (h) under reflux temperature. After that, reacted solution was extracted
with water and Ethyl acetate (EA), and organic liquid layer was dried over anhydrous
magnesium sulphate. After removal of the solvent, the residue was purified by
column chromatography by EA and hexane to give a white solid. Identically,
compound BP0 were reacted according to the similar protecting procedure of
compound NP0 to get a white solid. Yield of NP0: 88%. 'H NMR (300 MHz, CDCls)
d (ppm) : 8.56 (s, 1H, Ar-H), 8.06 (d, 1H, J=9.3 Hz, Ar-H), 7.86 (d, 1H, J = 6.0 Hz,
Ar-H), 7.71 (d, 1H, J= 9.0 Hz, Ar-H), 7.51-7.32 (m, 5H, Ar-H), 7.16 (d, 1H, J=9.0
Hz, Ar-H), 7.13 (s, 1H, Ar-H), 5.41 (s, 2H, -OCH>-). Yield of BP0: 90%. '"H NMR
(300 MHz, CDCl) 6 (ppm) : 8.12 (d, 2H, J = 6.0 Hz, Ar-H), 7.62 (d, 2H, J = 6.0 Hz,
Ar-H), 7.53 (d, 2H, J = 6.0 Hz, Ar-H), 7:49-7.35 (m, SH, Ar-H), 6.94 (d, 2H, J = 6.0
Hz, Ar-H), 5.38 (s, 2H, -OCH,-).

3.5.1.2. Synthesis of PH1, BP1 and NP1. In preparation of compound PHI1,
Benzyl-4-hydroxy benzoate (1 eq.), w-undecylenyl alcohol (1.1 eq.) and triphenyl
phosphine (1.1 eq.) were mixed in THF solvent under nitrogen for 10 min at room
temperature (RT), and DEAD (40 % in toluene) (1.1 eq.) was added into solution for
24 h. After that, reacted solution was extracted with water and DCM, and organic
liquid layer was dried over anhydrous magnesium sulphate. After removal of the
solvent, the residue was purified by column chromatography by DCM and hexane to
give a liquid product. Identically, compounds BP1 and NP1 were reacted according
to the similar procedure of compound PH1 to get products. Yield of PH1: 92%. 'H
NMR (300 MHz, CDCls) & (ppm) : 8.02 (d, 2H, J= 9.0 Hz, Ar-H), 7.45-7.29 (m, 5H,
Ar-H), 6.92 (d, 2H, J = 9.0 Hz, Ar-H), 5.88-5.74 (m, 1H, -CH=CH>-), 5.33(s, 2H,
Ar-CH,-), 5.03-4.91(m, 2H, -CH=CH,-), 3.98 (t, J = 6.3 Hz, 2H, OCH,), 2.08-2.01
(m, 2H, CH,), 1.83-1.71 (m, 2H, CH»), 1.47-1.27 (m, 12H, CH,-CH3). Yield of NP1:
85%. '"H NMR (300 MHz, CDCls) & (ppm) : 8.47 (s, 1H, Ar-H), 8.02 (d, 2H, J=9.0
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Hz, Ar-H), 7.66 (d, 2H, J = 9.0 Hz, Ar-H), 7.60 (d, 2H, J = 9.0 Hz, Ar-H), 7.41-7.24
(m, 5H, Ar-H), 7.10 (d, 1H, J = 9.0 Hz, Ar-H), 6.97 (s, 1H, Ar-H), 5.82-5.70 (m, 1H,
-CH=CH;-), 5.32 (s, 2H, Ar-CH;-), 5.02-4.90 (m, 2H, -CH=CH,), 3.86 (t, /= 6.0 Hz,
2H, OCH»), 2.03-1.96 (m, 2H, CH,), 1.73-1.66 (m, 2H, CH,), 1.39-1.23 (m, 12H,
CH,-CH3). Yield of BP1: 82%. 'H NMR (300 MHz, CDCls) & (ppm) : 8.13 (d, 2H, J
= 9.0 Hz, Ar-H), 7.62 (d, 2H, J = 9.0 Hz, Ar-H), 7.56 (d, 2H, J = 9.0 Hz, Ar-H),
7.48-7.32 (m, 5H, Ar-H), 7.00 (d, 2H, J = 9.0 Hz, Ar-H), 5.88-5.74 (m, 1H,
CH=CH»-), 5.39 (s, 2H, Ar-CH,-), 5.03-4.91 (m, 2H, -CH=CH,-), 4.01 (t, J=6.0
Hz, 2H, OCH,), 2.05-2.00 (m, 2H, CH,), 1.85-1.75 (m, 2H, CH>), 1.51-1.25 (m, 12H,
CH,-CH3).

3.5.1.3. Synthesis of PH2-1, PH2-2, BP2 and NP2. In preparation of compound
PH2-1, reactant PH2 (2 eq.), 1,1,3,3-tetramethyldisiloxane (1 eq.) and Platinum(0)-
1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex, solution in xylenes,(~2% Pt) (0.03
eq.) were mixed in toluene for 24 h at RT. The reacted solution was extracted with
water and DCM, and organic liquid layer was dried over anhydrous magnesium
sulphate. After removal of the solvent, the residue was purified by column
chromatography by DCM and hexane to give a white solid. Identically, compounds
PH2-2, BP2 and NP2 were reacted according to the similar procedure of compound
PH2-1 to get products. Yield of PH2-1: 87%. 'H NMR (300 MHz, CDCl;) & (ppm) :
8.01 (d, 4H, J = 9.0 Hz, Ar-H), 7.43-7.31 (m, 10H, Ar-H), 6.89 (d, 4H, J = 9.0 Hz,
Ar-H), 5.32 (s, 4H, Ar-CH,-), 3.97 (t, 4H, J = 6.3 Hz, OCH>), 1.83-1.71 (m, 4H, CH>),
1.47-1.26 (m, 36H, CH,-CHs), 0.04-0.02 (s, 12H, Si-OCHj3). Yield of PH2-2: 90%.
"H NMR (300 MHz, CDCL) & (ppm) : 8.04 (d, 4H, J = 9.0 Hz, Ar-H), 7.46-7.33 (m,
10H, Ar-H), 6.90 (d, 4H, J= 9.0 Hz, Ar-H), 5.34 (s, 4H, Ar-CH>-), 3.99 (t, 4H, /= 6.3
Hz, OCH,), 1.83-1.75 (m, 4H, CH»), 1.67-1.28 (m, 36H, CH,-CHj3), 0.06 (s, 12H,
Si-OCH3), 0.02 (s, 6H, Si-OCH3). Yield of NP2: 86%. 'H NMR (300 MHz, CDCl;) &
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(ppm) : 8.56 (s, 2H, Ar-H), 8.08 (d, 2H, J = 9.0 Hz, Ar-H), 7.84 (d, 2H, J = 9.0 Hz,
Ar-H), 7.74 (d, 2H, J = 9.0 Hz, Ar-H), 7.52-7.33 (m, 10H, Ar-H), 7.21 (d, 2H, J=9.0
Hz, Ar-H), 7.13(s, 2H, Ar-H), 5.42 (s, 4H, Ar-CH,-), 4.07 (t, 4H, J = 6.0 Hz, OCH,),
1.90-1.81 (m, 4H, CH,), 1.51- 1.27 (m, 36H, CH»-CH3), 0.08 (s, 12H, Si-OCH3), 0.05
(s, 6H, Si-OCH3). Yield of BP2: 83%. 'H NMR (300 MHz, CDCl) & (ppm) : 8.12 (d,
4H, J = 8.4 Hz, Ar-H), 7.65 (d, 4H, J = 8.4 Hz, Ar-H), 7.60 (d, 4H, J= 9.0 Hz, Ar-H),
7.48-7.26 (m, 10H, Ar-H), 6.98 (d, 4H, J = 9.0 Hz, Ar-H), 5.40 (s, 4H, Ar-CH>-), 3.99
(t, 4H, J = 6.0 Hz, OCH>), 1.84-1.75 (m, 4H, CH,), 1.51-1.28 (m, 36H, CH,-CH3),
0.056 (s, 12H, Si-OCHs), 0.026 (s, 6H, Si-OCH3).

3.5.1.4. Synthesis of A, C, D and E. Diacid structure of A was synthesized by
de-protecting procedure. PH2-1 (1 eq.) and Pd/C powder (3 wt%) were mixed in THF
under hydrogen gas for 24 h at RT. The catalyst powder was filtered, and the organic
solvent was removed to form white powder. The purification was recrystallized by
THF and hexane to give a white solid, and compounds C, D and E were reacted
according to the similar procedure of compoundA. Yield of A: 85%. 'H NMR (300
MHz, D-THF) & (ppm): 7.93 (d, 4H, J= 9.0 Hz, Ar-H), 6.91 (d, 4H, J= 9.0 Hz, Ar-H),
4.00(t, 4H, J = 6.0 Hz, OCH,), 1.83-1.71 (m, 4H, CH,), 1.47-1.31 (m, 36H,
CH,-CHj3), 0.03 (s, 12H, Si-OCH3). *C NMR (300 MHz, D-THF) & (ppm): 167.197,
163.57, 132.18, 123.82, 114.42, 68.59, 34.24, 30.43, 30.38, 30.18, 30.16, 29.94, 26.77,
24.05, 18.99, 0.24. EA: Calcd for C40HgsO7S1,: C, 67.18, H, 9.30; Found: C, 66.74; H,
9.33. Yield of C: 86%. "H NMR (300 MHz, DMSO) & (ppm) : 7.87 (d, 4H, J= 9.0 Hz,
Ar-H), 6.98 (d, 4H, J = 9.0 Hz, Ar-H), 3.99 (t, 4H, J = 6.3 Hz, OCH>), 1.73-1.64 (m,
4H, CH»), 1.37-1.22 (m, 36H, CH,-CHs3), 0.02 (s, 12H, Si-OCHj3), -0.02 (s, 6H,
Si-OCH3). *C NMR (300 MHz, DMSO) & (ppm) : 166.74, 162.17, 131.23, 122.91,
113.83, 67.57, 32.95, 29.27, 29.18, 29.03, 28.98, 28.71, 25.57, 22.76, 17.75, 0.99,

-0.06. EA: Calcd for C4,H7,05S135: C, 63.91, H, 9.19; Found: C, 63.83; H, 9.34. Yield
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of D: 78%. '"H NMR (300 MHz, CDCL;) & (ppm) : 8.57(s, 2H, Ar-H), 8.05 (d, 2H, J =
8.7 Hz, Ar-H), 7.84 (d, 2H, J= 8.7 Hz, Ar-H), 7.73 (d, 2H, J = 8.7 Hz, Ar-H), 7.16 (d,
2H, J = 8.7 Hz, Ar-H), 7.10 (s, 2H, Ar-H), 4.05 (t, 4H, J = 6.6 Hz, OCH>»), 1.86-1.79
(m, 4H, CH), 1.49-1.29 (m, 36H, CH»-CHs), 0.06 (s, 12H, Si-OCHs3), 0.02 (s, 6H,
Si-OCH3). °C NMR (300 MHz, CDCl;) & (ppm) : 172.43, 159.37, 137.69, 131.87,
130.99, 127.68, 126.83, 126.02, 124.10, 119.97, 106.31, 68.16, 33.49, 29.67, 29.62,
29.43,29.17, 26.09, 23.24, 18.30, 1.30, 0.21. EA: Calcd for CsoH7605Si3: C, 67.52, H,
8.61; Found: C, 67.81; H, 8.72. Yield of E: 88%. "H NMR (300 MHz, D-THF) o
(ppm) : 8.04 (d, 4H, J=9.0 Hz, Ar-H), 7.67 (d, 4H, J = 9.0 Hz, Ar-H), 7.62 (d, 4H, J
= 9.0 Hz, Ar-H), 6.99 (d, 4H, J = 9.0 Hz, Ar-H), 3.99 (t, 4H, J = 6.0 Hz, OCH»),
1.80-1.74 (m, 4H, CH>), 1.48-1.27 (m,.36H; CH,-CH3), 0.07 (s, 12H, Si-OCH3), 0.02
(s, 6H, Si-OCH;). *C NMR (300 MHz, D-THF) & (ppm) : 167.35, 160.34, 145.51,
132.73, 130.80, 129.73, 128.70, 126.62, 115.55, 115.25, 68.43, 33.49, 30.43, 30.20,
18.91, 0.515, -0.099. EA: Calcd for/CssHgoOgSis: C, 68.89, H, 8.56; Found: C, 68.56;
H, 8.37.

3.5.1.5. Synthesis of PH3. compound A (1 eq.), N,N-dicyclohexylcarbodiimide
(DCC) (1.2 eq) and a catalytic amount of 4-(N,Ndimethylamino) Pyridine (DMAP)
was dissolved in dry dichloromethane (DCM) under nitrogen for 15 h at room
temperature. The precipitated dicyclohexylurea (DCU) was filtered off and washed
with an excess of DCM (20 ml). The filtrate was extracted with water/DCM and
organic liquid layer was dried over anhydrous magnesium sulphate. After removal of
the solvent by evaporation under reduced pressure, the residue was recrystallized
from ethanol to give a white solid. Yield of PH3: 80%. 'H NMR (300 MHz, CDCl;) &
(ppm) : 8.16 (q,8H, Ar-H), 7.47-7.31 (m, 10H, Ar-H), 7.29 (d, 4H, J = 9.0 Hz, Ar-H),
6.95 (d, 4H, J=9.0 Hz, Ar-H), 5.37 (s, 4H, Ar-CH;-), 4.03 (t, 4H, J= 6.6 Hz, OCH»),
1.83-1.71 (m, 4H, CH>), 1.49-1.32 (m, 36H, CH»-CH3), 0.048 (s, 12H, Si-OCH3).
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3.5.1.6. Synthesis of B. By following the similar deprotecting procedure of
compound A, compound PH3 (1 eq.) and Pd/C powder (3 wt%) were reacted to
obtain a white solid. Yield of B: 75%. "H NMR (300 MHz, D-THF) & (ppm) : 8.11 (m,
8H, Ar-H), 7.32 (d, 4H, J=9.0 Hz, Ar-H), 7.04 (d, 4H, J= 9.0 Hz, Ar-H), 4.06 (t, 4H,
6.3Hz, OCH,), 1.83-1.71 (m, 4H, CH,), 1.47-1.26 (m, 36H, CH,-CHj3), 0.04 (s, 12H,
Si-OCH;). *C NMR (300 MHz, D-THF) & (ppm) : 166.757, 164.560, 164.219,
155.612, 132.71, 131.65, 128.977, 122.30, 122.106, 114.955, 68.863, 34.255, 30.442,
30.38, 30.17, 29.90, 26.75, 24.065, 18.998, 0.335. EA: Calcd for CssH7404:S1,: C,

67.89, H, 7.81; Found: C, 67.75; H, 8.09.
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Chapter 4
Novel Supramolecular Side-Chain Banana-Shaped Liquid
Crystalline  Polymers  Containing  Covalent- and

Hydrogen-Bonded Bent-Cores

4.1. Introduction

Liquid crystalline (LC) materials bearing bent-shaped mesogens become
interesting topics duo to their special electro-optical properties, such as spontaneous
polarized capabilities and nonlinear optics."*”! Since the first example of bent-core
molecules, which possessed achiral configurations but with chiral characteristics, was
published and revealed antiferroelectric “effects, bent-shaped LC derivatives with
banana-shaped (or bent-core) mesogens were developed and conferred fascinating

optical and electrical properties. "

Consequently, their particular mesophases,
including columnar stacking, tilted smectic phases, and three dimensional structures,
named as Bl to B7 phases were explored and identified. The most prevailingly
investigated B2 phase revealed ferroelectric (F)/antiferroelectric (A) properties, which
possessed identical/inverse polarizations, and synclinic (S)/anticlinic (A)
arrangements with alike/opposite molecular tilted aspects between layer to layer,
respectively.!”’®’ Hence, depending on the polar directions and molecular tilted
directions in neighboring layers, four kinds of different molecular architectures
denoted as SmCaP 4, SmCsPa, SmCaPr, and SmCsPr were categorized to homochiral
(SmCAP 4 and SmCgPr) and racemic (SmCsP 4 and SmC4Pr) conditions, respectively.

In general, bent-core mesogenic configurations consist of a central core and two

rigid wing segments linking through polar functional groups with a suitable bent angle
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where appropriate lengths of flexible chains are attached linking groups. The
structural variations of achiral molecular designs, such as the central parts, lateral
substituents, linking groups, terminal chains, and the number of rings, would affect
their physical properties to different extents in small molecular systems. Recently,

1432461 polymeric,”*****°! and dendritic™"

poly-molecular systems, i.e., dimeric,
frameworks, were also developed to investigate the influence of molecular
configurations on mesomorphic and electro-optical properties. However, the most
important and interesting issue of bent-core molecule is to retain the lamellar
organization with spontaneous polarization and electric-optical switching properties
which need to be further realized duo to their possible applications of fast responsive
LCD devices. Moreover, some novel supramolecular bent-core interactions or their
nanocomposite architectures have been integrated into organic or inorganic parts to
display special electro-optical characteristics, for- instance, bent-core derivatives

5,38,47,48]

embedded with nanoparticles,””! H-bonded bent-core supramolecules,’ and

bent-core structures with silyl and siloxyl linkages.!******!

Concerning the fully covalent-bonded bent-core polymers, since the example of
the bent-core main-chain polymer with a polar smectic mesophase was
synthesized,””! the polar switching behavior has been declared to exist in the
polymeric framework. Up to now, even if the first case of the bent-core side-chain
polymer, where the bent-core units were connected by siloxyl spacers, displayed clear
ferroelectric switching properties,””*" just only scarce cases of bent-core side-chain
polymers were achieved with barely detectable polar switching properties.”””’ With
regard to H-bonded bent-core structures, different molecular designs in terms of small

4%l have been developed and reported,

molecules and polymers (side-chain polymers)!
but very few H-bonded bent-core structures with ferroelectric or anti-ferroelectric

properties have been measured and analyzed. Therefore, more detailed researches of
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H-bonded bent-core molecules (as well as polymers) with special ferroelectric or
anti-ferroelectric properties may be beneficial for the electro-optical applications of

supramolecular materials.
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Figure 4.1. The chemical structures and formation procedures of bent-core side-chain
polymer complexes (AmBn-N) with covalent- and H-bonded components (B and A-N
units, respectively).

In our previous studies, the singly H-bonded five-ring banana-shaped
supramolecule (complex H12)"") showed lower mesophasic transition temperatures
and enthalpies than those of the fully covalent-bonded five-ring banana-shaped
analogue (compound $12)° as shown in Figure S4.1 of the Supporting Information,
which suggested that the H-bonded framework exhibited a softer mesogenic
arrangement than the covalent-bonded architecture. On the other hand, the H-bonded
rod-like (or banana-shaped) molecules may be stabilized by the fully covalent-bonded
counterparts (or as dopants) to have more steady -electro-optical properties.
Considering both merits of covalent- and H-bonded molecular designs, there might be

some intermediate or even premium properties can be achieved by blending or
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(9] Therefore,

copolymerizing two types of covalent- and H-bonded analogues.
H-bonded bent-core units would behave as softer skeletons to tune the suitable
molecular arrangements in harmony with the fully bent-core covalent-bonded units in
polymeric side-chain structures. Hence, we would prefer the molecular designs of
bent-core covalent-bonded moieties to be incorporated with bent-core H-bonded
moieties with various molar ratios in the bent-core side-chain polymers (see Scheme
4.2) to modulate the molecular organization and optimize the polar switching
behavior.

According to our previous conception, H-donor and bent-core covalent-bonded
monomers with acrylate terminal groups were designed and synthesized. The
bent-core covalent-bonded five-ring monomer. was connected by polar ester groups,
and its H-bonded analogue was established as a five-ring supramolecule by blending
two complementary components of an acidic proton donor (H-donor with a terminal
acrylate) and bent-core proton acceptor (H-acceptor with a terminal pyridine). Then,
the H-donor monomer (A) and bent-core covalent-bonded monomer (B) with different
molar  ratios  were  copolymerized to  obtain H-donor  side-chain
copolymers/homopolymers AmBn (where m and n are repeating units of A =
H-donor structure and B = covalent-bonded bent-core structure, respectively), and
then they were blended with pyridyl H-acceptor N to form H-bonded bent-core
polymer complexes AmBn-N. Therefore, H-donor side-chain
copolymers/homopolymers AmBn with various molar ratios of A and B units were
synthesized, where m/n molar ratios are 1/0, 16/1, 10/1, 4/1, 1/2, 1/5, 1/13, and 0/1 as
shown in Figure 4.1 and Table 4.1. In addition, the bent-core side-chain LC
copolymers bearing both bent-core covalent- and H-bonded components were
developed in this study via their corresponding H-bonded polymer complexes

AmBn-N, which consisted of H-Donor side-chain copolymers/homopolymers (AmBn)
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and pyridyl H-Acceptor (N). The variations of mesomorphic and electro-optical
properties influenced by the molar ratios of bent-core covalent- and H-bonded
structures in bent-core side-chain polymer and H-bonded polymer complexes were
mainly investigated, and their mesomorphic and electro-optical properties were
examined and characterized by polarizing optical microscopy (POM), differential
scanning calorimetry (DSC), powder X-ray diffraction (XRD), and electro-optical

(EO) switching current experiments.
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Scheme 4.1. Synthetic routes of monomers A and B along with pyridyl H-acceptor N.
(1): HBr, toluene, (i1): methyl 4-hydroxybenzoate, K,CO3, acetone; (ii1) KOH, ethanol;
(iv) acryloyloxy chloride, DMA, 1,4-dioxane; (v) DCC, DMAP, DCM; (vi)
isonicotinoyl chloride hydrochloride, triethylamine, DCM; (vii) benzyl bromide,
K,COs, acetone; (viii) Pd/C, H,, THF.

131



4.2. Experimental Section
4.2.1. Characterization Methods

"H NMR spectra were recorded on a Varian Unity 300 MHz spectrometer using
ds-dioxane and CDCl; as solvents and mass measurements were determined on a
Micromass TRIO-2000 GC-MS. Elemental analyses (EA) were performed on a
Heraeus CHN-OS RAPID elemental analyzer. Gel permeation chromatography (GPC)
analyses were conducted on a Waters 1515 separation module using polystyrene as a
standard and THF as an eluant. Mesophasic textures were characterized by polarizing
optical microscopy (POM) using a Leica DMLP equipped with a hot stage. Infrared
(IR) spectra were investigated by Perk-Elmer Spectrum 100 instrument. Temperatures
and enthalpies of phase transitions. .were .determined by differential scanning
calorimetry (DSC, model: Perkin Elmer;Pyris 7) under N, at a heating and cooling
rate of 10 °Cmin”". Synchrotron powder X-ray diffraction (XRD) measurements were
performed at beamline BL17A of the National Synchrotron Radiation Research
Center (NSRRC), Taiwan, where the wavelength of X-ray was 1.33366 A. The
powder samples were packed into capillary tubes and heated by a heat gun, whose
temperature controller was programmable by a PC with a PID feedback system. The
scattering angle theta was calibrated by a mixture of silver behenate and silicon. The
electro-optical properties were determined in commercially available ITO cells (from
Mesostate Corp., thickness = 4.25 pm, active area = 1 cm?) with rubbed polyimide
alignment coatings (parallel rubbing direction). A digital oscilloscope (Tektronix
TDS-3012B) was used in these measurements.
4.2.2. Synthesis

4.2.2.1. Synthesis of Monomers. All synthetic procedures of monomers A
(H-donor monomer) and B (bent-core covalent-bonded monomer) as well as

H-acceptor N were demonstrated in Scheme 4.1. The synthetic details of all
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compounds in Scheme 4.1 are shown in the following descriptions.

4.2.2.2. 12-Bromododecanol (1). Doecan 1,12-diol (1e.q) and HBr (le.q.) were
dissolved in toluene solvent to react at 60 °C for 24 hours, and side product H,O
could be removed by dean stark installation. After then, the reacted solution was
extracted by ethyl acetate (EA) and water, and the organic liquid layer was purified by
column chromatography to give a liquid product. Yield: 56%. 'H NMR (300 MHz,
CDCL) 6 (ppm) : 3.57 (t, J= 6.6 Hz, 2H, -OCH>»-), 3.39 (t, /= 6.9 Hz , 2H, Br-CH,-),
3.19 (s, 1H, -OH), 2.04-1.80 (m, 2H, Br-CH,CH>-), 1.56-1.49 (m, 2H, HO-CH,CH,-),
1.44-1.21 (m, 16H, -CH>-).

4.2.2.3. Compound (cpd) 2. 12-bromododecanol (1) (1.1 e.q), methyl
4-hydroxybenzoate and potassium carbonate .(K,COs) (1.5 eq.) were dissolved in
acetone solvent to react at reflux temperature for 20 hours. After that, water was
added to dissolve the inorganic salt and a white precipitation was produced.
Subsequently, the white powder was washed by hexane to get a pure product. Yield:
91 %. '"H NMR (300 MHz, CDCl) 8-(ppm): 7.95(d, J = 9.0 Hz, 2H, Ar-H), 6.87 (d, J
= 9.0 Hz, 2H, Ar-H), 3.97 (t, J = 6.3 Hz, 2H, -OCH>-), 3.85 (s, 3H, -OCH3), 3.61 (m,
2H, -CH,OH), 1.79 (s, 1H, -OH), 1.26(m, 20H, -CH>-).

4.2.2.4. Compound (cpd) 3. Cpd 2 (1 e.q.) and potassium hydroxide (KOH) (4
e.q.) were dissolved in ethanol solvent to reflux and react for 16 hours. After cooling
reacted liquid to room temperature, HCI (10 vol% in water) solution was added to
react 30 minutes. The precipitation was filtered and a white powder was formed. The
powder was recrystallized by ethanol and hexane (1:3 vol) to collect a pure white
product. Yield: 95 %. '"H NMR (300 MHz, CDCl) & (ppm): 7.92 (d, J = 8.7 Hz, 2H,
Ar-H), 6.92 (d, J = 8.7 Hz, 2H, Ar-H), 4.00 (t, /= 6.6 Hz, 2H, -OCH>-), 3.45 (t, J =
6.3 Hz, 2H, -CH,OH), 2.06(s, 1H, -OH), 1.78 (m, 2H, -CH,CH,OH), 1.29 (m, 18H,
-CH,-).

133



4.2.2.5. H-Donor Monomer (A). The addition of terminal acryl group on cpd 2
was proceeded by the reaction of acryloyloxy chloride (1.5 e.q.) and cpd 2 (1 e.q.) in
1,4-dioxane solvent with an organic base of dimethylaniline (DMA) (1.1 e.q.) under
nitrogen to react at room temperature for 24 hours. When the reaction was finished, a
dilute HCI solution (10 vol% in water) was added to the reacted solution to form a
white powder. The product was purified by column chromatography to give a white
product. Yield: 55 %. "H NMR (300 MHz, CDCl;) & (ppm): 8.03 (d, J = 9.0 Hz, 2H,
Ar-H), 6.91 (d, J = 9.0 Hz, 2H, Ar-H), 6.41 (d, J = 18 Hz, 1H, -CH=CH>), 6.35 (m,
1H, =CH-), 6.07 (d, J = 9.0 Hz, 1H, -CH=CH,), 4.13 (t, J = 6.6 Hz, 2H, Ar-OCH>-),
4.00 (t, J = 6.3 Hz, 2H, C=C-OCH>-), 1.79 (m, 2H, Ar-OCH,CH,-), 1.63 (m, 2H,
C=C-OCH,CH>-), 1.26 (m, 16H, -CHy-).- MS. (EI): m/z [M+] 377; calcd m/z [M+]
376.5. EA: Calcd for Cy,H3,05:°C, 70.18;H; 8,57. Found: C, 70.33; H, 8.52.

4.2.2.6. Compound (cpd) 5. Cpd 4 (1 e.q.), resorcinol (1 e.q.),
N,N-dicyclohexylcarbodiimide (DCC) (1.1 eq), ‘and a catalytic amount of
4-(N,N-dimethylamino) Pyridine. (DMAP) were dissolved in dry dichloromethane
(DCM) under nitrogen to react at room temperature for 15 hours, where the starting
reactant 4 was a well known structure and was synthesized by following the literature
procedure.”! The precipitated dicyclohexylurea (DCU) was filtered off and washed
with an excess of DCM (20 ml). The filtrate was extracted with water and DCM, and
the organic liquid layer was dried over anhydrous magnesium sulphate. After removal
of the solvent by evaporation under reduced pressure, the residue was recrystallized
from ethanol to give a white solid. Yield: 44 %. '"H NMR (300 MHz, CDCl3) § (ppm) :
8.25 (d, J=8.7 Hz, 2H, Ar-H), 8.14 (d, /= 9.0 Hz, 2H, Ar-H), 7.40 (d, J = 8.7 Hz, 2H,
Ar-H), 7.22 (t, J = 8.1 Hz, 1H, Ar-H), 7.03 (d, J = 9.0 Hz, 2H, Ar-H), 6.71-6.66 (m,
3H, Ar-H), 4.06 (t, J = 6.6 Hz, 2H, OCH,), 1.80 (m, 2H, OCH,CH,), 1.47-1.28 (m,
18H, CH>»), 0.88 (t,J = 6.3 Hz, 3H, CH3).
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4.2.2.7. Pyridyl H-Acceptor (N). A mixture of cpd 5 (1 e.q.), isonicotinoyl
chloride hydrochloride (1.1 e.q.), and triethylamine (1.2 e.q.) were dissolved in dry
DCM under nitrogen to react at room temperature for 8 hours. After work up, the
solvent was extracted with water and DCM, and organic liquid layer was dried over
anhydrous magnesium sulphate. After removal of the solvent by evaporation under
reduced pressure, the residue was purified by column chromatography and
recrystallized by DCM and hexane (1:4 vol) to give a white solid. Yield: 95 %, 'H
NMR (300 MHz, CDCl): ¢ 8.89 (d, J = 4.2 Hz, 2H, Ar-H), 8.22 (d, J = 8.7 Hz, 2H,
Ar-H), 8.08(d, J = 8.7 Hz, 2H, Ar-H), 8.01 (d, J=4.2 Hz, 2H, Ar-H), 7.59 (t, J = 8.1
Hz, 1H, Ar-H), 7.51 (d, J=9.0 Hz, 2H, Ar-H), 7.41 (s, 1H, Ar-H), 7.32 (br, 2H, Ar-H),
7.10 (d, J = 9.0 Hz, 2H, Ar-H); 4.07 (t,-J = 6.3 Hz, 2H, OCH,), 1.74 (br, 2H,
OCH,CH>), 1.23 (br, 18H, CHy), 0.84 (t;J = 6.3 Hz, 3H, CH3). MS (EI): m/z [M+]
624; calcd m/z [M+] 623.7. EA: Caled for CssHyiNO7: N, 2.25 C, 73.17; H, 6.63;.
Found: N, 2.44 C, 73.25; H, 6.75.

4.2.2.8. Compound (cpd) 7. Methyl 4-hydroxybenzoate (cpd 6) (leq.), benzyl
bromide (1.1eq.), and K,COs (1.5eq.) were dissolved in acetone solvent and reacted at
reflux temperature for 10 hours. After removing acetone at reduced pressure, water
was added and a precipitate was produced immediately. The crude product was
recrystallized by acetone and hexane (1:4 vol) to give a white solid. Yield: 97%, 'H
NMR (300 MHz, CDCl) & 7.03 (d, J = 9.0 Hz, 2H, Ar-H), 6.63-6.50 (m, SH, Ar-H),
6.35(d, J=9.0Hz, Ar-H), 4.38 (s, 2H, OCH.), 2.49 (s, 3H, OCHs).

4.2.2.9. Compound (cpd) 8. Cpd 7 (leq.) and KOH (4eq.) were dissolved in
ethanol and reacted at reflux temperature for 10 hours. HCI solution (10 vol% in
water) was added to produce a precipitate, and the crude product was recrystallized by
THF and hexane (1:10 vol) to give a white solid. Yield: 98 %, 'H NMR (300 MHz,
DMSO) & 7.87 (d, J=9.0 Hz, 2H, Ar-H), 7.46-7.33 (m, 5H, Ar-H), 7.07 (d, /= 9.0 Hz,
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2H, Ar-H), 5.17 (s, 2H, OCH,).

4.2.2.10. Compound (cpd) 9. Cpd 8 (1.1 e.q.) and cpd 4 (1 e.q.) were dissolved
in dry DCM solvent and reacted with a catalytic amount of DMAP (0.2 e.q.) and DCC
(1.1 eq) under nitrogen for 24 hours. The organic solution was extracted by DCM and
water (1:1 vol) and recrystallized by DCM and ethanol (1:10 vol) to yield a white
solid. Yield: 57%. "H NMR (300 MHz, d-dioxane) & (ppm) : 8.26 (d, J= 9.0 Hz, 2H,
Ar-H), 8.13 (d, /= 9.0 Hz, 2H, Ar-H), 7.44-7.29 (m, 10H, Ar-H), 6.97 (d, J = 9.0 Hz,
2H, Ar-H) > 6.91-6.81 (m, 7H, Ar-H), 5.06(s, 1H, -Ar-O-CH»-Ar), 4.04(t, J = 6.6 Hz,
2H, OCH,), 1.81(t, J= 6.3 Hz, 2H, OCH,CH,) 1.46-1.25(m, 18H, -CH>-), 0.86 (t, J =
6.3 Hz, 3H, CH3).

4.2.2.11. Compound (cpd) 10. Cpd' 9 and Pd/C catalyst were mixed in THF
solvent under hydrogen to react at room temperature for 20 hours. The catalyst was
removed by filtration through Celite and washed with THF. The solvent was removed
by evaporation under reduced pressure, and the crude product was recrystallized by
THF and hexane (1:10 vol) to produce a white solid. Yield: 80 %. "H NMR (300 MHz,
d-dioxane): o(ppm) : 8.28 (d, J =9.0 Hz, 2H, Ar-H), 8.13 (d, J = 9.0 Hz, 2H, Ar-H),
8.05 (d, /J=8.7 Hz, 2H, Ar-H), 7.47 (t, J = 8.1 Hz, 1H, Ar-H), 7.41 (d, J= 8.7 Hz, 2H,
Ar-H), 7.22 (s, 1H, Ar-H), 7.19-7.14 (m, 4H, Ar-H), 7.03 (d, J = 9.0 Hz, 2H, Ar-H),
6.86 (d, J = 8.7 Hz, 2H, Ar-H), 4.05 (t, J = 6.3 Hz, 2H, -OCH>-) > 1.80(m, 2H,
-OCH,CH>-) » 1.28(m, 18H, -CH>-) > 0.88(t, J = 6.3 Hz, 3H, -CH3).

4.2.2.12. Bent-Core Covalent-Bonded Monomer (B). Cpd A (1.1 e.q.), cpd 10
(1 e.q.), DCC (1.1 e.q.), and DMAP (0.2 e.q.) were dissolved in THF solvent under
nitrogen to react at room temperature for 24 hours. The solution was extracted by
DCM and water, and purified by column chromatography to acquire a white solid.
Yield: 60 %. "H NMR (300 MHz, d-dioxane) & (ppm) : 8.25 (d, J= 9.0 Hz, 2H, Ar-H),
8.10 (d, J=8.7 Hz, 2H, Ar-H), 7.48 (d, /= 8.1 Hz, 1H, Ar-H), 7.38 (d, /= 9.0 Hz, 2H,
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Ar-H), 7.25(s, 1H, Ar-H), 7.17 (d, J = 8.1 Hz, 1H, Ar-H), 7.01 (d, J = 8.7 Hz, 2H,
Ar-H), 6.29 (d, J=17.1 Hz, 1H, -CH=CH>), 6.08(m, 1H, -CH=)5.77 (d, /= 10.2 Hz,
1H, -CH=CH»), 4.08-4.00 (m, 6H, -OCH,-) - 1.78-1.71(m, 4H, -OCH,CH,-) -
1.59-1.56(m, 2H, -OCH,CH,-), 1.43-1.26 (m, 34H, -CH,-), 0.84 (t, J = 6.3 Hz, 3H,
-CHs). MS (EI): m/z [M+] 998; calcd m/z [M+] 997.2. EA: Calcd for Cs;H7,015: C,
73.47; H, 7.28;. Found: C, 73.82; H, 6.95.
4.2.3. Polymerization

As shown in Scheme 4.2, the polymerizations of side-chain polymers AmBn
with various molar ratios were carried out by free radical reactions in dry THF via
different input molar ratios (see Table 4.1) of monomers A and B with
2,2'-azobis-isobutyronitrile (AIBN) as an initiator. All reactions were performed under
N at reflux temperature for 24 hours. The produced organic liquids were dropped into
fast stirring diethyl ether (EA) solvent to precipitate products, and purified again by
THF and EA (1:10 vol) to obtain white solids. According to similar manufactured
procedures, a series of side-chain polymers AmBn (m/n = 1/0, 16/1, 10/1, 4/1, 1/2,
1/4, 1/13, 0/1) were prepared by various input molar ratios of monomers A and B,
Furthermore, the extent of polymerization and output molar ratios (m/n) of polymer
products were determined by "H NMR spectra.
4.2.4. Preparation of Polymer Complexes

All bent-core side-chain polymer complexes AmBn-N were constructed by
mixing appropriate molar ratios of H-donor polymers (AmBn, excluding A0OB1) and
pyridyl H-Acceptor (N) in the solutions of chloroform/THF (ca. 1:1 vol.), which were
self-assembled into supramolecules by evaporating solvents slowly, and seven
polymer complexes A1B0-N, A16B1-N, A10B1-N, A4B1-N, A1B2-N, A1B5-N, and

A1B13-N were formed.
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Scheme 4.2. Synthetic approaches of side-chain polymers AmBn
(homopolymers/copolymers) and their corresponding bent-core side-chain polymer

complexes AmBn-N
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Table 4.1. Chemical Compositions and Molecular Weights of Side-Chain Polymers

X output molar
input molar

polymer , raticA: B Mn (x10°)  PDI
ratio A: B
(m:n)
A1B0 1:0 1:0 5.1 1.13
A16B1 15:1 16 : 1 5.8 1.29
A10B1 10: 1 10:1 7.2 1.25
A4B1 5:1 4:1 7.1 1.26
A1B2 1:1 1:2 10.5 1.20
A1B5 1:5 1:5 9.1 1.21
A1B13 1:10 1:13 12.7 1.17
AOB1 0:1 0:1 12.1 1.16

4.3. Results and Discussion

4.3.1. Synthesis and Characterization of Polymers

In order to identify the polymers. (or copolymers) and the molar ratio of copolymers,
all side-chain polymers AmBn-and monomers A and B were investigated by 'H NMR
measurements. As shown in Figure 4.2, both monomers A and B possessed the
resonant peaks in the chemical shift range of 5.7 — 6.4 ppm belonging to the signal of
acryl groups, which disappeared in ‘the ‘corresponding homopolymers A1B0 and
AOBI1 (see Figure 4.3). Meanwhile, the resonant peaks in the range of 6.6 to 8.5 ppm
(attributed to the aromatic rings) are contributed from the benzoic acid groups of
structure A (peaks a and b) and the five phenyl rings of structure B (peaks ¢, d, e, f, g,
h and i). To recognize the molar (m/n) ratios of copolymers, the integral values of 'H
NMR peaks from structures A and B in each copolymers were calculated the integral
values of NMR peaks a - b, (from structure A) along with ¢ - d, and i (from structure
B). Based on this calculating way, copolymers A16B1, A10B1, A4B1, A1B2, A1B5
and A1B13 and homopolymers A1B0 and A0OB1 were characterized. In addition, the
number average molecular weights (Mn) and polydispersity index (PDI) values of all

polymers were acquired by GPC experiments as shown in Table 4.1, where the PDI
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values were in the range of 1.13 — 1.29 and Mn values were in the range of 5.1 -

12.7x10°. The Mn values were increased at higher values of n (part B ratio) duo to the

higher molecular weight of part B.

Monomer B ] }'

Figure 4.2. NMR spectra of monomers A and B.
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Figure 4.3. NMR patterns of side-chain polymers A1B2 (copolymers), A1B0

(homopolymers), and AOB1 (homopolymers).

4.3.2. IR Characterization

The existence and stability of H-bonds in polymer complexes were characterized

by IR spectra, and the IR spectra of H-donor polymer A10B1 (with acidic groups) and

pyridyl H-Acceptor (N) were compared with that of complex copolymer A10B1-N to

examine the existence of H-bonds as shown in Figure 4.4. In contrast to the O-H

bands of pure A10B1 at 2666 and 2568 cm™, weaker O-H band observed at 2514 and

1952 cm™ in complex A10B1-N was indicative of hydrogen bonding between the

pyridyl group of N and acidic group of A. On the other hand, a C=0O stretching

vibrations appeared at 1728 cm™ (shoulder) and 1687 cm™ in complex A10B1-N,
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which showed that the carbonyl group is in a less associated state than in pure A10B1
with weaker C=0 stretching vibrations appeared at 1687 and 1671 cm™."**! The
results suggested that H-bonds of polymer complex A10B1-N are formed between
copolymer A10B1 and H-acceptor N. In addition, the other polymer complexes were
also confirmed to exhibit H-bonded frameworks as polymer complex A10B1-N, so

the supramolecular structures were established in all polymer complexes.

Absorbance (a.u.)

T T T T T
3000 2400 1800

Wavenumber (cm'1)

Figure 4.4. IR spectra of polymer A10B1, pyridyl H-acceptor N, and polymer
complex A10B1-N.

4.3.3. Mesophasic and Thermal Properties

4.3.3.1. Side-Chain Polymers AmBn. In order to understand the influence of the
molar ratio of covalent-bonded bent-core units on the mesomorphic, molecular
stacking, and thermal properties, side-chain polymers AmBn were investigated by
POM, DSC, and XRD measurements. The thermal properties and phase behaviors of
side-chain polymers AmBn are illustrated in Figure 4.7a and Table 4.2. Polymers
A1B0, A16B1, and A10B1 with higher m/n molar ratios (lower densities of

covalent-bonded bent-core units) possessed the tilted smectic (SmC) phases, which
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were verified by POM to show the enantiotropic schlieren texture and grainy domain.
For instance, the schlieren texture and grainy domain of polymers A1B0 and A10B1
are demonstrated in Figures 4.5a and 4.5b, respectively. However, polymer A4B1
revealed a nematic phase in both heating and cooling processes, and the POM texture
of polymer A4B1 is shown in Figure 4.5c. Regarding the mesophases of polymers
Al1B2, A1B5, A1B13, and AOB1 with lower m/n molar ratios (higher densities of
covalent-bonded bent-core units), the same enantiotropic smectic phase (SmC) was

obtained, where one of the POM texture of A1B13 is shown in Figure 4.5d.

Table 4.2. Phase transition temperatures and tnthalpies of side-chain polymers

phase transition temperature/°C [enthalpy/kJ/g]
polymer : .
heating (top) / cooling (bottom)
ALBO K71.2[1.3]1 K’ 96.3[1.7] SmC; 162.2 [22.4] 1
1 155.1 [-27.5] SmC; 76.2 [-4.5] K
K 141.2[1.31 SmC; 159.7 [10.4] I
A16B1
1153.6 [-12.9] SmC; 140.9 [-1.8] K
K 140.2 [6.4] SmCy 154.3[1.7] 1
A10B1
1153.3 [-7.6]° SmC; 138.7° K
K 112.3[0.6] N 129.8 [4.5] 1
A4B1
1129.7 [-3.6] N 105.3 [-1.0] K
K 71.3[3.5] SmC; 96.0 [5.7] 1
Al1B2
190.1 [-2.8] SmC; 74.3 [-0.7] K’ 59.2 [-1.4] K
K 75.9[6.9] SmC; 98.8 [2.5] 1
A1B5
1 88.7 [-4.69] SmC; 74.8 [-4.5] K
K 120.4 [18.5] SmC; 140° I
A1B13 b
1135°SmC; 1154 [-15.3] K
K 136.3 [23.5] SmC; 150° I
A0B1 b
I 148° SmC; 130 [-19.4] K

The phase transitions were measured by DSC at the 2nd scan with a cooling rate of 5
°C/min. I = isoptropic state; N = nematic phase; SmC; and SmC, = tilted smectic
phases; K = crystalline state. * means the enthalpy values of two cover transition
peaks. ® means the temperature data is observed in POM only. Phase transitions of
monomer A was obtained as I 106.4 [20.6] SmC 55.4 [8.59] K. Phase transition of
monomer B was obtained as I 90.3 [34.8] K.
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Figure 4.5. POM textures at-the cooling process: (a) the tilted smectic phase with
schlieren texture of polymer A1B0 at 150 °C; (b) the tilted smectic phase with grainy
domain of polymer A10B1 at'150 °C; (¢) the nematic phase with schlieren texture of
polymer A4B1 at 125 °C; (d) the tilted smectic phase with grainy domain of polymer
A1B13 at 130 °C.

Comparing the phase transition temperatures of all side-chain polymers AmBn,
homopolymers A1B0 and AOB1 revealed the highest isotropization temperatures for
polymers AmBn with higher and lower m/n molar ratios (lower and higher densities
of covalent-bonded bent-core units), respectively. Higher isotropization temperatures
of homopolymers A1B0 and AOB1 indicated that the tighter molecular staking of
intermolecular H-bonded linear-cores or bent-cores in homopolymeric systems, which
also suggested that the looser molecular stackings were formed in copolymers duo to
the disorder arrangements of both H-bonded linear-cores and covalent-bonded
bent-cores. Especially, copolymer A4B1 reached the largest randomness to lose the

lamellar packings for both H-bonded linear-cores and covalent-bonded bent-cores,
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and the nematic phase was preferred instead. Hence, three cartoon diagrams were
drawn in Figure 4.6 to explain possible intermolecular arrangements in polymers
AmBn. Based on the molar ratios of bent-core units, polymers A1B0, A16B1, and
A10B1 with the high density of benzoic acidic groups displayed the smectic stacking
by the intermolecular acidic H-bonds (with H-bonded cross-linking structures) as
shown in Figure 4.6a, and the stacking order was reduced by decreasing m/n molar
ratio. As m/n ratio reached 4/1 (polymer A4B1), the acidic H-bonded linear-cores
(H-bonded cross-links) would be separated into a more random stacking by the
introduction of covalent-bonded bent-core unit B as shown in Figure 4.6b. Afterwards,
to the other extreme of more covalent-bonded bent-core units (B), polymers A1B2,
A1BS, A1B13, and A0B1 demonstrated.another smectic arrangement due to the major

AL
W8 e
Wyl

Figure 4.6. Cartoon diagrams of possible intermolecular arrangements of (a)

(a

polymers A1B0, A16B1, and A10B1 with larger m/n molar ratios mainly contributed
from the self H-bonded acidic dimmers, (b) polymer A4B1 with a medium m/n molar
ratio, and (c) polymers A1B2, A1BS5, A1B13, and A0OB1 with smaller m/n molar
ratios mainly contributed from the major component of covalent-bonded bent-cores.
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Figure 4.7. Phase diagrams (upon 2nd cooling) of (a) side-chain polymers AmBn and

(b) bent-core side-chain polymer complex AmBn-N.

4.3.3.2. Bent-Core Side-Chain Polymer Complexes AmBn-N. The influence of

molar ratios of bent-core covalent- and H-bonded units on the mesomorphic,

molecular stacking, and thermal properties of bent-core side-chain polymer

complexes AmBn-N were also investigated by POM, DSC, and XRD measurements.

The thermal properties and phase behaviors of bent-core side-chain polymer
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complexes AmBn-N are illustrated in Figure 4.7b and Table 4.3. According to Figure
S1 of the supporting information, compound S12 and supramolecular analogue H12
(H-bonded complex) both exhibited the SmCP phase, so bent-core side-chain polymer
complexes AmBn-N via the copolymerization of these two units (S12 and H12) were
prepared and surveyed for the generation of the SmCP phase. However, due to the
addition of acrylate termini in their similar structures, B and A-N units did not possess
any SmCP phase, where the phase transition temperatures of monomers A and B
along with complex A-N were obtained as A: I 106.4 °C SmC 55.4°C K, B: 190.3 °C

K, and A-N: 176.7 °C K, respectively.

Figure 4.8. POM textures at the cooling process: (a) the polar smectic phase with
fan-like texture of polymer complex A10B1-N at 130 °C; (b) the tilted smectic phase
with grainy domain of polymer complex A1B13-N at 85 °C.
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Table 4.3. Phase transition temperatures and enthalpies of bent-core side-chain

polymer complexes

polymer phase transition temperature/°C [enthalpy/kl/g]
complex heating (top) / cooling (bottom)
K 125.6 [43.3] SmC; 158.0 [2.5] 1
A1B0-N
1138.7 [1.9] SmC; 97.3 [36.8] K
K 80.0[2.7] K’112.7 [13.3] SmCP 145.5 [15.0] I
A16B1-N
1140.1 [-12.2] SmCP 85.6 [-1.8] K’ 59.4 [-9.0] K
K 85.4[2.8] K’116.1 [18.7] SmCP 143.0 [3.2] 1
A10B1-N
1135.8[-17.0] SmCP 87.7 [-2.3] K’ 66.7 [-10.6] K
K 78.5[5.4] SmC; 117.3[11.4]1
A4B1-N
I1112.1[-8.4] SmC; 66.8 [-2.7] K
K 77.4[6.0] SmC; 110.8 [14.3]1
A1B2-N
1107.6 [-7.0] SmC, 75.5 [-14.7] K
K 79.9[9.9]1 SmC, 95.7 [17.1] 1
A1B5-N
190.0 [-19.7] SmC; 60.1 [-9.0] K
K 759[1.6] SmC3 115.2712.9] 1
A1B13-N
1108.9[-13.9] SmC; 61.7 [-1.2] K

The phase transitions were measured by DSC at the 2nd scan with a cooling rate of 5
°C/min. I = isoptropic state; SmCP = polar smectic phase; SmC; and SmC, = tilted
smectic phase2; K = crystalline state. Phase transitions.of complex A-N was obtained
as 176.7 [36.4] K.

In comparison with side-chain polymers AmBn, bent-core side-chain polymer
complexes AmBn-N have lower isotropization temperatures due to their H-bonded
pendants assembled by pyridyl and acidic groups, which have less intermolecular
acidic H-bonds (with less H-bonded cross-links). Therefore, the novel enantiotropic
polar smectic (SmCP) phase was surprisingly generated in some compositions of
bent-core side-chain polymer complexes AmBn-N. Regarding the mesophasic types,
the enantiotropic tilted smectic phase was observed in polymer complexes A1B0-N,
A4B1-N, A1B2-N, A1BS-N, and A1B13-N, and the enantiotropic polar smectic
(SmCP) phase was achieved in polymer complexes A16B1-N and A10B1-N. The

mesophasic textures were observed by POM experiments, for instance, polymer
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complex A10B1-N revealed the polar smectic phase with a fan-like texture in Figure
4.8a, and polymer complex A1B13-N exhibited the tilted smectic (SmC) phase with a
grainy domain in Figure 4.8b, which were the characteristics of the tilted smectic
phases.

With regard to the variation of mesophasic transition temperatures of polymer
complexes AmBn-N, the isotropization temperatures and mesophasic ranges were
reduced as the m/n molar ratio decreased (except A1B13-N). Side-chain copolymers
AmBn with higher m/n ratios possessed more H-donor groups exhibited more
extensive mesophasic ranges and higher isotropization temperatures, which indicated
that the acidic H-bonded linear-cores (H-bonded cross-links) would extend and
stabilize the mesophase. However, due to the intermolecular acidic H-bonds (with
H-bonded cross-linking structures) of side-chain copolymers AmBn being replaced
with side-chain H-bonded pendants of the analogous polymer complexes AmBn-N,
bent-core side-chain polymer .complexes AmBn-N with higher m/n molar ratios did
not exhibit more extensive mesophasic ranges but still possessed higher isotropization
temperatures. Compared with side-chain copolymers AmBn, the corresponding
polymer complexes AmBn-N generally exhibited more extensive mesophasic ranges
and lower transition temperatures, except polymer complexes A1B2-N and A1B5-N.
In addition, the nematic phase in copolymer A4B1 was replaced by a tilted smectic
phase in polymer complex A4B1-N. More excitingly, the polar smectic phase (the
switching current behaviors will be demonstrated later) was achieved in polymer
complexes A16B1-N and A10B1-N, though the individual components of H-donor
side-chain copolymers A16B1 and A10B1 as well as H-acceptor N did not possess the
SmCP phase (see Tables 4.2 and 4.3). Hence, it suggested that the mesomorphic and
thermal properties of polymer complexes AmBn-N were strongly dependent on the

m/n molar ratios of bent-core covalent- and H-bonded units (i.e., B and A-N units,
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respectively), where the bent-core H-bonded units were formed by the acidic H-donor
groups (A groups from side-chain polymers AmBn) incorporated with H-acceptor N.
Therefore, we have discovered a special technique that the construction (or
stabilization) of the SmCP phase can be acquired by copolymerization of bent-core
covalent- and H-bonded units in side-chain polymer complexes (with proper m/n
molar ratios) from both bent-core covalent- and H-bonded monomers (i.e., B and A-N

units, respectively) without the SmCP phase (see Figure 4.9).

Bent-Core Monomers Polymer Complex (A10B1-N)
@’ AN . Sj’ S\s
copolymerization
+ > QT
«A“
Without SmCP Phase With SmCP Phase

Figure 4.9. The SmCP phase was introduced by copolymerized frameworks bearing
both bent-core covalent- and H-bonded monomers (B and A-N units with proper m/n

molar ratios) without the SmCP phase.

4.3.4. Powder XRD Analyses

4.3.4.1. Side-Chain Polymers AmBn. The molecular arrangements of
side-chain polymers AmBn in different mesophases were investigated by XRD
measurements at various temperatures upon cooling (see Figures 4.10-4.11). As
shown in Figure 4.10a (also see Figures S4.3a of the supporting information), the 2D
XRD pattern of polymer A16B1 at 150 °C during the cooling process revealed a

diffuse peak at wide angles corresponding to a d-spacing value of 4.6 A, which
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demonstrated that similar liquid-like in-plane orders with average intermolecular
distances were prevalent inside the layers of bent-core units. Two single sharp peaks
were observed at corresponding d-spacing values of d;= 35.4 A and d,=17.7 A in
small angle regions, where the longest d-spacing value d; was indexed as (001). The
d-spacing value (d;) is shorter than the theoretical coplanar molecular length (L)
(about 47 A) of self H-bonded benzoic acidic dimmer to indicate the tilted smectic
arrangement. In addition, temperature dependent XRD results of polymer A16B1
were also provided in Figure 4.10b. Two sharp peaks appeared during the cooling
process from the isotropic to mesophasic states. An additional peak with a
corresponding d-spacing value (~ 46 A) similar to its theoretical molecular length was
obtained as the temperature was equivalent to or lower than 130 °C, and the
orthogonal arrangement of the erystalline phase or highly ordered smectic phase was
generated. Polymers A1B0 and A10B1 illustrated similar XRD results as shown in the
supporting information (see Figures S4.2a and S4.4a) to indicate the analogous
smectic mesophase.

Polymer A4B1 did not obtain any sharp diffraction peak at small angle regions in
the mesophasic temperature (120 °C) to reveal one dimension order of nematic phase
as shown in Figure S4.5 of the supporting information, but two broad peaks were
observed at the corresponding d-spacing values of 17.1 A and 4.6 A. Until the
temperature reaching the crystalline state (100 °C), a d-spacing value of 66.5 A was
produced to indicate the orthogonal arrangement of the crystalline phase or highly
ordered smectic phase. The powder XRD results of polymer A4B1 in various
temperatures was also provided in Figure S4.5a of the supporting information to
reveal its phase transition in the cooling process from the isotropic to crystalline
states.

As the shown pattern of polymer A1B13 at 120 °C (see Figure S4.8a of the

151



supporting information), several sharp peaks were detected at corresponding values of
di=375A, dy=254 A, and d;= 19.1 A in small angle regions (along with some
other undefined sharp peaks). The ratio of d; to d; was 2 : 3 : 4 to index (002), (003)
and (004), and a d-spacing value ca. 76 A was correspondent to the essential peak
indexed as (001), which might be lost duo to the limitation of the XRD instrument. A
broad peak was gained at the wide angle regions to account for the natural mesogenic
stacking width. This similar result was reported in the literature''”) to mean the long
range ordered smectic structure of SmC,. The XRD investigations of polymer A1B13
at various temperatures from the isotropic to crystalline states were performed in
Figure S4.7a of the supporting information, and polymers A1B2, A1BS, and A0B1
exhibited similar XRD results with those of A1B13 in the supporting information (see
Figures S4.6a, S4.8a, and S4.9).

In comparison the variation of d-spacing values in all side-chain polymers
AmBn as shown in Table 4.4 (also see Figures S4.10a of the supporting information),
the d-spacing values of copolymers. were larger than those of homopolymers to
indicate that more tilted smectic arrangements were produced in both homopolymers
A1B0 and AOB1, which meant that less tilted smectic arrangement existed in
copolymers with both H-bonded acidic dimers and covalent-bonded bent-cores.
Hence, the variations of molecular arrangements, including two kinds of tilted smectic
orders (i.e., SmC; and SmC,), in side-chain polymers were further identified by the

XRD experiments.
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Figure 4.10. Powder X-ray data of polymer A16B1: (a) 2D pattern in the tilted
smectic phase (150 °C); (b) Powder X-ray diffraction intensity against angle profiles

at various temperatures upon cooling from the isotropic to crystalline phases.
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Table. 4.4. Powder XRD data of side-chain polymers

cooling temp. .
polymer ) 2 theta (degree) d-spacing (A)
2.24 34.1
A1B0 140
4.47 17.1
2.16 35.4
Al16B1 150
4.33 17.7
2.12 36.1
A10B1 140
4.25 18.0
A4B1 120 4.37 (br) 17.5
2.06 37.1
2.70 28.3
Al1B2 90
3.82 20.0
4.09 18.7
2.00 38.2
2.83 27.0
A1B5 90
3.78 20.2
6.04 12.7
2.04 37.5
3.08 24.8
A1B13 120
3.80 20.1
4.45 17.2
310 36.4
3.14 24.3
AOB1 140 3.85 19.9
4.48 17.1
5.20 14.7
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4.3.4.2. Bent-Core Side-Chain Polymer Complexes AmBn-N. The molecular
arrangements of bent-core side-chain polymer complexes AmBn-N were also
surveyed by XRD measurements and their related results are illustrated in Table 4.5.
Compared with side-chain copolymers AmBn, the corresponding polymer complexes
AmBn-N generally exhibited larger d-spacing values (except polymer complex
A1B2-N), which might be due to the coexistence of bent-core covalent- and
H-bonded units in side-chain polymer complexes, and thus to have less ordered
smectogenic packings and to induce lower phase transition temperatures. Similar to
side-chain copolymers AmBn, most polymer complexes AmBn-N in Table 4.5 (also
see Figures S4.10b of the supporting information) generally demonstrated larger
d-spacing values than homopolymer .complex A1B0-N (with bent-core H-bonded
units only), which might have better and homogeneous packing of bent-core
H-bonded units in the tilted smectic arrangement of the homopolymer complex.
Similarly, smaller d-spacing values were observed in A1B13 (d;=37.5 A), A1B13-N
(d; = 38.0 A), and AOB1 (d; = 36.4 A), which might be attributed to the major
component of bent-core covalent-bonded structure B, and the influence of co-stacking
effect contributed from bent-core H-bonded structure A-N was much less.

Polymer complex A16B1-N displayed two sharp peaks at the associated
d-spacing values of d;=43.2 A and d,= 21.6 A in small angle regions and a broad
peak at the related d-spacing value d = 4.5 A at 130 °C (upon cooling) as shown in
Figure 4.11a (also see Figures S4.3b of the supporting information). The largest
d-spacing value (d; = 43.2 A) is less than the theoretical length of bent-core H-bonded
structure A-N (about 58 A) to indicate the tilted smectic arrangement of polymer
complex A16B1-N. The XRD results of A16B1-N at various temperatures upon
cooling from the isotropic to crystalline phases were demonstrated in Figure 4.11b.

Two sharp peaks of a characteristic smectic mesophase appeared as the temperature
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reached 140 °C during the cooling process. Afterwards, an additional peak developed
when the temperature was lower than 80 °C, where the new d-spacing value of 35.1 A
was correspondent to the crystalline state. Polymer complexes A10B1-N, A4B1-N
and A1B2-N revealed similar X-ray diffraction patterns (see Figures S4.4b, S4.5b,
and S4.6b of the supporting information) to indicate the analogous type of the tilted
smectic mesophase. Polymer complex A1B13-N manifested the long range ordered
smectic organization in mesophasic and crystalline temperatures duo to the exhibition
of several sharp diffraction peaks (see Figure S4.7b of the supporting information). In
addition, polymer complex A1B5-N revealed X-ray diffraction patterns (see Figure
S4.8b of the supporting information) similar to that of A1B13-N, which suggested the

analogous type of the tilted smectic phase inboth polymer complexes.

Table 4.5. Powder XRD Data of bent-core side-chain polymer complexes

polymer complex | cooling temp. (°C) | 2 theta (degree) d-spacing (A)

219 34.9
A1B0-N 140

4.43 17.3

1.77 43.2
A16B1-N 130

3.54 21.6

1.71 44.7
A10B1-N 120

3.40 22.5

1.70 45.0
A4B1-N 100

3.40 22.5

2.16 35.4
A1B2-N 100

4.32 17.7

1.76 43.4

2.65 28.8
A1B5-N 70

4.42 17.3

5.32 14.4

2.01 38.0

3.04 25.1
A1B13-N 65

3.73 20.5

4.39 17.4
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Figure 4.11. Powder X-ray data of polymer complex A16B1-N: (a) 2D pattern in the
tilted smectic phase (130 °C); (b) Powder X-ray diffraction intensity against angle

profiles at various temperatures upon cooling from the isotropic to crystalline phases.
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4.3.5. Switching Current Behaviors and Spontaneous Polarization (Ps) of
Bent-Core Side-Chain Polymer Complexes

In order to evaluate the polar switching properties of the SmCP phase in all
side-chain polymers and bent-core side-chain polymer complexes, the triangular wave
method”” was applied to measure the switching current behavior (i.e., the
spontaneous polarization, Ps) in parallel rubbing cells with a cell gap of 4.25 um. The
triangular voltages were applied on all polymers and polymer complexes, and only
bent-core side-chain polymer complexes A10B1-N and A16B1-N possess the
switching current behaviors with specific Ps values. For instance, as shown in Figure
4.12a, polymer complex A10B1-N responded under a simple (continuous) triangular
voltage to give a single current peak per half-period in the switching current response
(Vpp =310 V and f= 150 Hz, at T = 100 °C). However, as shown in Figure 4.12b, the
current response was separated into two repolarisation peaks under the modified
triangular wave (i.e., a single pulsed triangular wave, Vpp =310 V and f=30 Hz, at T
=100 °C), where a plateau equivalent.to a triangular wave period is introduced at zero
voltage, and antiferroelectric switching current responses were observed in both
polymer complexes A10B1-N and A16B1-N. 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 SmCP, (A = anti-ferroelectric behavior) structure of the B2 phase,””
and the existing SmCP, state was hidden under the continuous triangular wave
measurements due to the quick exchange of SmCPr > SmCP, - SmCPry.

According to the triangular wave method, the Ps values (the saturated values at
high voltages) of polymer complexes A16B1-N and A10B1-N could be calculated as
15 and 60 nC/cm’, respectively. As shown in Figure 4.13, the spontaneous

polarization (Ps) values of polymer complex A10B1-N in the SmCP phase at various
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applied electric fields and temperatures were surveyed. With respect to Ps values as a
function of applied voltages (at f = 60Hz and T = 100 °C) in Figure 4.13a, the Ps
values were steeply enhanced to reach a maximum at Vpp ~ 130-180 V by increasing
the applied electric fields, and the Ps values were gradually dropped as the applied
electric fields were above Vpp ~ 200 V, which were reproducible for several cycles. It
was speculated that the reduction of Ps values at high applied voltages was duo to the
weak H-bonds of bent-core H-bonded component A-N in polymer complex A10B1-N,
and the Ps behavior of the SmCP phase was mainly contributed from bent-core
H-bonded component A-N rather than from bent-core covalent-bonded component B
(due to a large molar ratio of m/n in A10B1-N). Hence, the novel example of
bent-core side-chain polymer complex: A10B1-N was evidenced to possess the
voltage-sensitive switching polar behavior, which was provided by the major soft
bent-core skeleton (H-bonded “unit) and the minor rigid bent-core skeleton
(covalent-bonded unit). In addition, as shown in Figure 4.13b, the Ps values of
polymer complex A10B1-N at various temperatures (except the transition teperatures)
were acquired as a constant value around Ps = 60 nC/cm” in the SmCP phase.
However, the switching current phenomena were not clearly acquired in bent-core
H-bonded homopolymer complex (A1B0-N), covalent-bonded homopolymer (A0B1),
and the other copolymer complexes (A4B1-N, A1B2-N, A1B5-N, and A1B13-N),
which indicated that the suitable A-N/B (i.e., m/n) molar ratio in the tilted smectic
phases should be in the range of m/n = 16/1 to 10/1 to induce the polar switching
behavior by the favorable molecular stackings of bent-core H-bonded (major) and
covalent-bonded (minor) components with proper molar ratios of m/m (ca.

16/1~10/1).
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Figure 4.12. Switching current responses of polymer complex A10B1-N under (a) the
triangular wave method (at Vpp = 310 V, £ = 150 Hz, and T = 100 °C) and (b) the
modified triangular wave method (at Vpp =310V, f=30 Hz, and T = 100 °C).
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4.4. Conclusions

In summary, several novel side-chain banana-shaped liquid crystalline
copolymers with wvarious molar ratio of covalent- and H-bonded bent-core
components were developed by the free radical polymerization and their polymer
complexes were self-assembled by appropriate molar ratios of proton donor (H-donor)
polymers and pyridyl proton acceptor (H-acceptor) bent-cores. The mesomorphic and
electro-optical properties in the side-chain banana-shaped liquid crystalline polymers
and their corresponding polymer complexes were influenced by the molar ratios of
bent-core H-bonded components effectively. The voltage-dependent anti-ferroelectric
properties of spontaneous polarization (Ps) values in the polar smectic phase of the
supramolecular side-chain banana-shaped copolymers were also first observed in this
study. Several kinds of nematic and tilted smectic phases were obtained in bent-core
side-chain homopolymers/copolymers and polymer complexes, which depended on
the m/n molar ratio (i.e., hydrogen- and covalent-bonded units). The nematic and
tilted smectic phases were verified by, XRD measurements, and the SmCP phase was
further identified by the triangular wave method. Overall, the anti-ferroelectric
behaviors of the polar semctic phase were introduced in bent-core side-chain polymer
complexes AmBn-N by tuning the suitable m/n molar ratios in the range of 16/1 to
10/1. It would be seemingly summarized that strict packing conditions between each
bent-core covalent-bonded unit were present to reduce molecular oscillating, but loose
packing conditions between each bent-core H-bonded unit would induce molecular
fluctuations and become dynamically unstable under electric fields. The polar
switching behaviors were diminished if just only either bent-core covalent-bonded or
H-bonded structures were organized in the side chains of polymers. Therefore, rigid
bent-core covalent-bonded components uniformly dispersed and copolymerized

among soft bent-core H-bonded ingredients in the side-chain polymers are necessary
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for the polar switching behaviors. This study offers some valuable information to
achieve the polar switching properties by blending bent-core host-guest
supramolecular systems with a combination of low molecular weight molecules (as
H-acceptors) and polymers (homopolymers/copolymers as H-donors), which could be

utilized for supramolecular mixtures in the future.

4.5. Electronic Supplementary Information
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Figure S4.2. Powder X-ray diffraction intensity against angle profiles of (a) polymer
A1BO0 and (b) complex polymer A1B0-N at various temperatures upon cooling from
the isotropic to crystalline phases.
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Figure S4.3. Powder X-ray diffraction intensity against angle profiles of (a) polymer
A16B1 and (b) complex polymer A16B1-N at various temperatures upon cooling

from the isotropic to crystalline phases.

e we
f\*/w

e T

. -
I o

e I,/ [} ==

| = %e

Intensity (a.u.)

2 theta / degree

==l o

3 = 80°C
>/ 90°C
Sl

s JNW“\M —
2=

=

IR T
/ w
/\w
0 e
T T

' 7 T T T T T 1
5 10 15 20 25 30

2 theta / degree

Figure S4.4. Powder X-ray diffraction intensity against angle profiles of (a) polymer
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Figure S4.7. Powder X-ray diffraction intensity against angle profiles of (a) polymer
A1BS5 and (b) complex polymer A1BS-N at various temperatures upon cooling from
the isotropic to crystalline phases.
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Chapter S
Polymeric Dopant Effects of Bent-Core Covalent- and
Hydrogen-Bonded Structures on Banana-Shaped Liquid

Crystalline Complexes

5.1. Introduction
Liquid crystalline (LC) materials bearing banana-shaped mesogens become
interesting topics duo to their special electro-optical properties, such as spontaneous

4261 . .
11 Based on various intermolecular

polarized capabilities and nonlinear optics.
arrangements, several kinds of special mesophases in accordance with banana-shaped
(or bent-core) molecular designs with particular mesophases, including columnar
stacking, tilted smectic, and three dimensional structures, named as B1 to B7 phases
were developed and identified.!! Traditionally, electro-optical switching behaviors
were observed in the smectic B1, B2, BS, and B7 phases, where the B2 (SmCP) phase
had been prevailingly investigated. Depending on the polar direction and molecular
tilted direction in neighboring layers of the SmCP phase, ferroelectric (F) and
antiferroelectric (A) states possessed identical/inverse polarizations and synclinic
(S)/anticlinic (A) arrangements with alike/opposite molecular tilted aspects between
layer to layer, respectively. Hence, four kinds of different supramolecular
architectures denoted SmCaPa, SmCsPas, SmCoPr, and SmCsPr were recognized as
homochiral (SmCxPs and SmCgsPr) and racemic (SmCsP, and SmCaPy) conditions
separately.””’ With respect to the bent-core molecular architectures, the traditional

banana-shaped liquid crystals were generally formed by two bent-substituted rigid

arms connected to a central cyclic ring (through polar or non-polar functional groups)

167



with a suitable bent angle and linking, where appropriate lengths of flexible chains

were attached.”) Among these bent-shaped modeling frameworks, the structural

]

variations of achiral molecular designs, such as the central parts,® lateral

63

substituents, ™ linking groups,® terminal chains,” and the number of rings,!”

would affect their physical properties to different extents in small molecular systems.

[31] [32d]

Recently, poly-molecular systems, ie., dimeric, main-chain polymeric,

[33a] 34b]

side-chain polymeric, and dendritic structures,| were also developed to
investigate the influence of molecular configurations on mesomorphic and
electro-optical properties. Moreover, some novel supramolecular bent-core
interactions or their nanocomposite architectures have been integrated into organic or
inorganic parts to display special electro-optical characteristics, for instance, bent-core

derivatives embedded with nanoparticles;” “-bent-core H-bonded supramolecules,”*’

and bent-core structures with silyl-and siloxyl linkages.”"

To retain the electro-optical switching behavior-in the bent-core structures is
constantly the important assignment in the field of banana-shaped LC research.
However, even if many kinds of bent-core small molecular systems displayed
particular polar switching current behaviors, duo to the higher viscosities and larger
inter-/intra-molecular interactions in polymers, such switching current behaviors were
not easy to be obtained (or detected) in analogous bent-core polymer

.o -c,64
derivatives.>*"©

I Interestingly, the switching current behavior of the SmCP phase in
the monomeric units was sustained and the ferro-electricity could be modified by the
polymer structural design of dimethylsiloxane diluted polysiloxane side-chain
copolymer frameworks."”** According the previous works, bent-core H-bonded small
molecules could yield lower mesophasic transition temperatures, enthalpies, and

threshold voltages than those of fully covalent-bonded five-ring banana-shaped

molecular analogues and H-bonded side-chain polymeric derivatives, which
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suggested that softer bent-core intermolecular arrangements were present in both

238239 R egarding the small molecular systems

H-bonded and small molecular designs.!
containing two different fully covalent-bonded components, unusual molecular
arrangements and mesomorphic behaviors were developed by blending rod-like liquid
crystals with bent-core LC dopants.””) Meanwhile, the blended polymeric systems

!"and

(mainly side-chain polymers) were expanded by doping,®”’ copolymerization,'*®
H-bonded complexation!®’! with chiral/achiral liquid crystalline components to induce

the particular mesomorphic and electro-optical properties.

As shown in Figure 5.1, in order to investigate the polymeric dopant effects of
bent-core covalent- and H-bonded structures on the mesomorphic and electro-optical
properties of banana-shaped LC complexes, two.series of H-bonded complexes
HPm/CBn (i.e., bent-core H-bonded side-chain homopolymer HP mixed with
bent-core covalent-bonded small molecule CB) and CPm/HBn (i.e., bent-core
covalent-bonded side-chain homopolymer CP mixed with bent-core H-bonded small
molecular complex HB) with various m/n molar ratios (m/n = 15/1, 10/1, 15/1, 1/1,
1/5, 1/10, and 1/15) were developed. The mesomorphic and electro-optical properties
of the H-bonded complexes were investigated and characterized by polarizing optical
microscopy (POM), differential scanning calorimetry (DSC), powder X-ray
diffraction (XRD), and electro-optical (EO) switching current experiments. Herein,
the polar smectic (SmCaPA) phase with switching current behavior (or spontaneous
polarization) was introduced and stabilized in some of the banana-shaped LC
H-bonded complexes HPm/CBn and CPm/HBn by blending various m/n molar
ratios of soft H-bonded bent-core moieties with rigid covalent-bonded bent-core
moieties, where one of the moieties was homopolymerized as side-chain H-bonded

homopolymer (HP) or covalent-bonded homopolymer (CP), respectively. Finally,
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their mesophasic ranges and spontaneous polarization (Ps) values could be adjusted
by the m/n molar ratios (polymeric moieties vs. small molecular moieties) in the

banana-shaped LC H-bonded complexes HPm/CBn and CPm/HBn.
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Figure 5.1. Chemical structures of banana-shaped LC H-bonded complexes
HPm/CBn and CPm/HBn (where m/n = 15/1, 10/1, 15/1, 1/1, 1/5, 1/10, and 1/15)
and their composing H-bonded and covalent-bonded bent-core side-chain
homopolymers (HP and CP, respectively) as well as H-bonded and covalent-bonded

bent-core small molecules (HB and CB, respectively).
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5.2. Eeperimental
5.2.1. Methods

"H NMR spectra were recorded on a Varian Unity 300 MHz spectrometer using
ds-dioxane and CDCl; as solvents and mass spectra were determined on a Micromass
TRIO-2000 GC-MS. Elemental analyses (EA) were performed on a Heracus CHN-OS
RAPID elemental analyzer. Gel permeation chromatography (GPC) analyses were
conducted on a Waters 1515 separation module using polystyrene as a standard and
THF as an eluant. Mesophasic textures were characterized by polarizing optical
microscopy (POM) using a Leica DMLP equipped with a hot stage. Infrared (IR)
spectra were investigated by Perk-Elmer Spectrum 100 instrument. Temperatures and
enthalpies of phase transitions were determined by differential scanning calorimetry
(DSC, model: Perkin Elmer Pyris 7) under N at a heating and cooling rate of 10
°Cmin™". Synchrotron powder X-ray diffraction (XRD) measurements were performed
at beamline BL17A of the National Synchrotron Radiation Research Center (NSRRC),
Taiwan, where the wavelength of X-ray was 1.33366 A. The powder samples were
packed into a capillary tube and heated by a heat gun, whose temperature controller
was programmable by a PC with a PID feedback system. The scattering angle theta
was calibrated by a mixture of silver behenate and silicon. The electro-optical
properties were determined in commercially available ITO cells (from Mesostate
Corp., thickness = 4.25 pm, active area = 1 c¢m”) 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 d.c. power supply (Keithley 2400) was
utilized in the d.c. field experiments. During electro-optical measurements, the

modulations of textures by applying electric fields were observed by POM.
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5.2.2. Synthesis of Monomers

All synthetic procedures of monomers A’ (H-donor monomer) and B’ (bent-core
covalent-bonded monomer) as well as pyridyl H-acceptor N are demonstrated in
Scheme S1 of the supporting information. The synthetic details of all compounds in
Scheme S1 are shown in the supporting information.

5.2.3. Synthesis of Polymers (H-donor homopolymer AP and covalent-bonded
homopolymer CP) and Preparation of H-Bonded Complexes (HPm/CBn and
CPm/HBn)

The side-chain proton donor (H-donor) homopolymer AP and bent-core
covalent-bonded homopolymer CP were carried out by free radical coupling reactions
of monomers A’ and B’, respectively, with/initiator 2,2'-azobis-isobutyronitrile (AIBN)
in Scheme 1. All reactions were proceeded in dry THF solvent under N, at the reflux
temperature for 24 hours. The accomplished organic liquid was dropped into strong
stirring diethyl ether (EA) solvent to precipitate products, which were purified again
by THF and EA to acquire pure compounds. The H-bonded complexes (HPm/CBn
and CPm/HBn) were constructed by blending appropriate molar ratios of proton
donors AP (H-donor polymers) and acceptors N (H-acceptors) in the solutions of
chloroform/THF (ca. 1:1 vol.), which were self-assembled into supramolecules by
evaporating solvents slowly. Hence, two series of H-bonded complexes HPm/CBn
(HP15/CB1, HP10/CB1, HP5/CB1, HP1/CB1, HP1/CB5, HP1/CB10 and
HP1/CB15) and CPm/HBn (CP15/HB1, CP10/HB1, CP5/HB1, CP1/HBI,
CP1/HBS, CP1/HB10 and CP1/HB15) with various m/n molar ratios (m/n = 15/1,

10/1, 5/1, 1/1, 1/5, 1/10, and 1/15) were prepared.
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Scheme 5.1. Homopolymerization and complexation of banana-shaped LC H-bonded
complexes HPm/CBn and CPm/HBn.

5.3. Results and Disscussion
5.3.1. Polymer Characterization

In order to identify the chemical structures of all components in this study, the
side-chain proton donor (H-donor) homopolymer AP and bent-core covalent-bonded
homopolymer CP along with their corresponding monomeric moieties A’ (H-donor
monomer) and B’ (bent-core covalent-bonded monomer) were characterized by 'H
NMR measurements. Both monomers A’ and B’ were confirmed by the resonant
peaks in the chemical shift range of 5.7-6.4 ppm, which belong to the signals of acryl
groups and demonstrate in Figure S5.1a of the supporting information. However, the
chemical shift peaks in the range of 5.7-6.4 ppm were disappeared in the
corresponding side-chain polymers AP and CP to prove the complete polymerization
of monomers A’ and B’ (see Figure S5.1b). Compared with monomers A’ and B’, the

resonant peaks (a and b) of H-donor polymer AP in the range of 6.6 ppm to 8.5 ppm
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(attributed to aromatic rings) did not shift clearly, and the resonant peaks (c, d, e, f, g,
h, and 1) of bent-core covalent-bonded homopolymer CP belonged to the five
bent-core benzoic rings as those of monomer B’. Furthermore, the number average
molecular weights (Mn) and polydispersity index (PDI) values measured by GPC
experiments for side-chain polymers AP and CP were 5.1x10° (with PDI = 1.13) and
12.7x10° (with PDI = 1.29), respectively.
5.3.2. IR Characterization

The existence and stability of H-bonds in side-chain polymeric H-bonded
complex HP (i.e., AP-N: H-donor homopolymer AP supramolecularly complexed
with H-acceptoror N) and small molecular H-bonded complex HB (i.e., A-N: H-donor
A supramolecularly complexed with H-acceptor N) were characterized by IR spectra.
The IR spectra of H-bonded complexes HP (i.€., polymeric complex AP-N) and HB
(i.e., small molecular complex A=N) and their corresponding H-acceptor N, H-donor
A, and H-donor homopolymer AP in Figure 5.2 were compared to examine the
existence of H-bonds. In contrast to the O-H band of pure H-donor homopolymer AP
at 2555 cm™ in Figure 5.2a, weaker O-H bands observed at 2515 and 1926 cm™ in
side-chain polymeric H-bonded complex HP (i.e., AP-N) were indicative of hydrogen
bonding between the acidic groups of H-donor homopolymer AP and the pyridyl
groups of H-acceptor N."”) As shown in Figure 5.2b, the formation of H-bonds
between H-donor A and H-acceptor N was also confirmed in small molecular
H-bonded complex HB (i.e., A-N), where O-H bands of H-bonded complex HB
observed at 2536 and 1912 cm™ were weaker than that of pure H-donor A observed at
2556 cm’. These results suggested that supramolecular frameworks of H-bonded
complexes HP (i.e., AP-N) and HB (i.e., A-N) were formed by acid H-donor polymer

AP and H-donor A, respectively, with pyridyl H-acceptor N.
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Figure 5.2. IR spectra of (a) H-bonded bent-core side-chain polymer complex HP and its components N
(H-acceptor) and AP (H-donor homopolymer), and (b) H-bonded bent-core small molecular complex HB

and its components N (H-acceptor) and benzoic acid derivative A (H-donor).

5.3.3. Mesophasic and Thermal Properties of Banana-Shaped H-Bonded
Complexes HPm/CBn and CPm/HBn

In order to investigate the polymeric dopant effects of covalent- and H-bonded
structures on banana-shaped -H-bonded complexes, the mesomorphic and thermal
properties of H-bonded complexes HPm/CBn and CPm/HBn with various m/n
molar ratios (i.e., 15/1, 10/1, 5/1, 1/1, 1/5, 1/10 and 1/15) were investigated by POM
and DSC measurements. The thermal properties and phase behaviors of
banana-shaped LC H-bonded complexes HPm/CBn and CPm/HBn are illustrated in
Figures 5.3-5.4 and Tables 5.1-5.2. Banana-shaped H-bonded complexes HPm/CBn
(i.e., bent-core H-bonded side-chain homopolymer HP mixed with bent-core
covalent-bonded small molecule CB) mostly possessed the enantiotropic tilted
smectic (SmC) phases, which were verified by POM to show the grainy domain,
schlieren, and fan-like textures. For instance, the grainy domain of H-bonded complex
HP5/CBI1 is demonstrated in Figure 5.3a, and H-bonded complexes HPm/CBn (m/n

= 15/1, 10/1, 5/1, 1/1, and 1/5) exhibited the similar mesophasic type to indicate the
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Figure 5.3. POM textures at-the cooling process: (a) the tilted smectic phase with
grainy domain and birefringence of H-bonded complex HP5/CB1 at 100 °C; (b) the
polar smectic phase with schlieren and fan-like textures of H-bonded complex
HP1/CB15 at 90 °C; (c) the tilted smectic phase with birefringence of H-bonded
complex CP1/HBS5 at 80 °C; (d) the polar-smectic phase with schlieren and fan-like
textures of H-bonded complex CP1/HB15 at 90 °C.

tilted smectic phase. Regarding H-bonded complexes HP1/CB10 and HP1/CB15
with low m/n molar ratios, an enantiotropic polar smectic phase (SmCP) was obtained
as that of bent-core covalent-bonded small molecule CB, but H-bonded complexes
HP1/CB10 and HP1/CBI15 possessed lower melting and isotropization temperatures.
The schlieren and fan-like textures of H-bonded complex HP1/CB15 as characteristic
textures of the SmCP phase are shown in Figure 5.3b. Comparing all phase transition
temperatures of H-bonded complexes HPm/CBn in Table 5.1 and Figure 5.4a,
side-chain H-bonded homopolymer HP (i.e., AP-N) revealed the highest

isotropization temperatures and the widest mesophasic range (the SmC phase), and
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some H-bonded complexes HPm/CBn (as m/n = 1/10 and 1/15) with less polymeric
dopants exhibited lower isotropization temperatures than that of bent-core
covalent-bonded molecule CB (see Figure 5.4a). In addition, only H-bonded
complexes HP1/CB10 and HP1/CB15 doped with less polymeric configurations
(alike bent-core covalent-bonded small molecule CB) would display the SmCP phase
and the lowest isotropization temperatures. Therefore, the SmCP phase in bent-core
compound CB was stabilized by H-bonded complexes HPm/CBn (m/n = 1/10 and
1/15) with less H-bonded homopolymeric dopants, but it was replaced with the tilted
smectic phase in H-bonded complexes HPm/CBn (m/n = 15/1, 10/1, 5/1, 1/1, and 1/5)
with higher amounts of polymeric frameworks, which was favored by bent-core
H-bonded side-chain homopolymer HP.

With respect to banana-shaped H-bonded complexes CPm/HBn (i.e., bent-core
covalent-bonded side-chain homopolymer CP mixed with bent-core H-bonded small
molecular complex HB), the mesophase was not clearly acquired in most H-bonded
complexes CPm/HBn (including m/n = 15/1,-10/1, 5/1, and 1/1). However, the
birefringence of an enantiotropic tilted smectic phase was recovered in H-bonded
complex CP1/HBI1 (see Figure 5.3c). In addition, the polar smectic (SmCP) phase of
H-bonded complexes CP1/HB10 and CP1/HB15 was acquired as that of bent-core
H-bonded small molecular complex HB (i.e., A-N), which were clarified by the
schlieren and fan-like textures of CP1/HB15 as shown in Figure 5.3d. Comparing the
phase transition temperatures of H-bonded complexes CPm/HBn and their
corresponding components CP (bent-core covalent-bonded polymer) and HB
(bent-core H-bonded molecular complex) illustrated in Table 5.2 and Figure 5.4b, the
isotropization temperatures of all H-bonded complexes CPm/HBn were lower than
that of polymer CP, and some H-bonded complexes CPm/HBn (as m/n = 1/5, 1/10,

and 1/15) with less polymeric dopants exhibited lower isotropization temperatures
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than that of H-bonded molecular complex HB (see Figure 5.4b). Therefore, the SmCP
phase in bent-core H-bonded molecular complex HB was stabilized by H-bonded
complexes CPm/HBn (m/n = 1/10 and 1/15) with less polymeric dopants, but it was
replaced with the tilted smectic phase or even became non-mesomorphic in H-bonded
complexes CPm/HBn (m/n = 15/1, 10/1, 5/1, 1/1, and 1/5) with higher amounts of

polymeric frameworks.

Table 5.1. Phase Transition Temperatures and Enthalpies of Banana-Shaped
H-Bonded Complexes, Side-Chain H-Bonded Homopolymer HP (i.e., AP-N), and
Bent-Core Covalent-Bonded Molecule CB
Complex/ | Phase transition temperature/°C [Enthalpy/kJ/g]

compound Heating(up) / Cooling (down)
Cr 96.3 [3.0] SmC 162:2 [22.4] Iso

Iso 155.1 [-27.5] SmC 76.2 [-4.5] Cr
Cr 92.5(4.7)SmC 120.1(8.8) Iso

Iso 120.4(-13.1) SmC 74.7(-3.7) Cr
Cr 91.5(-6.7) SmC 118.3(-10.5) Iso
Iso 119.4(-17.1) SmC 71.5(-5.2) Cr
Cr90.3 (14.5)SmC-117.6(11.1) Iso
Iso 115.4(-20.1) SmC 74.7(-11.0) Cr
Cr 98.3(27.0)SmC 127.0(10.0)Iso

Iso 124.5(-10.4) SmC 96.8(-16.9) Cr
Cr 96.2 (24.8) SmC 128.3(9.2) Iso

Iso 125.3(-12.7) SmC 95.4(-13.7) Cr
Cr97.8 (67.0) SmCP 118.2 (19.2) Iso
Iso 96.1(-16.9)SmCP 73.7(-43.7) Cr
Cr 100.3(46.3) SmCP 110.5(14.8) Iso
Iso 105.7(-19.8) SmCP 76.7 (-47.9) Cr
Cr 101.7 (73.5) SmCP 115.4 (44.2) Iso
Iso 112.7 (-43.8) SmCP 83.3 (-73.7) Cr

The phase transitions were measured by DSC at the 2nd scan with a cooling rate of 5

HP

HP15/CB1

HP10/CB1

HP5/CB1

HP1/CB1

HP1/CBS

HP1/CB10

HP1/CB15

CB

°C/min. I = 1soptropic state; SmC = tilted smectic phase; SmCP = polar smectic phase;

K = crystalline state.
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Table 5.2. Phase Transition Temperatures and Enthalpies of Banana-Shaped
H-Bonded Complexes, Bent-Core Covalent-Bonded Side-Chain Homopolymer CP,
and H-Bonded Small Molecular Complex HB

Complex/ | Phase transition temperature/°C [Enthalpy/kJ/g]
compound Heating(up) / Cooling (down)
cp |Cr1363(23.5) SmC 150° Iso
Iso 148° SmC 130(-19.4) Cr
Cr 124.2(26.0) I
cp1smpy| S 1242(26.0) Iso
Iso 119.7(-27.6) Cr
Cr122.6 (38.3)1
CP10/HB1| (38.3) Iso
Iso 116.7(-39.9) Cr
Cr119.932.7) 1
cps/py |CF 119-9(32.7) Iso
Iso 114.7(-28.5) Cr
Cr 121. AN |
cpimpy |CF 121:8(33.7) Iso
Iso 116.2(-27.2) Cr
Cr 83.3(13.7) SmC.95.5(19.4) Iso
CP1/HBS
Iso 95.0(-36.7) SmC 72.0(-15.9) Cr
4.6(19.1 . B) 1
CPL/HB10 Cr 84.6(19.1) SmCP 98.1(39.8) Iso
Iso 95:5(-47.9) SmCP 77.8(-19.5) Cr
2(17. : S)1
CPLHB15 Cr 89.2(17.6) SmCP 99.3(56.5) Iso
Iso 96.8(-45.2) SmCP 80.8(-15.9) Cr
HB Cr 107.2(79.:0) SmCP _110.1* Iso
Iso 109.6(-35.4) SmCP 90.7 (-16.2) Cr

The phase transitions were measured by DSC at the 2nd cooling scan with a cooling
rate of 5 °C/min. I = isoptropic state; SmC = tilted smectic phase; SmCP = polar
smectic phase; K = crystalline state. * the enthalpy values of two overlapped transition

peaks. ® the temperature was observed by POM.

Overall, due to the stronger intermolecular interactions and tighter stackings of
covalent- and H-bonded bent-cores in homopolymers (CP and HP, respectively),
bent-core homopolymers CP and HP had higher isotropization temperatures than
their H-bonded complexes HPm/CBn and CPm/HBn. The looser molecular
stackings of H-bonded complexes HPm/CBn and CPm/HBn provided H-bonded

complex systems (as m/n = 1/10 and 1/15 possessing less polymeric dopants) with
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suitable disordered arrangements of both covalent- and H-bonded structures to
stabilize the SmCP phase, which would induce lower transition temperatures (and
possibly wider mesophasic ranges) as well as tunable Ps values (to be shown later) in

the proper polymeric molar ratios of banana-shaped H-bonded complexes.
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Figure 5.4. Phase diagrams (upon 2nd cooling): (a) banana-shaped H-bonded
complexes HPm/CBn, consisting of side-chain H-bonded homopolymer HP (i.e.,
AP-N) and bent-core covalent-bonded molecule CB; (b) banana-shaped H-bonded
complexes CPm/HBn, consisting of covalent-bonded side-chain homopolymer CP

and H-bonded small molecular complex HB.
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—— HP1/CB10
—— HP1/CB15

Intensity (a.u.)

2 theta (degree)

Figure 5.5. (a) Powder X-ray 2D pattern of H-bonded complex HP1/CB10 (at 80 °C
cooling); (b) Powder X-ray diffraction intensities against angle profiles of H-bonded
complexes HP1/CB10 and HP1/CB1S5 in the polar smectic phase (at 90 °C cooling).

5.3.4. Powder XRD Analyses of Bent-Core H-Bonded Complexes HPm/CBn and
CPm/HBn

The molecular organizations of banana-shaped H-bonded complexes HPm/CBn
and CPm/HBn in different mesophases, especially the layered structures of the
smectic phases, could be characterized by XRD measurements, and their results are

demonstrated in Tables 5.3 and 5.4. The formation of bent-core H-bonded complexes
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were further confirmed by the different d-spacing values of the smectic phases from
those of their constituents. For instance, new sharp XRD peaks indexed as (001) in the
small angle region were obtained in bent-core H-bonded complexes HPm/CBn and
CPm/HBn, respectively. In addition, no separated diffraction peaks in H-bonded
complexes HPm/CBn and CPm/HBn were observed to prove no phase separations
occurred between their components. Wide angle diffuse peaks corresponding to a
d-spacing value of 4.6 A indicated that similar liquid-like in-plane orders with
average intermolecular distances were prevalent inside the smectic layers of bent-core
side-chain polymer complexes. As shown in Tables 5.3 and 5.4 (also see Figures
5.5-5.6 and Figure S5.2 of the supporting information), the d-spacing values of
bent-core H-bonded complexes HPm/CBn and CPm/HBn were mostly longer than
those of bent-core homopolymers (HP and CP) and small molecules (CB and HB)
owing to the less tilted and looser arrangements of the mixtures from both H-bonded
and covalent-bonded structures.

Generally, bent-core H-bonded. complexes CPm/HBn had larger d-spacing
values than H-bonded polymer complexes HPm/CBn. This phenomenon of smaller
d-spacing values in H-bonded polymer complexes HPm/CBn might be explained by
that the higher flexibility of bent-core H-bonded homopolymer HP and its larger
compatibility with bent-core covalent-bonded small molecule CB to induce the better

interactions and more compact stackings of both components, which also explained

the better mesomorphic properties of H-bonded polymer complexes HPm/CBn (with
wider SmCP phasic ranges and more constituted complexes possessing the SmC
phase) than those of H-bonded complexes CPm/HBn demonstrated in Figure 5.4. In
addition, several sharp peaks were accomplished in covalent-bonded polymer CP to

1

mean the long range ordered smectic structure,”'! and H-bonded homopolymer HP
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displayed a sharp diffraction peak to reveal tilted molecular organization. The largest
d-spacing value of H-bonded complexes HPm/CBn and CPm/HBn (d; = 42.0 A for
HP1/CB10 and d; = 51.6 A for CP1/HB15, respectively) were shorter than the
theoretical length of small molecular H-bonded complex HB (about 58 A) to indicate
the tilted smectic arrangement of polymer H-bonded complexes HPm/CBn and
CPm/HBn. For example, the two-dimensional structures of the SmCP phase in
bent-core H-bonded complexes HP1/CB10 and CP1/HB10 were also confirmed to be

tilted smectic structures by the XRD results (see Figures 5-6).

Table. 5.3. Powder XRD Data of Banana-Shaped H-Bonded Complexes and Their
Corresponding Components

Complex/ Cooling .
2theta | d-spacing(A)

compound | Temp. (°C)

N/ 35.2

HP 140

4.40 17.4

2.00 38.2
HP15/CB1 110

4.05 18.9

1.92 39.8
HP10/CB1 110

3.84 19.9

1.90 40.2
HP5/CB1 105

3.80 20.1

1.87 40.9
HP1/CB1 110

3.76 20.3

1.84 41.5
HP1/CBS5S 110

3.90 19.6

1.82 42.0
HP1/CB10 80

3.72 20.7

1.96 39.0
HP1/CB15 90 3.98 19.2

6.00 12.7

2.23 343

CB 100
4.41 17.3
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Figure 5.6. (a) Powder X-ray 2D pattern of H-bonded complex CP1/HB10 (at 90 °C
cooling); (b) Powder X-ray diffraction intensities against angle profiles of H-bonded
complexes CP1/HB10 and CP1/HB1S in the polar smectic phase (at 90 °C cooling).
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Table. 5.4. Powder XRD Data of Banana-Shaped H-Bonded Complexes and Their
Corresponding Components

Complex/ Cooling .
2theta | d-spacing(A)
compound Temp. (°C)
2.10 36.4
3.14 24.3
Cp 140 3.85 19.9
4.48 17.1
5.20 14.7
1.51 50.6
2.40 31.8
CP1/HB5 80
4.20 18.2
5.08 15.1
1.80 42.5
2.70 28.3
CP1/HB10 90
4.49 17.1
5.49 13.9
1.48 51.6
2.38 32.1
CP1/HB15 90
3.18 24.0
4.94 15.5
HB 100 1.62 47.2

5.3.5. Electro-Optical Properties of Bent-Core Mixtures HPm/CBn and
CPm/HBn

In order to evaluate the polar switching current properties of the SmCP phase in
all banana-shaped H-bonded complexes HPm/CBn and CPm/HBn, the triangular
wave method was applied to measure the switching current behavior (i.e., the
spontaneous polarization) in parallel rubbing cells with a cell gap of 4.25 um.
Regarding the spontaneous polarization (Ps) behaviors of H-bonded complexes

HPm/CBn, two current peaks per half-period of an applied triangular voltage were
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observed in the switching current response curves of the SmCP phase in H-bonded
complexes HP1/CB10 and HP1/CB15. The two-peak switching current response
curve of H-bonded complex HP1/CB15 in the SmCP phase is shown in Figure 5.7a,
where 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 again. These phenomena confirmed the SmCP, (A =
anti-ferroelectric behavior) structure of the B2 phase in the bent-core H-bonded
complex.””! As shown in Figure 5.7b, the Ps values of 280 and 450 nC/cm® were
saturated at high voltages (Vpp > 200 V) for H-bonded complexes HP1/CB10 and
HP1/CBI15, respectively. Compared with H-bonded complexes, the saturated Ps value
of 500 nC/cm™ in CB (the bent-core covalent-bonded small molecule) was obtained at
a much higher voltage above Vpp = 320 V-in our previous study.** This might be
explained by that the host system of covalent-bonded molecule CB doped with
H-bonded polymer HP would reach saturated Ps values at lower voltages due to the
softer bent-core mixed configurations in H-bonded complexes HP1/CB10 and
HP1/CB15. Moreover, the electro-optical properties in the SmC phase of H-bonded
complexes HPm/CBn with n/m ratios between 15/1 and 1/5 were proven to be no
polar switching current responses under AC fields.

With respect to the Ps values of H-bonded complexes CPm/HBn, for instance,
H-bonded complex CP1/HBI1S revealed two-peak switching current response curves
in Figure 5.8a to prove the anti-ferroelectric behavior of the polar smectic phase, and
H-bonded complex CP1/HB10 displayed a similar polar switching current behavior to
indicate the existence of the SmCP4 phase. As shown in Figure 5.8b, the Ps values at
high voltages (i.e., Vpp > 200 V) were both saturated at 350 nC/cm” for H-bonded
complexes CP1/HB15 and CP1/HB10. On the contrary, the saturated Ps value of 115

nC/cm™ in bent-core H-bonded small molecular complex HB (i.c., A-N) was obtained
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at a higher voltage of Vpp = 210 V in our previous study.*” The Ps values of
banana-shaped H-bonded complexes and their corresponding components are
summarized. The higher Ps values of SmCP phase in bent-core H-bonded complexes
CP1/HB15 and CP1/HB10 than that of H-bonded molecular complex HB indicated
that the polar switching current behavior was not only contributed from H-bonded
molecular complex HB but also provided by covalent-bonded polymer dopant CP.
Therefore, the mesophasic range, Ps value, and stability of the SmCP phase could be
enhanced by doping H-bonded molecular complex HB with small molar ratios of
bent-core covalent-bonded side-chain homopolymer CP.

A switching process could also be checked through the rotation of the extinction
crosses (Figure 5.9) by applying (or after removing) opposite d.c. electric fields in the
banana-shaped H-bonded complexes with the SmCP phase. For instance, circular
domains of H-bonded complex CP1/HB1S were formed in the SmCP mesophasic
range, in which the smectic layers were circularly arranged around the centers of the
domains, which were organized according to the‘domain models proposed by Link et
al®**) As shown in Figure 5.9, the rotation of the extinction crosses during the
switched on and off states in H-bonded complex CP1/HB15 demonstrated the chiral
domain behavior."” In view of Figure 5.9a and 5.9¢, by applying d.c. 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 (SmCsPr). By removing electric fields (off state),
the extinction crosses were reoriented back to the crossed polarizer directions (see
Figure 5.9b), where an anticlinic tilt existed in the antiferroelectric ground state
(SmCaPa). Hence, the anti-clinic and anti-ferroelectric polar smectic (SmCaPy4)
arrangement in the ground state of H-bonded complex CP1/HB1S were identified,

and the other H-bonded complexes possessing the anti-ferroelectric polar smectic
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(SmCaP4) phase were also confirmed.
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Figure 5.7. (a) Switching current responses of banana-shaped H-bonded complex
HP1/CB15 (at 80 °C cooling) under the triangular wave method (as Vpp =240 V and
f =200 Hz). (b) Ps values as a function of applied voltages (as f = 200 Hz) in the
SmCP phase of banana-shaped H-bonded complexes HP1/CB15 and HP1/CB10 (at
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90 °C cooling).
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Figure 5.8. (a) Switching current responses of banana-shaped H-bonded complex
CP1/HB1S (at 85 °C cooling) under the triangular wave method (as Vpp =240 V and
f =200 Hz). (b) Ps values as a function of applied voltages (as f = 200Hz) in the
SmCP phase of banana-shaped H-bonded complexes CP1/HB15 and CP1/HB10 (at
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90 °C cooling).
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Figure 5.9. POM textures of the anti-ferroelectric SmCaPA chiral domain (in a

SmCsPF

parallel rubbing cell with a cell gap of 4.25 um, where white arrows are the directions
of polarizers and analyzers) in banana-shaped H-bonded complex CP1/HB1S by
applying d.c. electric fields from (a) -30 V = (b) 0 V = (¢) +30 V (at 90 °C cooling).

5.4. Conclusions

In summary, banana-shaped liquid crystalline (LC) H-bonded complexes
HPm/CBn and CPm/HBn (with various m/n molar ratios) were developed by
mixing both H-bonded and covalent-bonded moieties in combination with polymeric
and small molecular structures, where either H-bonded or covalent-bonded structural
units were homopolymerized in the banana-shaped side-chain H-bonded LC polymer

complexes HPm/CBn and CPm/HBn, respectively, to stabilize the polar smectic
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(SmCaP4) phase. Due to the stronger intermolecular interactions and tighter stackings
of H-bonded and covalent-bonded bent-cores in homopolymers (HP and CP),
bent-core homopolymers HP and CP had higher isotropization temperatures than
their H-bonded complexes HPm/CBn and CPm/HBn, respectively. The looser
molecular stackings of H-bonded complexes HPm/CBn and CPm/HBn provided
H-bonded complex systems (as m/m = 1/10 and 1/15 possessing less polymeric
dopants) with suitable disordered arrangements of both covalent- and H-bonded
structures to stabilize the SmCP phase, which would induce lower transition
temperatures (and possibly wider mesophasic ranges) as well as tunable Ps values in
the proper polymeric molar ratios of banana-shaped H-bonded complexes. Hence,
lower Ps values were obtained in H-bonded complexes HPm/CBn and CPm/HBn
with higher ratios of H-bonded moieties (larger m/m molar ratios), correspondingly.
Because of the higher flexibility of bent-core H-bonded homopolymer HP and its
larger compatibility with bent-core covalent-bonded small molecule CB to induce the
better interactions and more compact stackings of both components, the better
mesomorphic properties of H-bonded polymer complexes HPm/CBn (with wider
SmCP phasic ranges and more constituted complexes possessing the SmC phase) than
those of H-bonded complexes CPm/HBn. According to the XRD measurements and
switching current responses (including the chirality investigation), the polar smectic
(SmCxAP,) phase were verified to be achieved and stabilized by smaller contents of
polymeric dopants in banana-shaped LC H-bonded complexes, such as HP1/CB10,
HP1/CB15, CP1/HB10, and CP1/HB15. Overall, the mesomorphic and
electro-optical properties of banana-shaped LC materials could be efficiently adjusted
by mixing either H-bonded or covalent-bonded bent-core side-chain homopolymers
with low molecular weight bent-core LC materials possessing covalent-bonded or

H-bonded designs opposite to the previous homopolymers.
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5.5. Electronic Supplementary Information
5.5.1. Synthesis

The synthetic procedures of H-donor monomer A’, bent-core monomer B’, and
pyridyl H-acceptor N were proceeded according to scheme S1.

5.5.1.1. Synthesis of 12-bromododecanol (1). Doecan 1,12-diol (1e.q) and HBr
(le.q.) were dissolved in toluene solvent to react at 60°C for 24 hours, and side
product HO could be removed by dean stark installation. After then, the reacted
solution was extracted by ethyl acetate (EA) and water, and the organic liquid layer
was purified by column chromatography to give a liquid product. Yield: 56%. 'H
NMR (300 MHz, CDCl;) 8 (ppm): 3.57 (t, J = 6.6 Hz, 2H, -OCH>-), 3.39 (t, /= 6.9
Hz , 2H, Br-CH>»-), 3.19 (s, 1H, -OH), 2:04-1.80 (m, 2H, Br-CH,CH>-), 1.56-1.49 (m,
2H, HO-CH,CH>-), 1.44-1.21 (m, 16H, -CHy-):

5.5.1.2. Synthesis of compound (cpd) 2. 12-bromododecanol (1) (1.1 e.q),
methyl 4-hydroxybenzoate and potassium carbonate (KoCOs) (1.5 eq.) were dissolved
in acetone solvent to react at reflux temperature for 20 hours. After that, water was
added to dissolve the inorganic salt and a white precipitation was produced.
Subsequently, the white powder was washed by hexane to get a pure product. Yield:
91 %. '"H NMR (300 MHz, CDCls) & (ppm): 7.95 (d, J = 9.0 Hz, 2H, Ar-H), 6.87 (d, J
= 9.0 Hz, 2H, Ar-H), 3.97 (t, J = 6.3 Hz, 2H, -OCH>-), 3.85 (s, 3H, -OCH3), 3.61 (m,
2H, -CH,OH), 1.79 (s, 1H, -OH), 1.26(m, 20H, -CH>-).

5.5.1.3. Synthesis of cpd 3. Cpd 2 (1 e.q.) and potassium hydroxide (KOH) (4
e.q.) were dissolved in ethanol solvent to reflux and react for 16 hours. After cooling
reacted liquid to room temperature, HCI (10 vol% in water) solution was added to
react 30 minutes. The precipitation was filtered and a white powder was formed. The
powder was recrystallized by ethanol and hexane (1:3 vol) to collect a pure white

product. Yield: 95 %. '"H NMR (300 MHz, CDCl) & (ppm): 7.92 (d, J = 8.7 Hz, 2H,
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Ar-H), 6.92 (d, J = 8.7 Hz, 2H, Ar-H), 4.00 (t, /= 6.6 Hz, 2H, -OCH>-), 3.45 (t, J =
6.3 Hz, 2H, -CH,OH), 2.06(s, 1H, -OH), 1.78 (m, 2H, -CH,CH,OH), 1.29 (m, 18H,
-CH,-).

5.5.1.4. Synthesis of H-donor monomer (A’). T The addition of terminal acryl
group on cpd 2 was proceeded by the reaction of acryloyloxy chloride (1.5 e.q.) and
cpd 2 (1 e.q.) in 1,4-dioxane solvent with an organic base of dimethylaniline (DMA)
(1.1 e.q.) under nitrogen to react at room temperature for 24 hours. When the reaction
was finished, a dilute HCI solution (10 vol% in water) was added to the reacted
solution to form a white powder. The product was purified by column
chromatography to give a white product. Yield: 55 %. '"H NMR (300 MHz, CDCL) &
(ppm): 8.03 (d, J =9.0 Hz, 2H, Ar-H),.6.91(d; J= 9.0 Hz, 2H, Ar-H), 6.41 (d, J = 18
Hz, 1H, -CH=CH,), 6.35 (m, 1H, =CH-);6.07 (d, /= 9.0 Hz, 1H, -CH=CH.»), 4.13 (t,
J = 6.6 Hz, 2H, Ar-OCH,-), 4.00 (t, J = 6.3 Hz, 2H, C=C-OCH>-), 1.79 (m, 2H,
Ar-OCH,CH»-), 1.63 (m, 2H, C=C-OCH,CH,-), 1.26 (m, 16H, -CH>-). MS (EI): m/z
[M+] 377; caled m/z [M+] 376.5. . EA: Calcd for C;,H3,0s5: C, 70.18; H, 8,57. Found:
C, 70.33; H, 8.52.

5.5.1.5. Synthesis of cpd 5. Cpd 4 (1 e.q.), resorcinol (1 e.q.),
N,N-dicyclohexylcarbodiimide (DCC) (1.1 eq), and a catalytic amount of
4-(N,N-dimethylamino) Pyridine (DMAP) were dissolved in dry dichloromethane
(DCM) under nitrogen to react at room temperature for 15 hours. The precipitated
dicyclohexylurea (DCU) was filtered off and washed with an excess of DCM (20 ml).
The filtrate was extracted with water and DCM, and the organic liquid layer was dried
over anhydrous magnesium sulphate. After removal of the solvent by evaporation
under reduced pressure, the residue was recrystallized from ethanol to give a white
solid. Yield: 44 %. "H NMR (300 MHz, CDCL) & (ppm) : 8.25 (d, J = 8.7 Hz, 2H,
Ar-H), 8.14 (d, /= 9.0 Hz, 2H, Ar-H), 7.40 (d, J = 8.7 Hz, 2H, Ar-H), 7.22 (t, J = 8.1
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Hz, 1H, Ar-H), 7.03 (d, J = 9.0 Hz, 2H, Ar-H), 6.71-6.66 (m, 3H, Ar-H), 4.06 (t, J =
6.6 Hz, 2H, OCH>), 1.80 (m, 2H, OCH,CH,), 1.47-1.28 (m, 18H, CH,), 0.88 (t, J =
6.3 Hz, 3H, CH3).

5.5.1.6. Synthesis of pyridyl H-Acceptor (N). A mixture of cpd 5 (1 e.q.),
isonicotinoyl chloride hydrochloride (1.1 e.q.), and triethylamine (1.2 e.q.) were
dissolved in dry DCM under nitrogen to react at room temperature for 8 hours. After
work up, the solvent was extracted with water and DCM, and organic liquid layer was
dried over anhydrous magnesium sulphate. After removal of the solvent by
evaporation under reduced pressure, the residue was purified by column
chromatography and recrystallized by DCM and hexane (1:4 vol) to give a white solid.
Yield: 95 %, '"H NMR (300 MHz, CDCl)::5:8.89 (d, J = 4.2 Hz, 2H, Ar-H), 8.22 (d, J
= 8.7 Hz, 2H, Ar-H), 8.08(d, J = 8.7 Hz; 2H, Ar-H), 8.01 (d, J = 4.2 Hz, 2H, Ar-H),
7.59 (t, J= 8.1 Hz, 1H, Ar-H), 7.51 (d, J= 9.0 Hz, 2H, Ar-H), 7.41 (s, 1H, Ar-H), 7.32
(br, 2H, Ar-H), 7.10 (d, J = 9.0 Hz; 2H, Ar-H); 4.07 (t, J = 6.3 Hz, 2H, OCH»), 1.74
(br, 2H, OCH,CH>), 1.23 (br, 18H, CH,), 0.84 (t,J = 6.3 Hz, 3H, CH3). MS (EI): m/z
[M+] 624; calcd m/z [M+] 623.7. EA: Calcd for C33H4NO7: N, 2.25 C, 73.17; H,
6.63;. Found: N, 2.44 C, 73.25; H, 6.75.

5.5.1.7. Synthesis of cpd 7. Methyl 4-hydroxybenzoate (cpd 6) (leq.), benzyl
bromide (1.1eq.), and K,COs (1.5eq.) were dissolved in acetone solvent and reacted at
reflux temperature for 10 hours. After removing acetone at reduced pressure, water
was added and a precipitate was produced immediately. The crude product was
recrystallized by acetone and hexane (1:4 vol) to give a white solid. Yield: 97%, 'H
NMR (300 MHz, CDCl) & 7.03 (d, J = 9.0 Hz, 2H, Ar-H), 6.63-6.50 (m, SH, Ar-H),
6.35(d, J=9.0Hz, Ar-H), 4.38 (s, 2H, OCH.), 2.49 (s, 3H, OCH3).

5.5.1.8. Synthesis of cpd 8. Cpd 7 (leq.) and KOH (4eq.) were dissolved in

ethanol and reacted at reflux temperature for 10 hours. HCI solution (10 vol% in
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water) was added to produce a precipitate, and the crude product was recrystallized by
THF and hexane (1:10 vol) to give a white solid. Yield: 98 %, 'H NMR (300 MHz,
DMSO) & 7.87 (d, J=9.0 Hz, 2H, Ar-H), 7.46-7.33 (m, 5H, Ar-H), 7.07 (d, /= 9.0 Hz,
2H, Ar-H), 5.17 (s, 2H, OCH,).

5.5.1.9. Synthesis of cpd 9. Cpd 8 (1.1 e.q.) and cpd 4 (1 e.q.) were dissolved in
dry DCM solvent and reacted with a catalytic amount of DMAP (0.2 e.q.) and DCC
(1.1 eq) under nitrogen for 24 hours. The organic solution was extracted by DCM and
water (1:1 vol) and recrystallized by DCM and ethanol (1:10 vol) to yield a white
solid. Yield: 57%. "H NMR (300 MHz, d-dioxane) & (ppm) : 8.26 (d, J= 9.0 Hz, 2H,
Ar-H), 8.13 (d, /= 9.0 Hz, 2H, Ar-H), 7.44-7.29 (m, 10H, Ar-H), 6.97 (d, J = 9.0 Hz,
2H, Ar-H) > 6.91-6.81 (m, 7H, Ar-H), 5.06(s; 1H, -Ar-O-CH»-Ar), 4.04(t, J = 6.6 Hz,
2H, OCH.,), 1.81(t, J = 6.3 Hz, 2H, OCH,CH»)~ 1.46-1.25(m, 18H, -CH>-), 0.86 (t, J =
6.3 Hz, 3H, CH3).

5.5.1.10. Synthesis of cpd 10. Cpd 9 and Pd/C catalyst were mixed in THF
solvent under hydrogen to react‘at room temperature for 20 hours. The catalyst was
removed by filtration through Celite and washed with THF. The solvent was removed
by evaporation under reduced pressure, and the crude product was recrystallized by
THF and hexane (1:10 vol) to produce a white solid. Yield: 80 %. "H NMR (300 MHz,
d-dioxane): o(ppm) : 8.28 (d, J =9.0 Hz, 2H, Ar-H), 8.13 (d, J = 9.0 Hz, 2H, Ar-H),
8.05 (d, /=8.7 Hz, 2H, Ar-H), 7.47 (t, J = 8.1 Hz, 1H, Ar-H), 7.41 (d, J= 8.7 Hz, 2H,
Ar-H), 7.22 (s, 1H, Ar-H), 7.19-7.14 (m, 4H, Ar-H), 7.03 (d, J = 9.0 Hz, 2H, Ar-H),
6.86 (d, J = 8.7 Hz, 2H, Ar-H), 4.05 (t, J = 6.3 Hz, 2H, -OCH>-) > 1.80(m, 2H,
-OCH,CH>-) » 1.28(m, 18H, -CH>-) > 0.88(t, J = 6.3 Hz, 3H, -CH3).

5.5.1.11. Synthesis of bent-core covalent-bonded monomer (B’). Cpd A’ (1.1
e.q.), cpd 10 (1 e.q.), DCC (1.1 e.q.), and DMAP (0.2 e.q.) were dissolved in THF

solvent under nitrogen to react at room temperature for 24 hours. The solution was
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extracted by DCM and water, and purified by column chromatography to acquire a
white solid. Yield: 60 %. 'H NMR (300 MHz, d-dioxane) & (ppm) : 8.25 (d, J = 9.0
Hz, 2H, Ar-H), 8.10 (d, J = 8.7 Hz, 2H, Ar-H), 7.48 (d, J= 8.1 Hz, 1H, Ar-H), 7.38 (d,
J=9.0 Hz, 2H, Ar-H), 7.25(s, 1H, Ar-H), 7.17 (d, J = 8.1 Hz, 1H, Ar-H), 7.01 (d, J =
8.7 Hz, 2H, Ar-H), 6.29 (d, J=17.1 Hz, 1H, -CH=CH>), 6.08(m, 1H, -CH=) > 5.77 (d,
J = 10.2 Hz, 1H, -CH=CH,), 4.08-4.00 (m, 6H, -OCH,-) - 1.78-1.71(m, 4H,
-OCH,CH>-) » 1.59-1.56(m, 2H, -OCH,CH,-), 1.43-1.26 (m, 34H, -CH>-), 0.84 (t, J =
6.3 Hz, 3H, -CH3). MS (EI): m/z [M+] 998; calcd m/z [M+] 997.2. EA: Calcd for

Ce1H72,012: C, 73.47; H, 7.28;. Found: C, 73.82; H, 6.95.
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Figure S5.2. Powder X-ray diffraction intensities against angle profiles of bent-core
side-chain homopolymers HP and CP and bent-core small molecular structures CB
and HB.
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Scheme S5.1. Synthetic procedures of monomers A’, B’, and H-acceptor N. (i): HBr,
toluene, (i1): methyl 4-hydroxybenzoate, K,COs, Acetone; (ii1i) KOH, ethanol; (iv)
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Chapter 6
Dopant Effect of Covalent Structures on H-bonded

Banana-shaped Liquid Crystals

6.1. Introduction
Banana-shaped liquid crystals, which were framed by a bent-shaped achiral
structure, displayed interesting special mesomorphic and electro-optical properties

due to the peculiar intermolecular arrangements.'"

Originally, the spontaneous
polarization (Ps) behaviors of electro-optical properties were only displayed in liquid
crystalline mesogens with a chiral center part. > However, since the first example of
bent-core structure, which built with resorcinol derivative linking through polar
functional groups with a suitable bent angle as well as appropriate lengths of flexible

la,12a

chains was developed,' I'Ps behaviors were achieved in bent-shaped molecules

duo to the various molecular polar and-tilt directions in neighboring layers.””’
Naturally, their particular mesophases, including column stacking, tilt smectic phases,
and three dimension structures, named as Bl to B7 were adequately developed and
identified.””) Among these phases with switching properties, B2 phase, so called
polar smectic phase (SmCP) was the most frequently examined. Based on the
molecular polar and tilt directions in neighboring layers, ferroelectric (F) and
antiferroelectric (A) states are accomplished cause of the identical and inverse
polarization between layer to layer, respectively. Synclinic (S) and anticlinic (A)
status are executed duo to the alike and opposite molecular tilt aspect between layer to

layer, respectively. Hence, the supramolecular architectures of homochiral domains

(SmCAP4 and SmCsPr) and racemic domains (SmCsP4 and SmCxPr) were developed.

199



In order to perform the electro-optical applications of bent-core liquid crystalline
materials, such as spontaneous polarized capabilities, nonlinear optics,** and fast

[052.55] the most important and interesting issue of bent-core

responsive LCD devices,
molecule is to retain and extend the lamellar organization with spontaneous
polarization and electric-optical switching properties. However, high and narrow
mesophasic transition temperatures were observed in traditional five-ring bent-core
symmetric materials.”*! In order to stabilize the switching current behaviors of SmCP
phase and reduce mesophasic transition temperatures, the varieties of bent-shaped
molecular designs were developed, including fluoro lateral substitutes,” siloxyl and
silyl derivatives, %"l and hydrogen bonds (H-bonds)”~**"**] in bent-core
structures. In addition, the influence .of bent-core molecular dopant effect on the
mesomorphic and electro-optical properties were also studied to induce or stabilize
the particular smectic arrangements and chirality by doping with rod-like
chiral/achiral liquid crystals in bent-core blending systems.'*™" !

In our previous works, on ‘the contrast of mesophasic behaviors of traditional
five-ring covalent-bonded bent-core materials,””’ bent-core H-bonded complexes with
single far-central H-bonded sites at the rigid cores exhibited lower phase transition
temperatures and threshold voltages of SmCP phase, where was indicated the single
H-bonded injection in bent-core materials was performed the softer intermolecular
arrangement. However, the SmCP phase of H-bonded complexes was disappeared in
the bent-core H-bonded complexes bearing two H-bonds or single near-central
H-bond. Based on our reported results, the production and enhancement of
spontaneous polarization behaviors in bent-core small molecular liquid crystals was
focused to be the primary purpose in this study.

In our conception, the bent-core small molecular blending systems were proposed to

adjust the spontaneous polarization behavior by mixing with soft (H-bonded) and
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Figure 6.1. The molecular arranged models of complexes Sm/An-x/y, Sm/Bn-x/y,
and S16/C12-x/y and their individual covalent- and H-bonded composited chemical
structures Sm, An, Bn, and C12.

rigid (covalent-bonded) interacted bent-core structures. Hence, four bent-core
covalent- and H-bonded structures Sm, An, Bn, and C12 were prepared. Compounds
Sm (m = 12 and 16) are the five-ring fully covalent bent-core structures connected by
ester linkages.”) Complexes An (n = 12 and 16) are the five-ring bent-core symmetric
timers with in two sides of H-bonded linkages. Complexes Bn (n = 12 and 16) and

C12 are the five-ring bent-core asymmetric hetero-dimers with a single side of far-
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and near-central H-bonded linkages, respectively. Three series of bent-core covalent-
and H-bonded complexes Sm/An-x/y, Sm/Bn-x/y, and S16/C12-x/y, which were
composed with several covalent- and H-bonded (x/y) molar doping ratios 1/0, 9/1, 8/2,
7/3, 6/4, 5/5, 4/6, 3/7, 2/8, 1/9, and 0/1 as shown in Figure 6.1. The variations of
mesomorphic and electro-optical properties influenced by the molar doping (x/y)
ratios of bent-core covalent- and H-bonded structures in bent-core mixtures were
mainly investigated, and their mesomorphic and electro-optical properties were
examined and characterized by polarizing optical microscopy (POM), differential
scanning calorimetry (DSC), powder X-ray diffraction (XRD), and electro-optical

(EO) switching current experiments.

6.2. Experimental
6.2.1. Characterization methods

"H NMR spectra were recorded on a Varian Unity 300 MHz spectrometer using
ds-dioxane and CDCl; as solvents and mass measurements were determined on a
Micromass TRIO-2000 GC-MS. Elemental analyses (EA) were performed on a
Heraecus CHN-OS RAPID elemental analyzer. Mesophasic textures were
characterized by polarizing optical microscopy (POM) using a Leica DMLP equipped
with a hot stage. Temperatures and enthalpies of phase transitions were determined by
differential scanning calorimetry (DSC, model: Perkin Elmer Pyris 7) under N, at a
heating and cooling rate of 10 °Cmin™". Synchrotron powder X-ray diffraction (XRD)
measurements were performed at beamline BL17A of the National Synchrotron
Radiation Research Center (NSRRC), Taiwan, where the wavelength of X-ray was
1.33366 A. The powder samples were packed into capillary tubes and heated by a heat
gun, whose temperature controller was programmable by a PC with a PID feedback

system. The scattering angle theta was calibrated by a mixture of silver behenate and
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silicon. The electro-optical properties were determined in commercially available ITO
cells (from Mesostate Corp., thickness = 4.25 pm, active area = 1 cm?) with rubbed
polyimide alignment coatings (parallel rubbing direction). A digital oscilloscope
(Tektronix TDS-3012B) was used in these measurements.
6.2.2. Sample preparation

All the bent-core covalent- and H-bonded complexes were constructed by
H-bonded components (H-donors and H-accepters) and covalent structure Sn from
mixed solutions of chloroform by evaporating solvents slowly, where those
components were synthesized according to the previous works,"””! and three series of
blending systems were formed: (1) S12/A12-x/y, S12/A16-x/y, S16/A12-x/y, and
S16/A16-x/y; (2) S12/B12-x/y, S12/B16-x/y, S16/B12-x/y, and S16/B16-x/y; (3)
S16/C12-x/y, where the covalent- and H-bonded (x/y) ratios were 1/0, 9/1, 8/2, 7/3,

6/4, 5/5, 4/6, 3/7, 2/8, 1/9, and 0/1.

6.3. Result and Discussion

6.3.1. Mesophasic and thermal properties: (1) bent-core covalent- and H-bonded
complexes Sm/An-x/y

In order to realize the influences of bent-core dopant eftfects and blending ratios as
well as varieties of flexible chain lengths on mesomorphic, molecular stacking, and
thermal properties, bent-core complexes Sm/An, which joined by four series of
complexes S12/A12, S12/A16, S16/A12, and S16/A16 with various molar doping
ratios (x/y) were investigated by POM and DSC measurements. The thermal
properties and phase behaviors of bent-core complexes Sm/An (m,n = 12 and 16)
were illustrated in Figures 6.2-6.4 and Tables S6.1-S6.4. Even the pure component An
(n = 12 and 16) possessed the non-polar switchable smectic C (SmC) phase, the

complexes Sm/An with low x/y ratios (x/y = 4/6, 3/7, 2/8, and 1/9) revealed only the

203



crystalline phase during the heating and cooling processes. However, the polar
smectic (SmCP) phase was obtained in the complexes Sm/An with high x/y ratios
(x/y = 5/5, 6/4, 7/3, 8/2, and 9/1). For instance, the fan-like texture of SmCP phase in
the complex S12/A12-6/4 was demonstrated in Figure 6.2a and the crystalline texture
of the complex S12/A12-1/9 was shown in Figure 6.2b. Regarding the phase
transitions of complexes Sm/An, their phase transition temperatures and enthalpy
values were shown in Tables S6.1-S6.4 and Figures 6.3-6.4. To contrast mesophasic
transition temperatures in the series of complexes S12/A16, the SmCP phase was
enhanced in the complexes with high x/y ratios (x/y = 5/5), and these mesophasic
ranges and phase transition temperatures of SmCP phase were extended and lower
than those of the pure component S12. As shown in Figures 6.3 and 6.4, other series
of complexes S12/A12, S16/A12, and S16/A16 exhibited the similar phase transition
phenomena as complexes S12/A16. To compare the tendencies of mesophasic
transition temperatures in all complexes Sm/An, the extensities of SmCP phase were
most and fewest distinguished .in-series of complexes S12/A16 and S16/A16,
respectively. The lowest freezing temperature (T ~ 71 °C) of SmCP phase was
achieved in the complex S12/A16-9/1. Meanwhile, the most extensive SmCP range in
series of complexes S16/A12 were carried out in x/y = 6/4, indicating few doping
amount of the covalent-bonded component S16 (with longer flexible chain) is
necessary for the H-bonded symmetric trimer A12 (with shorter flexible chain).
6.3.2. (2) Bent-core covalent- and H-bonded complexes Sm/Bn-x/y

The series of comparable bent-core covalent- and H-bonded complexes Sm/Bn
were investigated for the influence of dopant effect on their mesophasic types and
phase transition temperatures as shown in Tables S6.5-S6.8 and Figures 6.5-6.7. With
respect to the mesophasic types, the enantiotropic SmCP phase was obtained in all

series of complexes, i.e., S12/B12, S16/B12, S12/B16, and S16/B16 (x/y = 1/0 to 0/1).

204



The mesophasic textures were examined by POM observations, for instance,
complexes S12/B16-3/7 and S12/B16-7/3 revealed fan-like textures in Figure 6.5.
Comparing the phase transition temperatures of four series of complexes Sm/Bn with
their pure components Sm and Bn, complexes Sm/Bn revealed more extensive SmCP
ranges by the blending of bent-core covalent- and H-bonded dopants and the lower
isotropization (T;) and freezing (Ty) temperatures were acquired due to the relatively
higher molar doping ratios (x/y ~ 7/3 or 8/2). For example, the complex S12/B16-8/2
exhibited the most extensive SmCP range and the lowest Ty value (Figure 6.7 and
Figure 6.6b). As shown in Figure 6, the tendencies of phase transitions influenced by
the molar doping ratio effect in four series of complexes Sm/Bn were analogous.

However, the best and worst extensive efficiencies of SmCP phase were executed in

complexes S12/B16 and S16/B16, respectively as shown in Figure 6.7.

Figure 6.2. The POM textures of (a) the complex S12/A12-6/4 in 90 °C and (b) the
complex S12/A12-1/9 in 90 °C.

According to the comparisons of phase transitions in series of bent-core
covalent- and H-bonded complexes Sm/An and Sm/Bn, the influences of the molar
doping ratio and the length of flexible chain in bent-core complexes on the phase
transitions of SmCP phase were collected. In general, the eminently mesophasic

expansion would be achieved through the covalent- and H-bonded dopants with
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different lengths of flexible chain, and the mesophasic properties were mainly decided
by the components with longer flexible chain.””) Hence, less doping amount of the
covalent-bonded component with longer flexible chain (the stable SmCP contribution)
was necessary to extend the SmCP phase for series of complexes S16/A12 and
S16/B12, respectively and the most effective expansions and lowest of Tg
temperatures of SmCP ranges were displayed in series of complexes S12/A16 and
S12/B16, respectively due to the effective H-bonded components A16 and B16 (the

soft (H-bonded) interacted bent-core molecules).
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Figure 6.3. The phase transition temperatures of complexes Sm/An in various molar
doping (x/y) ratios (by DSC).
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Figure 6.5. The POM textures of (a) the complex S12/A16-3/7 in 90 °C and (b) the
complex S12/A16-7/3 in 90 °C.

6.3.3. (3) Bent-core covalent- and H-bonded complexes S16/C12-x/y

In order to enhance the polar switchable mesophase of the heterodimer C12 which
exhibited non-polar switchable SmA phase, the series of bent-core covalent- and
H-bonded complexes S16/C12-x/y were prepared to investigated the influences of
dopant effects on varieties of mesophasic types and phase transitions as shown in
Figures 6.8-6.9 and Table S6.9. Complexes S16/C12 with lower x/y ratios (1/9, 2/8,
and 3/7) possessed non-polar switching SmA phase, and the SmCP phase of the

complexes S16/C12 was exhibited in molar doping ratios as x/y = 4/6, 5/5, 6/4, 7/3,
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Figure 6.6. The phase transition temperatures of complexes Sm/Bn in various molar
doping (x/y) ratios (by DSC).
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Figure 6.7. The SmCP ranges of series of complexes Sm/Bn in various molar doping
(x/y) ratios.
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8/2, and 9/1. In addition, the nematic phase of complexes S16/C12 was obtained in
molar doping ratios x/y = 4/6 and 5/5., For example, the POM observations of SmA
and SmCP phases in complexes S16/C12-3/7 and S16/C12-6/4 were verified to show
the fan-like textures as shown in Figure 6.8. Comparing the phase transition
temperatures of series of complexes S16/C12 with their covalent- and H-bonded
components S16 and C12, the SmCP phase was enhanced in the complexes with the
increasing of x/y ratios (x/y = 4/6), and these mesophasic ranges and phase
transition temperatures of SmCP phase were extended and lower than those of the
pure component S16. As shown in Figure 6.9, the lowest isotropization (T;) and
freezing (Ty) temperatures were acquired in the complex S16/C12-6/4 and the most
extensive range of SmCP phase was obtained in the complex S16/C12-7/3. There
results were proven the flexible-chain-length effect again, which indicated the
mesophasic properties were mainly decided by the-components with longer flexible

chain (S16) and less doping amount of the covalent-bonded component with longer

flexible chain was necessary to achieve the SmCP phase.

RTINS AR N
Figure 6.8. The POM textures of (a) the complex S16/C12-3/7 in 105 °C and (b) the
complex S16/C12-6/4 in 90 °C.
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Figure 6.9. The phase transition temperatures of complexes S16/C12 in various molar
doping (x/y) ratios (by DSC).

6.3.4. Powder XRD analyses ‘of bent-core covalent- and H-bonded complexes
Sm/An-x/y, Sm/Bn-x/y, and S16/C12-x/y

In order to realize the molecular organizations of bent-core covalent- and
H-bonded complexes S12/A12, 'S16/A12, S12/A16, and S16/A16 with various x/y
ratios (x/y = 0/1 to 1/0), their XRD measurements were examined as shown in Figure
6.10, Figure S6.1-S6.3 (in supporting information), and Table 6.1. As shown in Figure
6.10, the bent-core complexes S16/A12-4/6, S16/A12-7/3, S16/A12-8/2, and
S16/A12-9/1 possessed broad diffuse scattering peaks in wide angle region, which
indicated the similar liquid-like, in-plane orders with average intermolecular distances.
One set of reflection peaks of complexes S16/A12-4/6, S16/A12-7/3, S16/A12-8/2,
and S16/A12-9/1 were observable in small angle region, describing the smectic
lamellar order of uniformly mixed systems (without the phase separation). Comparing
corresponding d-spacing values to those of their two bent-core covalent- and
H-bonded components S16 and A12, sharp peaks indexed as (001) in the small-angle

region at the associated d-spacing values of d; = 46.7, 45.8, 44.0, and 41.5 A were
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calculated for complexes S16/A12-4/6, S16/A12-7/3, S16/A12-8/2, and S16/A12-9/1,
respectively, which were larger than those of two components S16 and A12 (40.9 and
32.5 A, respectively) to mean that the existence of less tilted angles were examined in
bent-core complex systems. The similar XRD results of other series of complexes
S12/A12, S12/A16, and S16/A16 were displayed, where the uniformly mixed systems
and lamellar order were further confirmed as shown in Table 6.1 and Figure

S6.1-S6.3.

Table 6.1. Powder XRD Data of series of bent-core complexes S12/A12, S16/A12,
S12/A16, and S16/A16 with molar doping ratios x/y = 6/4, 7/3, 8/2, and 9/1

C I d-spacing C ! d-spacing C I d-spacing C I d-spacing
omplex omplex omplex omplex
(A) (A) b (A) b (A)
S12/A12-6/4 42.2 S16/A12-6/4 46.7 S12/A16-6/4 43.9 S16/A16-6/4 48.1
S12/A12-7/3 41.5 S16/A12-7/3 45.8 S12/A16-7/3 43.1 S16/A16-7/3 46.0
S12/A12-8/2 39.3 S16/A12-8/2 44.0 S12/A16-8/2 39.2 S16/A16-8/2 42.9
S12/A12-9/1 35.9 S16/A12-9/1 41.5 S12/A16-9/1 37.3 S16/A16-9/1 41.8
— S16/A12-6/4 A B
— S16/A12-7/3
! ——— S16/A12-8/2 \
—— S16/A12-9/1
| ) Al
el S
> “ 10 15 20 25 30 35
Z 1
s ]
L ———

2 theta (degree)

Figure 6.10. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S16/A12 with molar doping ratios x/y = 6/4, 7/3, 8/2, and 9/1.
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The structural arrangements of bent-core covalent- and H-bonded complexes
S12/B12, S16/B12, S12/B16, and S16/B16 investigated by XRD measurements were
shown in Table 6.2, Figure 6.11, and Figures S6.4-S6.6 (in supporting information).
As shown in Figure 6.11 and Table 6.2, complexes S16/B16-2/8, S16/B16-5/5, and
S16/B16-8/2 exhibited one set of sharp peaks as index of (001) at the corresponding
d-spacing values d; = 48.0, 43.9, and 41.1 A, respectively, in small angle region and
broad diffuse scattering peaks in wide angle region to indicate the uniformly mixed
systems and lamellar order at the SmCP phase cooling temperature. In addition, the
corresponding d-spacing values of complexes S16/B16-2/8, S16/B12-5/5, and
S16/B16-8/2 were smaller than that of the component B12 and larger than that of the
component S12, indicating the gradually titled arrangements by the increasing amount
of covalent-bonded component doping. Other series of bent-core complexes S12/B12,
S12/B16, and S16/B12 revealed the analogous XRD results as complexes S16/B16 to
mean the lamellar arrangements (see Table 6.2 and Figure S6.4-S6.6).

Regarding the powder XRD analyses of series bent-core covalent- and H-bonded
complexes S16/C12, their XRD results were collected in Figure 6.12 and Table 6.3.
The complexes S16/C12-2/8, S16/C12-5/5, and S16/C12-8/2 revealed broad diffuse
scattering peaks in wide angle region to indicate the similar liquid-like, in-plane
orders with average intermolecular distances. The formations of bent-core H-bonded
complexes were further confirmed by the different d-spacing values of the smectic
phases from those of their constituents. Sharp XRD peaks indexed as (001) in the
small angle region were obtained in complexes S16/C12-2/8, S16/C12-5/5, and
S16/C12-8/2, respectively. To compare the associated d-spacing values of bent-core
complexes S16/C12-2/8, S16/C12-5/5, S16/C12-8/2, and their components S16 and
C12, The d-spacing values of bent-core complexes S16/C12-2/8, S16/C12-5/5, and

S16/C12-8/2 were longer than that of covalent-bonded component S16 and shorter

212



than that of H-bonded component C12. For instance, the d-spacing value d; = 47.8 A

of the complex S16/C12-2/8, which was closed to the d-spacing value of H-bonded

component C12 (d; = 51.9 A), were obtained to indicate the less tilted molecular

arrangement. The d-spacing values d; = 43.2 and 40.0 A of the complexes

S16/C12-5/5 and S16/C12-8/2, respectively, were acquired to indicate the tilted

lamellar orders.

Table 6.2. Powder XRD Data of series of bent-core complexes S12/B12, S16/B12,

S12/B16, and S16/B16 with molar doping ratios x/y = 2/8, 5/5, and 8/2

Complex d-spacing Complex d-spacing Complex d-spacing Complex d-spacing
(A) (A) (A) (A)
S12/B12-2/8 42.5 S16/B12-2/8 47.2 S12/B16-2/8 47.8 S16/B16-2/8 48.0
S12/B12-5/5 40.2 S16/B12-5/5 444 S12/B16-5/5 42.5 S16/B16-5/5 43.9
S12/B12-8/2 37.6 S16/B12-8/2 43.2 S12/B16-8/2 37.1 S16/B16-8/2 41.1

Intensity (a.u.)
\\;

— S16/B16-2/8
—— 816/B16-5/5
—— S$16/B16-8/2

1.0

15 20 25 30 35

T
15
2 theta (degree)

20 25

30

Figure 6.11. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S16/B16 with molar doping ratios x/y = 2/8, 5/5, and 8/2.
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Table 6.3. Powder XRD Data of series of bent-core complexes S16/C12 with molar
doping ratios x/y = 2/8, 5/5, and 8/2
Complex Phase | d-spacing (A)
S16/C12-2/8 SmA 47.8
S16/C12-5/5 SmCP | 43.2
S16/C12-8/2 SmCP | 39.8

———516/C12-2/8
——— $16/C12-5/5 A

— S$16/C12-8/2

| 10 15 20 25 30 35

Intensity (a.u.)

; , : :
5 10 15 20 25 30
2 theta (degree)

Figure 6.12. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S16/C12 with molar doping ratios x/y =2/8, 5/5, and 8/2.

6.3.5. Electro-optical properties of bent-core covalent- and H-bonded complexes
Sm/An-x/y, Sm/Bn-x/y, and S16/C12-x/y

In order to evaluate the polar switching current properties of the SmCP phase in
all bent-core covalent- and H-bonded complexes Sm/An, Sm/Bn, and S16/C12, the
triangular wave method'”” was applied to measure the switching current behavior (i.e.,
the spontaneous polarization) in parallel rubbing cells with a cell gap of 4.25 um.
Regarding the spontaneous polarization (Ps) behaviors of bent-core complexes
Sm/An, two current peaks per half-period of an applied triangular voltage were

observed in the switching current response curves of the SmCP phase in complexes
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Sm/An with molar doping ratios x/y = 5/5. For example, the two-peak switching
current response curve of the complex S12/A16-7/3 in the SmCP phase is shown in
Figure 6.13a, where 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. These phenomena confirmed the SmCP, (A =
antiferroelectric behavior) structure of the B2 phase in the bent-core H-bonded

complex.””

However, all bent-core complexes of Sm/An (m,n = 12 and 16,
respectively) with lower molar doping ratios x/y = 4/6 did not displayed polar
smectic phase in cooling temperature processes. As shown in Figure S6.7-S6.10 (in
supporting information), the Ps values of complexes Sm/An (x/y = 5/5), which were
saturated probably at Vpp = 300..V, (see Figures S6.7-S6.10 of supporting
information), could be turned by the molar doping ratios as shown in Figure
6.13b-6.13c. With respect to_the Ps behaviors of bent-core complexes Sm/Bn, the
anti-ferroelectric behaviors of B2’ phase were also- determined in all series of
complexes Sm/Bn with molar doping ratios x/y from 0/1 to 1/0. For instance, two
current peaks per half-period of an applied triangular voltage were observed in the
switching current response curves of the SmCP phase in the complex S12/B16-7/3,
where 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 again. As shown in Figure 6.14, the Ps values of
complexes Sm/Bn were straight rising by the increasing of the covalent-bonded
amounts and the maximized Ps values were saturated probably at Vpp = 260 V,
which are lower than those of pure covalent-bonded components Sm (m = 12 and 16)
as shown in Figure S6.11-S6.14. It was indicated that the H-bonded bent-core dopants

in covalent-bonded bent-core molecules would not only decrease the phase transition

temperatures but also reduce the voltages of the saturated Ps values due to the softer
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rigid-core configurations in the H-bonded complexes.
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Figure 6.13. (a) Switching current responses of complex S12/A16-7/3 at 90°C (as V
pp =400 V, f= 60 Hz); (b) the Ps values as a function of molar doping ratio x/y (at
the SmCP phases as f = 100Hz) for complexes S12/A12 and S16/A12; (c) the Ps
values as a function of molar doping ratio x/y (at the SmCP phases as f = 100Hz) for
complexes S12/A16 and S16/A16.

The antiferroelectricity was also further evidenced by the dielectric
permittivity studies, and series of complexes Sm/An-8/2 and Sm/Bn-8/2 (m,n = 12
and 16, respectively) were were investigated under their cooling processes at a
frequency of 5 kHz in nonrubbing cells (9 pm cell gap) as shown in Figure 6.15 and
Figures S6.15-S6.16. In cooling processes, higher permittivity values (¢ ~ 12-16) of
SmCP phases were observed than those of the isotropic and crystalline states in

complexes S16/A12-8/2 and S16/B12-8/2, which indicates the antiferroelectric polar
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smectic phase.”” Similar higher permittivity values of SmCP phase in components

S16 (¢ ~ 17-21) and B12 (¢ ~ 12) were obtained. However, no higher permittivity
values were achieved in the SmC phase of complex A12 to further prove the tilt
smectic phase without polar switching behavior. The analogous results of SmCP phase
in other complexes Sm/An-8/2 and Sm/Bn-8/2 were also displayed in Figures
S6.15-S6.16. There phenomena were further proved the spontaneous polarization

behaviors of polar switchable smectic phase in bent-core complexes again.
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Figure 6.14. (a) Switching current responses of complex S12/B16-7/3 at 90°C (as V
pp =400 V, f =60 Hz); (b) the Ps values as a function of molar doping ratio x/y (at
the SmCP phases as f = 100Hz) for complexes S12/B12 and S16/B12; (c) the Ps
values as a function of molar doping ratio x/y (at the SmCP phases as f = 100Hz) for
complexes S12/B16 and S16/B16.
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Figure 6.15. Dielectric permittivity studies of (a) the complex S16/A12-8/2 and its
components and (b) the complex S16/B12-8/2 and its components in cooling

processes.

6.3.6. Chirality Investigation

A switching process could also be checked through the rotation of the extinction
crosses (Figure 6.16) by applying (or after removing) opposite d.c. electric fields in
the bent-core complexes with'the SmCP phase. For instance, the extinction crosses of
broken circular domains in the complex S16/B12-7/3 were formed in the SmCP
mesophasic range, in which the smectic layers were circularly arranged around the
centers of the domains, which were organized according to the domain models

%241 As shown in Figure 6.16, the rotation of the extinction

proposed by Link et al. !
crosses during the switched on and off states in the complex S16/B12-7/3
demonstrated the chiral domain behavior. In view of Figure 6.16a and 6.16c, by
applying d.c. electric fields (with reverse polarities), the extinction crosses rotated,
indicating a synclinic tilt in the ferroelectric state (SmCsPr). By removing electric
fields (off state), the extinction crosses were reoriented back to the crossed polarizer
directions (see Figure 6.16b), where an anticlinic tilt existed in the antiferroelectric

ground state (SmCaP4A). Hence, the anti-clinic and anti-ferroelectric polar smectic

(SmCaP4) arrangement in the ground state of bent-core complex S16/B12-7/3 was
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identified."”

With respect to the chirality investigations of series complexes Sm/An with the
SmCP phase, the extinction crosses of circular domains were hard to retained under
the d.c. electric fields applying to determine their chiral behaviors. However, chiral
domain behavior could also be proven by the method of rotating the polarizer under
the triangular-wave applying electric fields. For instance, the polarizer was rotated
clockwise by a small angle of 10° from the crossed position in complex S12/A16-6/4,
then the dark and bright domains become clearly distinguishable (Figure 6.17b). 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 6.17c). This observation was also indicative of the occurrence of
chiral domains with opposite handedness, even through the chiral domain of SmCP

phase was disappeared by the removing of applied triangular-wave voltage by the

rotating of polarizer (Figure 6.17d).

Field Field

@ direction 4@, 4@, direction 4@( l@,
Y aan WRR ra ,@,@5@

Figure 6.16. POM textures of the antiferroelectric SmCaP, chiral domain (in a
parallel rubbing cell with a cell gap of 4.25 um) in the complex S16/B12-7/3 by
applying dc electric fields from (a) -100 to (b) 0 to (c) +100 V. (White arrows are the

directions of polarizers and analyzers).
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triangular-wave voltage (Vpp = 180V). During the applied voltage, the observations

of chiral domain were revealed via (a) crossed polarizer to (b) and (c) opposite
directions of polarizer rotating conditions. The chiral domain was disappeared by the

removing of applied voltage.

6.4. Conclusion

In summary, banana-shaped liquid crystalline (LC) covalent- and H-bonded
complexes Sm/An, Sm/Bn, and S16/C12 (with various x/y molar ratios) were
developed by mixing both H-bonded and covalent-bonded moieties in combination
with small molecular structures to stabilize the polar smectic (SmCxP4) phase. Due to
the stronger intermolecular interactions of component An, SmCP phase was not
enhanced in series of complexes Sm/An with lower x/y molar ratios (x/y = 5/5).
However, more extensive and lower phase transition temperatures of SmCP phase in
series of complexes Sm/An with higher x/y molar ratios (x/y = 5/5) were obtained,

where the lowest and most extensive SmCP phase could be achieved in complexes

220



with x/y molar ratios in 7/3 or 8/2. With respect to the phase transition temperatures of
series of complexes Sm/Bn, which all complexes possessed SmCP phase, the similar
mesophasic tendencies of SmCP phase were also displayed. In addition, the eminently
mesophasic expansion would be achieved through the covalent- and H-bonded
dopants with different lengths of flexible chain, and the mesophasic properties were
mainly decided by the components with longer flexible chain. It meant that less
doping amount of the covalent-bonded component with longer flexible chain (the
stable SmCP contribution) was necessary to extend the SmCP phase. Hence, the
SmCP phase was successfully enhanced in series of complexes S16/C12 with low x/y
molar ratios (x/y = 4/6). The antiferroelectric and anticlinic intermolecular
arrangement of SmCsP4 ground state was exhibited in all bent-core complexes with
polar switchable B2 phase. The tunable maximized Ps values of bent-core complexes

were saturated in lower applied electric fields due to-the H-bonded bent-core dopants.
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6.5. Electronic Supplementary Information
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Figure S6.1. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S12/A12 with molar doping ratios x/y = 6/4, 7/3, 8/2, and 9/1.
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Figure S6.2. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S12/A16 with molar doping ratios x/y = 6/4, 7/3, 8/2, and 9/1.
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Figure S6.3. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S16/A16 with molar doping ratios x/y = 6/4, 7/3, 8/2, and 9/1.
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Figure S6.4. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S12/B12 with molar doping ratios x/y = 2/8, 5/5, and 8/2.
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Figure S6.5. Powder X-ray diffraction intensities against angle profiles of bent-core
complexes S12/B16 with molar doping ratios x/y = 2/8, 5/5, and 8/2.
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Figure S6.7. Powder X-ray diffraction intensities against angle profiles of bent-core

complexes S16/B12 with molar doping ratios x/y = 2/8, 5/5, and 8/2.
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Figure S6.8. Ps values as a function of applied voltages (at the SmCP phase as =
100 Hz) for bent-core complexes S12/A12 (x/y = 1/0, 9/1, 8/2, 7/3, 6/4, and 5/5).
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Figure S6.9. Ps values as a function of applied voltages (at the SmCP phase as f =
100 Hz) for bent-core complexes S16/A12 (x/y = 1/0, 9/1, 8/2, 7/3, 6/4, and 5/5).
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Figure S6.10. Ps values as a function of applied voltages (at the SmCP phase as f=
100 Hz) for bent-core complexes S12/A16 (x/y = 1/0, 9/1, 8/2, 7/3, 6/4, and 5/5).

Figure S6.11. Ps values as a function of applied voltages (at the SmCP phase as f=
100 Hz) for bent-core complexes S16/A16 (x/y =1/0, 9/1, 8/2, 7/3, 6/4, and 5/5).
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Figure S6.12. Ps values as a function of applied voltages (at the SmCP phase as f=
100 Hz) for bent-core complexes S12/B12 (x/y = 1/0, 8/2, 5/5, 2/8, and 0/1).

226



500
s16
v S16/B12-8/2
400 S16/B12-5/5
~ : Sioiz2p S vy vy v
E 300 v
1) v
£
v
5200
; v ° ° L) L] L] ° o ° ) ° L|
K . o’
a @ m ® L] [ [ L] m [ [
100 vi .
v
o »et
T T T T
0 100 200 300 400 500

Peak-to-Peak Applied Voltage (V)

Figure S6.13. Ps values as a function of applied voltages (at the SmCP phase as f =
100 Hz) for bent-core complexes S16/B12 (x/y = 1/0, 8/2, 5/5, 2/8, and 0/1).
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Figure S6.14. Ps values as a function of applied voltages (at the SmCP phase as f=
100 Hz) for bent-core complexes S12/B16 (x/y = 1/0, 8/2, 5/5, 2/8, and 0/1).
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Figure S6.15. Ps values as a function of applied voltages (at the SmCP phase as f=
100 Hz) for bent-core complexes S16/B16 (x/y = 1/0, 8/2, 5/5, 2/8, and 0/1).
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Figure S6.16. Dielectric permittivity studies of (a) the complex S12/A12-8/2 and its
components, (b) the complex S12/A16-8/2 and its components, and (c) the complex

S16/A16-8/2 and its components in cooling processes.
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Figure S6.17. Dielectric permittivity studies of (a) the complex S12/B12-8/2 and its
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Table S6.1. Phase Transition Temperatures and Enthalpies of complexes S12/A12

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

Al2 I 108[4.4] SmCP 88.7[32] K
S12/A12-10/90 I 94.1[142.9] SmCP — K
S12/A12-20/80 I 90.4[109.1] SmCP — K
S12/A12-30/70 I 95.8[99.9] SmCP — K
S12/A12-40/60 I 96[82.6] SmCP — K
S12/A12-50/50 I 97.3 SmCP 96.6[72.4]" K
S12/A12-60/40 I 95.9[44.9] SmCP 88.6[14.8] K
S12/A12-70/30 I 100[56.3] SmCP 76.7[46.7] K
S12/A12-80/20 I 101.6[53.5] SmCP 75.3[55.9] K
S12/A12-90/10 I 103.6[45.7] SmCP 76[59.2] K

S12 I 112.7[43.8] SmCP 83.3[73.7] K

I = 1soptropic state; 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°Cmin’".

Table S6.2. Phase Transition Temperatures and Enthalpies of complexes S16/A12

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

Al2 I 108[4.4] SmCP 88.7[32] K
S16/A12-10/90 I 93.3[125.9] | SmCP — K
S16/A12-20/80 | 94.8[109.8] SmCP — K
S16/A12-30/70 | 94.1[80.3] SmCP — K
S16/A12-40/60 | 98.3[85.1] SmCP — K
S16/A12-50/50 | 98.2 SmCP 95.9[91.6]" K
S16/A12-60/40 | 99.5[56.2] SmCP 77.4[14.8] K
S16/A12-70/30 | 100.6[49.2] SmCP 76.9[39.0] K
S16/A12-80/20 | 101.9[51.5] SmCP 77.9[62.3] K
S16/A12-90/10 | 108.0[47.0] SmCP 87.4[83.2] K

S16 | 117.2[41.5] SmCP 94.5[91.2] K

I = isoptropic state; 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°Cmin™".
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Table S6.3. Phase Transition Temperatures and Enthalpies of complexes S12/A16

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

Al6 I 105.4[18.3] SmCP 86.3[133.7] K
S12/A16-10/90 I 95.7[132.2] SmCP — K
S12/A16-20/80 I 95.8[95.5] SmCP — K
S12/A16-30/70 I 94.1[112.3] SmCP — K
S12/A16-40/60 I 96.4[82] SmCP — K
S12/A16-50/50 I 934 SmCP 89.1[70.9]° K
S12/A16-60/40 I 98.7[60.3] SmCP 86.2[23.2] K
S12/A16-70/30 I 99.9[54.3] SmCP 85.3[23.4] K
S12/A16-80/20 I 98.4[43.6] SmCP 73.9[51.3] K
S12/A16-90/10 I 102.4[46.6] SmCP 71.3[59.2] K

S12 I 112.7[43.8] SmCP 83.3[73.7] K

I = 1soptropic state; 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°Cmin’".

Table S6.4. Phase Transition Temperatures and Enthalpies of complexes S16/A16

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

Al6 | 105.4[18.3] SmCP 86.3[133.7] K
S16/A16-10/90 | 96[146.3] SmCP — K
S16/A16-20/80 | 96.5[129.2] SmCP — K
S16/A16-30/70 | 95.9[134.1] SmCP — K
S16/A16-40/60 | 96[117.6] SmCP — K
S16/A16-50/50 | 96.1 SmCP 92.0[1297]° K
S16/A16-60/40 | 99.5[48.7] SmCP 91.9[68.8] K
S16/A16-70/30 | 100.4[47.8] SmCP 89.0[80.4] K
S16A16-80/20 | 103.6[51.8] SmCP 86.8[87.4] K
S16/A16-90/10 | 107.5[46.4] SmCP 86.1[87.0] K

S16 | 117.2[41.5] SmCP 94.5[91.2] K

I = isoptropic state; 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°Cmin™".
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Table S6.5. Phase Transition Temperatures and Enthalpies of complexes S12/B12

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

B12 | 96.8[35.4] SmCP 90.7[21.7] K
S12/B12-10/90 I 96.4[29.2] SmCP 89.9[35.5] K
S12/B12-20/80 I 98.3[30.5] SmCP 86.8[23.9] K
S12/B12-30/70 I 99.7[31.7] SmCP 86.4[26.8] K
S12/B12-40/60 I 99.2[28.2] SmCP 84.6[27.4] K
S12/B12-50/50 I 98.5[24.9] SmCP 83.4[26.8] K
S12/B12-60/40 I 100.5[54.1] SmCP 80.2[59.5] K
S12/B12-70/30 I 101.7[48.6] SmCP 77.3[63.6] K
S12/B12-80/20 I 102[52.1] SmCP 75.2[59.0] K
S12/B12-90/10 I 104.6[45.6] SmCP 79.4[68.7] K
S12 | 112.7[43.8] SmCP 83.3[73.7] K

Table S6.6. Phase Transition Temperatures and Enthalpies of complexes S12/B16

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

S12 I 112.7743.8] SmCP 83.3[73.7] K
S12/B16-10/90 I 92.3 SmCP 87.7[85] K
S12/B16-20/80 I 96.7[50] SmCP 86.8[23.9] K
S12/B16-30/70 I 99.1[57] SmCP 86.4[26.8] K
S12/B16-40/60 I 98.3[55.8] SmCP 84.6[27.4] K
S12/B16-50/50 I 100.8[54.2] SmCP 83.4[26.8] K
S12/B16-60/40 I 100[45.8] SmCP 80.2[59.5] K
S12/B16-70/30 I 97[30.7] SmCP 77.3[63.6] K
S12/B16-80/20 I 105.4[42.3] SmCP 75.2[59] K
S12/B16-90/10 I 104.6[31.5] SmCP 79.4[68.7] K
B16 I 97.4[38.8] SmCP 94.7[63.5] K

232




Table S6.7. Phase Transition Temperatures and Enthalpies of complexes S16/B12

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

S16 I 117.2[41.5] SmCP 94.5[91.2] K
S16/B12-10/90 I 98.3[56.9] SmCP 90.2[85.3] K
S16/B12-20/80 I 99.7[54.5] SmCP 86.8[67.5] K
S16/B12-30/70 I 99.4[52.1] SmCP 82.6[60.8] K
S16/B12-40/60 I 99.9[44.8] SmCP 79.2[42.5] K
S16/B12-50/50 I 100.9[53.5] SmCP 75.9[42.8] K
S16/B12-60/40 I 100.9[50] SmCP 71.6[50.9] K
S16/B12-70/30 I 98.4[45.4] SmCP 67.3[46.2] K
S16/B12-80/20 I 102.1[45.4] SmCP 64.7[48.8] K
S16/B12-90/10 I 104.9[43.2] SmCP 76.4[63.5] K
B12 | 96.8[35.4] SmCP 90.7[21.7] K

Table S6.8. Phase Transition Temperatures and Enthalpies of complexes S16/B16

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

S16 I 117.2[41.5] SmCP 94.5[91.2] K
S16/B16-10/90 I 94.5 SmCP 92.9[118.1]™ K
S16/B16-20/80 I 96.2 SmCP 92.4[135.2]° K
S16/B16-30/70 I 96.6 SmCP 91.5[129.71° K
S16/B16-40/60 I 95.5 SmCP 90.3[123.2]° K
S16/B16-50/50 I 102.6[44.4] SmCP 90.2[73.3] K
S16/B16-60/40 I 100.4[43.7] SmCP 87.8[86.3] K
S16/B16-70/30 I 105.8[48.5] SmCP 86.7[100.3] K
S16/B16-80/20 I 106.5[48.1] SmCP 86.5[96.5] K
S16/B16-90/10 I 110.9[41.6] SmCP 89.1[91.4] K
B16 I 97.4[38.8] SmCP 94.7[63.5] K

233




Table S6.9. Phase Transition Temperatures and Enthalpies of complexes S16/C12

Compound Phase transition temperature/°C [Enthalpy/kJ/g]

C12 I | 128.1[82] | N — SmA 96.2[157.2] | K
S16/C12-10/90 | T | 127.1[8.0] | N — SmA 89.0[85.7] | K
S16/C12-20/80 | 1 | 121.4[6.4] | N — SmA 79.2[81.3] | K
S16/C12-30/70 | T | 113.8[5.6] N — SmA 79.6[73.6] | K
S16/C12-40/60 | 1 | 110.4[3.4] N 93.9[3.6] SmCP* | 80.3[574] | K
S16/C12-50/50 | T | 103.8[1.1] | N 97.919.0] SmCP* | 74.7[58.0] | K
S16/C12-60/40 | 1T | 96.3[14.2] | N — SmCP* | 70.7[44.2] | K
S16/C12-70/30 | I | 97.1[13.2] | N — SmCP 71.3[29.9] | K
S16/C12-80/20 | T | 107.0[21.2] | N — SmCP 81.6[47.6] | K
S16/C12-90/10 | T | 111.9[21.3] | N — SmCP 88.5[48.8] | K

S16 I | 117.2[41.5] | N — SmCP 94.5[91.2] | K

Table S6.10. Powder XRD Data of doping components An, Bn, C12, and Sm

Compound Phase: 1|/ Miller index | d-spacing (A )
Al2 SmC 001 32.5
Al6 SmC 001 40.9
B12 SmCP 001 42.3
B16 SmCP 001 52.7
C12 SmA 001 51.9
S12 SmCP 001 35.7
S16 SmCP 001 40.9
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