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In this study, a series of novel asymmetric hydrogen-bonded (H-bonded) dimeric complexes D/P and
D/P* (proton donors D = A, A*, AF and AF*) were synthesized and self-assembled by appropriate
molar ratios of H-donors (A, A*, AF and AF*) and H-acceptors (P and P*). In addition, the influences
of the lateral fluoro-substituent of H-donors, the number (along with the position) of chiral centers and
the molar ratio of H-donors and H-acceptors on the mesophasic behaviours (e.g., BPs) of asymmetric H-
bonded dimeric complexes are investigated. Interestingly, the blue phase (i.e., BPI) was observed in
complexes A*/P, A*/P* AF*/P and AF*/P* containing at least a chiral center in H-donors (A* and
AF*), including the widest BPI ranges of complexes AF*/P* (ca. 6°C and 13°C for 1:1 and 3:1 mol.,
respectively). For the first time, the hydrogen-bonded effects on supramolecular blue phase LCs are
compared with their analogous covalent diads. Based on our theoretical calculation, we discovered that
the bent angle plays an important role to manipulate the existence of the blue phase, which is preferred to
appear at the bent angle within 132.1°-152.9°. Hence, owing to inappropriate bent angles, both H-bonded
dimeric complex A/P* and covalent diad A*-P (with bent angles of 162.0° and 126.5°, respectively) did

not possess any blue phase.
Introduction

The blue phase (BP) was discovered by Reinitzer and Lehmann in
1888, where an unusual blue light scattering phenomenon was
shortly observed upon cooling from the isotropic phase (at the
transition to the chiral nematic phase) in cholesteryl benzoate.' In
these days, blue phase liquid crystals (BPLCs) have aroused
attention in liquid crystal (LC) science due to their unique optical
and electro-optical behaviors,” such as selective reflections of
circularly polarized light without birefringence. As alluded to above,
BPLCs have several advantages:® including fast response time (about
sub-millisecond), no alignment layer required,® and no typical
birefringence. Therefore, BPLCs are potential materials to be used in
liquid crystal displays (LCDs) and fast responsive modulators.>®
However, BPs exhibited at very narrow temperature ranges (usually
about 1 K) and appeared at high temperatures,” which were usually
observed between the isotropic phase and chiral nematic (N*) phase
upon cooling. As reported, BPLCs were aggregated into internal
helical alignments as “double twisted cylinders (DTC)” with three

10,11

types of packing structures, which are categorized into BPI, BPII,

and BPIII as follows: BPI is a body-center cubic structure, BPII is a

This journal is © The Royal Society of Chemistry 2013

simple cubic structure'>'® and BPIII is the same symmetry as the

isotropic phase with an arbitrary orientation.'*' So far, many
strategies have been introduced to enlarge the BP temperature range
and shift the BPs toward the room temperature.'® Kikuchi et al. have
reported that they used polymers to stabilize the disclination of cubic
lattice in BPs and extend the temperature range of BPs over 60°C."”
Pivnenko’s group developed novel dimeric BP materials with two
symmetric liquid crystal mesogens, which have the BP phase
temperature range ca. 44°C.'"® In the meanwhile, Yoshizawa group
introduced a chiral structure of binaphthyl to induce blue phase with
the BP temperature range approximately 30°C." In addition, they
synthesized T-shaped BPLCs* and utilized U-shaped oligomers to
stabilize BPs successfully.”' Yang’s group also used nano-particles
to stabilize BPs and decrease the V-T hysteresis of BPLCs.?
Moreover, chiral materials were doped into biaxial nametic LCs to
induce PBs and extend their BP temperature ranges.” Furthermore, a
bent-core oxadiazole-based liquid crystal has been reported to
exhibit a blue phase with a wide range (ca. 30°C).%*

More recently, H-bonds have aroused much attention in novel
materials because of the flexible characteristic of H-bonds,>?’ and
the idea of supermolecules bearing noncovalent bond segments with
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higher flexibility, i.e. hydrogen-bonds (H-bonds), was applied to
induce BPs***%3 or stabilize BPs.”*! In addition, hydrogen-bonded
bent- and T-shaped dopants (without BPs) were also utilized to
stabilize BPs in LC mixtures.”> Yang’s group showed that two
complimentary liquid crystal moieties self-assembled by hydrogen
bonds to form BPLC complexes with a wide BP range ca. 23°C,*
and they also used chiral hydrogen-bonded assemblies to induce and
stabilize BPs successfully.®! Besides, Zhang’s group used rod-shaped
hydrogen-bonded supermolecules to induce BPs.*> However, no
comparisons between analogous H-bonded and covalent structures
on the mesophasic properties of BPs and the BP range have been

developed so far.
In this study, a series of asymmetric H-bonded dimeric

complexes were synthesized and self-assembled by different molar
ratios of proton donors and acceptors. Interestingly, the blue phase
(i.e., BPI) was only induced in supramolecular complexes containing
a chiral center in H-donors. For the first time, the hydrogen-bonded
effects on supramolecular blue phase LCs are compared with their
analogous covalent diads.*® In addition, the influences of the position
of the chiral center (on H-donor and/or H-acceptor) and the lateral
fluoro substituent on the BP temperature range were investigated
systematically.

Experimental
Chemical analysis

'H NMR spectra were recorded on a Bruker Unity 300 MHz
spectrometer using DMSO-ds, CDCl; and THF-dg as solvents.
Elemental analyses (EA) were performed on a Heracus CHN-OS
RAPID elemental analyzer.

Molecular simulation method

To gain insight into the electronic structures of eight asymmetric H-
bonded dimeric complexes D/P and D/P* (where D = A, A*, AF
and AF*) complexes, we have carried out density functional theory
(DFT) calculations by using the Gaussian09 software package.*
Geometry optimization of all the ground state hydrogen-bonded
structures was done by B97D Grimme’s functional including
dispersion corrections® using the standard 6-31G(d,p) basis set. It
was found that the performance of B97D method is remarkably good
and reaching average on the CCSD(T) accuracy for noncovalently
bound systems including many pure van der Waals complexes.*® The
obtained minima are further confirmed by vibrational frequency
calculations at the same level; only the lowest energy conformation
is reported here. The electrostatic surface potential (ESP) was
calculated using the Merz-Singh—Kollman (MK) scheme®® at the
B97D/6-31G(d,p) level of theory.

Liquid-crystalline and physical properties

Mesorphasic textures of eight final asymmetric H-bonded dimeric
complexes were characterized by polarizing optical microscopy
(POM) using a Leica DMLP equipped with a temperature control hot
stage (Mettler Toledo FP82HT). Temperatures and enthalpies of
phase transitions were determined by differential scanning
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calorimetry (DSC, model: Perkin Elmer Pyris 7) under N, at a
heating and cooling rate of 1 °Cmin™'. Infrared (IR) spectra were
investigated by Perk-Elmer Spectrum 100 instrument. Synchrotron
powder X-ray diffraction (XRD) measurements were performed at
beam-line BL17A equipped with magnetic of the National
Synchrotron Radiation Research Center (NSRRC), Taiwan, where
the wavelength of X-ray was 1.33336 A. The powder samples were
packed in a capillary tube and heated by a heat gun, for which the
temperature controller is programmable by a PC with a PID
feedback system. The scattering angle theta was calibrated by a
mixture of silver behenate and silicon. Helical twisting power (HTP)
measurements of H-bonded dimeric complexes and analogous
covalent diads were preformed using Cano wedge cells (see Table 3
and Table S2); the commercial LC E7 (Merck) were used as a host.

Preparation of materials

The synthesis of H-bonded dimeric complex AF*/P* was shown in
Scheme 1.
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Scheme 1 Synthesis of asymmetric H-bonded dimeric complexes AF*/P*.

(S)-4-((2-Fluoro-4-(octan-2-yloxy)benzoyl)oxy)benzoic acid,
(AF¥). Into a 500 ml round bottom two-neck flask compound 2 (2.0
g, 4.3 mmol) and 10 % Pd / C (0.2 g) catalyst were stirred in THF
(200 ml) under hydrogen at room temperature for overnight. 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 recrystallized by THF / hexane to
give light yellow solid of AF*, yield 89 %. '"H NMR (300 MHz,
CDCl;) 6 (ppm) - 11.01 (s, 1H, Ar-COOH), 8.06 (d, 2H, Ar-H), 8.02
(t, J = 8.4 Hz 1H, Ar-H), 7.32 (m, 2H, Ar-H), 6.97 (dd, J = 9.0 Hz
1H, Ar-H), 6.74 (dd, /= 9.0 Hz 1H, Ar-H), 6.68 (dd, /=9.0 Hz 1H,
Ar-H), 443 (m, 1H, -OCH-), 1.70 (m, 1H, -CH,-), 1.61 (m, 1H, -
CH,-), 1.41-1.26 (m, 11H, -CH,CHs), 0.86 (t, J = 6.3 Hz 3H, -CHj).
Anal. caled for Cy,H,sFOs: C, 68.03, H, 6.49; found: C, 68.33, H,
6.41 %.
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(S)-6-((4'-cyano-[1,1'-biphenyl]-4-yl)oxy)-4-methylhexyl
isonicotinate, (P*). A mixture of compound 1 (2g, 6.78 mmol),
isonicotinoyl chloride hydrochloride (1.44 g, 8.15 mmol) and
triethylamine (2.36 ml ) 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 afford compound P* was obtained as a light yellow
solid in 63% yield. '"H NMR (300 MHz, CDCl;): & (ppm) 8.77 (d,
J=4.2Hz, 2H, Ar-H), 7.91 (m, 6H, Ar-H), 7.69 (d, J=8.8Hz, 2H, Ar-
H), 7.02 (d, J=8.9Hz, 2H, Ar-H), 4.41 (t, J=6.3Hz, 2H, -OCH,),
4.01(t, J=6.4Hz, 2H, -OCH,), 1.82-1.21 (m, 7H, -CH,), 1.13 (d,
J=6.3Hz, 3H, -CHj3). Anal. calcd for CycH,sN,O5: C, 75.34, H, 6.32,
N, 6.76; found: C, 75.09, H, 6.44, N, 6.69 %.

Preparation of samples

All asymmetric H-bonded dimeric complexes were constructed by
mixing appropriate molar ratios of H-donors (A, A*, AF and AF¥*)
and H-acceptors (P and P*) in solutions of chloroform/THF (~2:1
vol), which were self-assembled into supramolecules by evaporating
solvents slowly. All eight compounds of H-bonded in asymmetric
heterodimers were formed D/P and D/P* (where D = A, A*, AF and
AF*) complexes.

Results and discussion

As shown in Fig. 1, a series of asymmetric H-bonded dimeric
complexes D/N were synthesized and self-assembled by different
molar ratios of proton donors (i.e., H-donors D = A, A*, AF and
AF*) and proton acceptors (i.e., H-acceptors N = P and P*), where
A, *, F and P denote acid, chiral, fluoro and pyridyl moieties,
respectively. The hydrogen-bonded effects on supramolecular blue
phase LCs of asymmetric H-bonded dimeric complexes D/P and
D/P* are compared with their analogous covalent diads (see
reference 33), i.e., H-bonded dimeric complexes A*/P, A/P* and
A*/P* vs. covalent diads A*-P, A-P* and A*-P*, respectively.*

(a) o

A:Y=H, Z=H
A* Y=H, Z=CH, P:X=H
AF: Y=F. Z=H P*: X=CH
AF*: Y=F, Z=CH,
(b) 0

S Usaasane

A-P*: X=CH;, Z=H
A*-P:X=H, Z=CHj
A*-P*: X=CHj, Z=CHj

Fig. 1 Molecular structures of (a) asymmetric H-bonded dimeric complexes
and (b) their analogous covalent diads (see reference 33).

This journal is © The Royal Society of Chemistry 2012
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Chemical synthesis

As illustrated in Fig. 1, H-donors (A, A*, AF and AF¥*) and H-
acceptors (P and P*) of the asymmetric H-bonded dimeric
complexes were synthesized according to Schemes S1-S3 (see
the supporting information). These compounds with high
purities were fully characterized by 'H-NMR (see the
supporting information).

Characterization of H-bonded structures

To study the existence and stability of H-bonds in all asymmetric
heterodimers D/P and D/P* (D = A, A*, AF and AF*) complexes
can be characterized by FTIR spectroscopy with temperature-
various. Taking the asymmetric heterodimers of AF*/P* (1:1 mol.)
at mole ratio 1:1 of H-donors (AF*) and H-acceptors (P*) for
example and its constituents AF* (H-donor) and P* (H-acceptor) are
compared in Fig. 2 (a).

T T T T T
2600 2400 2200 . 2000 1800 1600
wavenumber (cm’)

T
3200 3000 2800

T T T T T T T
2800 2600 2400 2200 1 2000 1800 1600
wavenumber (cm’)

T
3200 3000

Fig. 2 IR spectra show (a) H-donor AF*, H-acceptor P* and asymmetric H-
bonded dimeric complex AF*/P* (1:1 mol.). (b) AF*/P* (1:1 mol.) complex
with variable temperatures (°C).

At room temperature, the O-H bands of pure AF* (H-donor)
centered at about 2560 cm™ and 2673 cm™', when AF* (H-donor)
and P* (H-acceptor) formed H-bonds these characteristic O-H bands
disappear and two new broad O-H bands centered at 1920 cm™ and
2500 cm’ were observed which indicated that strong H-bonding

J. Name., 2012, 00, 1-3 | 3
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formed between the pyridyl and the carboxylic acid groups in the
asymmetric heterodimers.”*® On the other hand, carboxylic acid
groups C=0 stretching vibration appeared at 1700 cm™ and ester
carbonyl groups C=0 stretching vibration appeared at 1726 cm’’. In
the asymmetric heterodimers of AF*/P* (1:1 mol.), a shoulder can
be observed in the main peak located at 1726 cm™. This shoulder is
the carbonyl group which is in a less associated state than the pure
AF* (H-donor) with a weaker carboxylic acid groups C=0
stretching vibration appeared at 1700 cm™.**! This is attributed to a
carboxylic acid groups C=0 stretching vibration at 1700 cm™ in pure
H-donor AF* which shifts toward higher wavenumber and overlaps
with the band of the ester carbonyl groups at 1726 cm™ in the
asymmetric heterodimers of AF*/P* (1:1 mol.). As cooling from the
isotropic state to the blue phase I at 68°C, two broad O-H bands
centered at 1920 cm™ and 2500 cm™ still persist (see Fig. 2) due to
the stable H-bonds. These consequences show that hydrogen bonds
were formed between AF* (H-donor) and P* (H-acceptor) as well as
other H-bonds asymmetric heterodimers.

Mesophasic and thermal properties

As shown in Tables 1 and 2, the phase transition temperatures,
enthalpies and mesophasic ranges of all asymmetric H-bonded
dimeric complexes were characterized by polarizer optical
microscope (POM) and differential scanning calorimetry (DSC). The
transition temperatures of BPs-chiral nematic (N*) were determined
by POM (at a cooling rate of 0.5 °Cmin™") due to their undetectable
enthalpy changes by DSC. As the H-bonded complexes were self-
assembled by two complimentary components of H-donors (A, A%,
AF and AF*) and H-acceptors (P and P*), which formed -OH---N
with a stronger tendency in contrast to —OH:--C=0- of self-dimeric
H-donors.**** However, while H-donors (A, A*, AF and AF*) were
mol.) of two
complimentary components (i.e., up to 66.7, 75 and 80 mole%), the
over-supplied H-donors (>50% mol.) will generate self-dimers via
the H-bonds of —OH---C=0- after the production of supramolecular

added over the stochiometric amount (50%

complexes. In order to comprehend the configurational influence of
asymmetric H-bonded dimeric complexes, including
different numbers (or positions) of chiral centers and lateral fluoro

various

substituent at the aromatic ring, on mesophasic and thermal
properties of these eight asymmetric H-bonded dimeric complexes
D/P and D/P* (where D = A, A*, AF and AF¥) complexes are
discussed as follows:

(i) Complexes D/P and D/P* (where D = A and AF without a chiral
center)

The phase transition properties of asymmetric H-bonded dimeric
complexes D/P and D/P* (molar ratio = 1:1; D = A and AF) are
demonstrated in Table 1. Without any chiral center on both H-donors
and H-acceptors, H-bonded dimeric complexes A/P (1:1 mol.) and
AF/P (1:1 mol.) showed a phase sequence of Iso-nematic (N)-
smectic A (SmA)-Crystal. While H-acceptor P* was inserted a chiral
center to the central linker which connected two different mesogenic
units, complexes A/P* (1:1 mol.) and AF/P* (1:1 mol.) revealed a
phase sequence of Iso-chiral nematic (N')-SmA-Crystal, which
induced lower transition temperatures than A/P and AF/P,

4| J. Name., 2012, 00, 1-3

Table 1 Phase transition temperatures (°C)** and enthalpies (J/g) of
asymmetric H-bonded dimeric complexes containing A and AF

Molar ratio . .
Complex Phase transition temperatures (°C) [Enthalpies (J/g)]
(H-donor vs. H-acceptor)
A/P 1:1 Iso 186.9[4.91] N 154.9[3.26] SmA 84.8[3.01] Cr
AF/P 1:1 Iso 168.7[2.39] N 120.3 [4.77] SmA 74.9[3.61] Cr
A/P* 1:1 Iso 177.6 [3.78] N 123.8 [4.16] SmA 70.1 [3.21] Cr
AF/P* 1:1 Iso 157.5[4.46] N 82.1[3.62] SmA 60.8 [3.14] Cr

“ Peak temperatures in the DSC profiles obtained during the first heating and
cooling cycles at a rate of 1 °Cmin™. * Iso = isotropic phase; BPI = blue phase
I; N = nematic phase; N = chiral nematic phase; SmA = smectic A phase; Cr
= crystal. Phase transition temperatures and enthalpies of complexes upon
heating and those of pure components A, AF, P, and P* are shown in Tables
S4 and S5, respectively.

respectively. Due to the larger lateral fluoro substituent than
hydrogen,* complexes AF/P (1:1 mol.) and AF/P* (1:1 mol.) with a
lateral fluoro substituent illustrated that lower transition
temperatures than A/P (1:1 mol.) and A/P* (1:1 mol.), respectively.
The larger size occupation of both chiral center and lateral fluoro
substituent would cause smaller ©-7 interactions of mesogens and
thus to reduce the SmA phase range, i.e., so as to enlarge the N (or
N*) phase range. Interestingly, comparing with the other similar
chiral complexes of this study no blue phases were observed in both
complexes D/P* (D = A and AF) due to their smaller biaxial ratios
and larger bent angles, which will be explained by molecular
modelling later.

(ii) Complexes D/P and D/P* (where D = A* and AF* with a chiral
center)

The phase transition properties of asymmetric H-bonded dimeric
complexes D/P and D/P* (molar ratio = 1:1, 2:1, 3:1 and 4:1; D =
A* and AF¥) are demonstrated in Table 2. A*/P, AF*/P and A*/P*
exhibited the phase transition sequence of Iso-blue phase I (BPI)-N"-
SmA-Crystal rather than Iso-BPI-N-Crystal in AF*/P*, where the
SmA phase was totally vanished in AF*/P* because of its largest
size occupation of two chiral centers and one lateral fluoro
substituent to eliminate the smectic layer structure. Surprisingly, all
complexes D/P and D/P* (molar ratio = 1:1, D = A* and AF* with a
chiral center) revealed the blue phase (BPI), which is totally
different from the previous complexes without a chiral center in H-
donors. As shown in Table 2, while H-donors (A* and AF*) were
added over the stochiometric amount (50% mol.) of two
complimentary components (i.e., up to 66.7 and 75 mole%), in
which the excessive acids (A* and AF*) formed H-bonded dimers,
the temperature range of BPI was extended at first. However, as H-
donors (A* and AF*) were increased to 80 mole%, the BP
temperature range was reduced or even disappeared in complexes
A*/P (4:1 mol.) and A*/P* (4:1 mol.), which might be attributed to
the over-supply of A* without biaxiality and thus to eliminate the BP
and induce the chiral nematic phase (N*) of pure A* only. Generally,
the widest temperature ranges of BPI were observed at the molar
ratio of 3:1 (75 mol%) in all D/P and D/P* (D = A* and AF* with a
chiral center), where the equal molar ratio (1:1 mol.) of acid dimer D
and supramolecular complexes D/P (or D/P*) were mixed. It is well
known that the concentration of chiral dopant was increased and the
BP temperature range would be extended.*® In fact, the over-

This journal is © The Royal Society of Chemistry 2012
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supplied H-donors (>50% mol.) will generate self-dimers and the
excessive acid dimers acted as chiral dopants and supplied extra
helical twisting power to broaden the BPI temperature range.
Oppositely, with over-supplied H-acceptors (P and P*>50% mol.)
the excessive H-acceptors (no mesophases shown in Table S5) will
not only damage the BP temperature range but also eliminate the
occurence of mesophases (including BP), which have been
confirmed by AF*/P* with 1:2 and 2:3 molar ratios. Among all
complexes in Table 2, AF*/P* with 1:1 and 3:1 molar ratios have
the broadest BPI temperature ranges of 6.0°C and 13.2°C,
respectively, where the lateral fluoro substituent (with a stronger
dipole moment) and double chiral centers eliminate the smectic layer
structure owing to its larger steric hindrance. On the contrary,
complexes A*/P (with various molar ratios) have the narrowest
corresponding BPI temperature ranges. In addition, with various
molar ratios, complexes AF*/P have larger BPI temperature ranges
than A*/P*, which suggests that the lateral fluoro substitution (in H-
donor) is more favourable to broaden the BPI range than double

chiral centers in both H-donor and H-acceptor.

The hydrogen-bonded effects on supramolecular blue phase
LCs are compared with their analogous covalent diads, i.e., H-
bonded dimeric complexes A*/P, A/P* and A*/P* vs. covalent diads
A*-P, A-P* and A*-P*, respectively. As illustrated in Table 2, the
analogous covalent diad A*-P* with double chiral centers has a
broader BPI temperature range than H-bonded dimeric complex

Table 2. Phase transition temperatures (°C)“’ and enthalpies (J/g) of

asymmetric H-bonded dimeric complexes containing A* and AF* along with
their analogous covalent diads™

Complex Molrratio Phase transition temperatures (°C) [Enthalpies (J/g)] ATy, (°C)
(H-donor vs. H-acceptor)

A¥P 1:1 Iso 150.3[0.33] BPI 147.9 N* 1263 [3.61] SmA 64.9 [1.32] Cr 24
2:1 Iso 133.170.61] BPI 130.1° N* 73.5[4.25] SmA 52.1 [1.03] Cr 3.0
3:1 Iso 106.8[0.99] BPI 99.3¢ N* 93.9[4.92] SmA 46.2 [211] Cr 75
4:1 Iso 150.1[4.46] N* 80.5 [3.21] Cr 0
A¥[p* 1:1 Iso 89.6[0.41] BPI 84.9¢ N* 68.5[3.41]SmA 41.5 [3.01] Cr 47
2:1 Iso 123.0[0.43] BPI 116.1¢ N* 98.7(2.88] SmA 44.7 [3.45] Cr 6.9
3:1 Iso 132.3[0.63] BPI 124.1¢ N* 120.2[5.69] SmA 72.6[231] Cr 8.2
4:1 Iso 140.8[3.23] N* 80.6 [1.23] Cr 0
AF*/P 1:1 Iso 96.9[0.55] BPI 91.3¢ N* 73.5[0.31] SmA 35.2 [0.98] Cr 5.6
2:1 Iso 106.7[0.61] BPI 99.6¢ N* 95.1[0.35] SmA 50.1 [0.54] Cr 7.1
3:1 Iso 120.9[0.79] BPI 110.9¢ N* 92.4[0.52] SmA 703 [0.72] Cr  10.0
4:1 Iso 126.1[0.82] BPI 120.8¢ N* 72.6[0.56] Cr 53
AF#/P* 1:1 Iso 70.3[0.52] BPI 64.3¢ N* 42.3 [1.42] Cr 6.0
2:1 Iso 103.5[0.62] BPI 95.0¢ N* 62.4 [0.95] Cr 85
3:1 Iso 109.2[0.56] BPI 96.0¢ N* 61.8 [1.02] Cr 132
4:1 Iso 113.7[0.58] BPI 107.4¢ N* 67.1 [L.11] Cr 63
AxP! Iso 1095 [11.76] N* 87.6[5.43] SmA 79.7[2.03] Cr 0
A-pH Iso 182.2[0.94] BPI180.7¢ N* 106.2[2.44] SmA 72.5[1.22] Cr 15
Arprd Iso 108.0 [0.36] BPI 76.6¢ N* 51.9[1.63] Cr 314

“ Peak temperatures in the DSC profiles obtained during the first heating and
cooling cycles at a rate of 1 °Cmin™. * Iso = isotropic phase; BPI = blue phase
I; N" = chiral nematic phase; SmA = smectic A phase; Cr = crystal; ¢ The
transition to this phase was observed under the polarizing optical microscope
and it was too weak to be recognized by the DSC. ¢ The analogous covalent
diads (see reference 33). The phase transition temperatures and enthalpies of
complexes upon heating and those of pure components A and AF* are shown
in Tables S4 and S5, respectively.
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A*/P* (1:1 mol.). However, H-bonded dimeric complex A*/P (1:1
mol.) with a dipole moment of 6.0 D and a bent angle of 152.9° has
a broader BPI temperature range than the analogous covalent diad A-
P* with a dipole moment of 13.2 D and a bent angle of 141.1°. In
general, H-bonded dimeric complexes possess smaller dipole
moments (5.8-7.4 D) and larger bent angles (149.9°-162.0°) in
contrast to those (11.9-13.2 D and 126.5°-141.1°, respectively) of
their analogous covalent diads. However, the large variations of
dipole moments in H-bonded dimeric complexes and their analogous
covalent diads will not affect the presence of the blue phase. We
found that the bent angle plays an important role to manipulate the
existence of the blue phase, which is preferred to appear at the bent
angle ranging 132.1°-152.9°. Thus, due to lacks of proper bent
angles within 132.1°-152.9°, both H-bonded dimeric complex A/P*
and covalent diad A*-P (with bent angles of 162.0° and 126.5°,
respectively) did not possess any blue phase.

Optical and XRD investigations

As shown in Fig. 3, a typical schlieren texture*” with four brushes at
145.3°C in Fig. 3 (a) and a fingerprint texture at 139.2°C in Fig. 3
(b) were observed in the asymmetric H-bonded dimeric complexes
AF/P (1:1 mol.) and A/P* (1:1 mol.), respectively. Regarding the
mesophases of asymmetric H-bonded dimeric complexes AF*/P (3:1
mol.) and AF*/P* (3:1 mol.), we investigated the phase transition
sequence by POM on the cooling process with a cooling rate of 0.5
°Cmin™!. Figs. 4(a)-4(d) show the phase transition sequence of
AF*/P (3:1 mol.): the isotropic phase (Iso)-blue phase I (PBI) which
has platelet textures with different colors and fine stripes-chiral
nematic phase (N*)-homeotropic state of the Smectic A phase (the
inset is the conoscopic pattern), respectively. Similarly, the phase
transition sequence of AF*/P* (3:1 mol.) is shown in Fig. 5(a)-5(c):
Iso-BPI-N’, respectively.

- 8T -

Fig. 3 POM texture shows the phase transition process of asymmetric H-
bonded dimeric complexes (a) AF/P (1:1 mol.) the nematic phase at 145.3°C
and (b) A/P* (1:1 mol.) the chiral nematic phase at 139.2°C. On cooling rate
0.5 °Cmin™.

Blue Phase 1

Smectic A

Isotropic Liquid

Chiral Nematic

Cooling rate 0.5 °Cmin’!

Fig. 4 POM texture shows the phase transition process of the asymmetric H-
bonded dimeric complex A*/P (3:1 mol.). On cooling rate 0.5 °Cmin™. (a)
The isotropic liquid at 112.1°C. (b) The blue phase I (platelet textures with
different colors and fine stripes) at 102.8°C. (c¢) The chiral nematic phase at
96.2°C. (d) homeotropic texture of the Smectic A phase (insert picture is
conoscopic pattern) at 75.1°C. (Scale bar: 40um. White arrows are the
directions of polarizers and analyzers.)
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Isotropic Liquid Blue Phase 1 Chiral Nematic

Cooling rate 0.5 °Cmin™!

Fig. 5 POM texture shows the phase transition process of the
asymmetric H-bonded dimeric complex AF*/P* (3:1 mol.). On cooling
rate 0.5 °Cmin’. (a) The isotropic liquid at 115.1°C. (b) The blue phase
I (platelet textures with different colors and fine stripes) at 101.2°C. (c¢)
The chiral nematic phase at 75.1°C. (Scale bar: 40um. White arrows are
the directions of polarizers and analyzers.)

All phase transition sequences were investigated by XRD
measurements (see Fig. S1 and Table S1). The sharp reflection peaks
of XRD patterns (representing d-spacing layer) were observed in the
small angle area of the smectic phase (including SmA), but only
broad peaks were revealed in the wide angle area of the N and N”
phases. As shown in Table S1 (see the supporting information), A/P
(1:1 mol.), A*/P (1:1 mol.), AF/P (1:1 mol.) and AF*/P (1:1 mol.)
processed d-spacing values of 48.1 A, 47.5 A, 47.8 A and 46.7 A,
respectively. In addition, A/P* (1:1 mol.), A*/P* (1:1 mol.) and
AF/P* (1:1 mol.) also exhibited d-spacing values of 48.5 A, 47.7 A
and 49.1 A, respectively. Their d-spacing values (d) were similar to
their corresponding molecular lengths (L) by the theoretical
simulation (shown below), which suggested the d-spacing values of
the SmA phase in these diads are monolayer arrangements (i.e., d ~
L). Therefore, the SmA phase was verified not only by the
homeotropic texture of POM photo-images but also by the sharp
peaks (d-spacing values) of XRD measurements.

Theoretical simulation

To substantiate the structural changes observed in the experiment for
the eight asymmetric H-bonded dimeric complexes and to provide a
better insight into the effects of the temperature range and
stabilization on BPs (see Table 3 and the Supporting Information).
We have a detailed quantum chemical calculation for the
geometrical parameters of hydrogen bond lengths, molecular
lengths, breadth, bent angles, dipole moments and charge density
distribution properties. The electronic optimization for all
asymmetric H-bonded dimeric complexes D/P and D/P* (D = A,
A*, AF and AF¥) in the gas-phase was carried out at the B97D/6-
31G(d,p) level. Among all eight complexes, four structures of
asymmetric H-bonded dimeric

Table 3 Calculated lengths, breadths, bent angles and dipole moments of the
optimized asymmetric H-bonded dimeric complexes at the B3LYP level with
the 6-31G(d) basis set

Complex  Length Breadth Breadth Biaxial parameter ~ H-bond H-bond Bentangle Dipole moment HTP
(Blmol) L&) WA W,A&) (W) length (A) bent angle (deg)  (deg)’ (Debye,D)  (um'')®
A¥[P 46.7 9.5 49 1.94 17 1783 1529 6.0 2.56
A*P* 465 93 6.0 1.55 1.7 178.8 150.6 6.6 278
AF*/p 46.7 9.6 4.9 1.96 1.7 178.5 1525 6.7 2.50
AF#[P* 464 94 6.2 1.52 1.7 178.5 1499 74 2.94

“ Bent angle (°) measured as the angle between the first, central and final
benzene rings’ centers of the bent-core structures. The detailed dipole
moments of the lowest energy structures are given (see Tables S2 and S3 of
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the Supporting Information). * HTP values of H-bonded complexes and
analogous covalent diads (see Table S2) were obtained by Cano wedge cells.

complexes are more efficient for the formation of BPs, including
A*/P (1:1 mol.), AF*/P (1:1 mol.), A*/P* (1:1 mol.) and AF*/P*
(1:1 mol.), bearing the chiral center (on H-donor and/or H-acceptor)
and the lateral fluoro substituent. Their main geometrical parameters
are summarized in Table 3 and structures are shown in Fig. 6. The
geometrical properties of the remaining complexes A/P (1:1 mol.),
AF/P (1:1 mol.), A/P* (1:1 mol.) and AF/P* (1:1 mol.) are shown in
Fig. S2 and Tables S2 and S3 of the Supporting Information.
Because the biaxiality, bent angle and dipole moment of the
molecule play a very important role in the widening and stabilizing
the BP temperature range, these parameters are defined as follows: L
(length along the long axis), biaxiality equals W,/W, (W;: width
along the short axis normal to the benzene plane and W,: width along
the short axis parallel to the benzene plane) and bent angles are
measured as the angles between the centers of the first, central and
final benzene rings of the bent-core structures (as shown in Fig. 6).
The calculated hydrogen bond lengths and hydrogen bond bent
angles in complexes A*/P (1:1 mol.), AF*/P (1:1 mol.), A*/P* (1:1
mol.) and AF*/P* (1:1 mol.) are almost similar and ca. 1.7 A and
178°, respectively.
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Fig. 6 Optimized geometries of asymmetric H-bonded dimeric complexes (a)
A*/P (1:1 mol.), (b) AF*/P (1:1 mol.), (c) A*/P* (1:1 mol.) and (d) AF*/P*
(1:1 mol.) are computed with the B97D/6-31G(d,p) method and shows in top
and side view.

As shown in Table 3, the HTP values of four H-bonded dimeric
complexes with BPs, including A*/P, AF*/P, A*/P* and AF*/P*
(1:1 mol.), bearing the chiral center (on H-donor and/or H-acceptor)
and the lateral fluoro substituent are listed and compared with their
analogous covalent diads (including A*-P, A-P* and A*-P* in Table
S2). All H-bonded dimeric complexes A*/P (2.56 um™"), A/P* (2.44
pum™) and A*/P* (2.78 pum™) have smaller HTP values than their
analogous covalent diads A*-P (3.05 um™), A-P* (2.97 um™) and
A*-P* (3.22 um™), respectively, where the lower HTP values of H-
bonded dimeric complexes might be attributed to the higher
flexibilities of their H-bonded structures. Moreover, the HTP values
of H-bonded dimeric complexes have the trend of A*/P* > A*/P >
A/P* similar to that of covalent diads A*-P* > A*-P > A-P*. Hence,
the highest HTP values of A*/P* and A*-P* (with two chiral centers)
along with the lowest HTP values of A/P* and A-P* (with a single
chiral center on the middle of the flexible spacer) are obtained in
both H-bonded complexes and covalent diads, respectively.

(i) Complexes D/P* and D/P (where D = A* and AF¥*)

The BP temperature range of asymmetric H-bonded dimeric
complexes D/P* (D = A* and AF¥*) (chiral center on H-acceptor) as
compared with complexes D/P (D= A* and AF*) (non-chiral center
on H-acceptor) at molar ratio of H-acceptors (P and P*) and H-
donors (A* and AF¥) is 1:1. The asymmetric H-bonded dimeric
complexes AF*/P* (1:1 mol.) ~6.0°C and A*/P* (1:1 mol.) ~4.7°C
are much wider than AF*/P (1:1 mol.) ~5.6°C and A*/P (1:1 mol.)
~2.4°C, because complexes D/P* (D = A* and AF*) have one more
chiral center on H-acceptor than complexes D/P (D = A* and AF¥).
We further investigate the deviations of biaxiality, dipole moment
and bent angle between both complexes D/P* and D/P (D = A* and
AF*). The results show that the performance of biaxiality for
complexes A*/P (1:1 mol.) and AF*/P (1:1 mol.) (biaxiality
parameter ~1.94 and ~1.96, respectively) is greater than complexes
A*/P* (1:1 mol.) and AF*/P* (1:1 mol.) (biaxiality parameter ~1.55
and ~1.52, respectively). The bent angle and dipole moment results
of A*/P* (1:1 mol.) (bent angle ~150.6° and dipole moment ~6.6 D)
and AF*/P* (1:1 mol.) (bent angle ~149.9° and dipole moment ~7.4
D) indicate a greater bent shape and larger dipole moment value than
A*/P (1:1 mol.) (bent angle ~152.9° and dipole moment ~6.0 D) and
AF*/P (1:1 mol.) (bent angle ~152.5° and dipole moment ~6.7 D),
respectively. Hence, the chiral center is introduced to H-acceptor to
increase the value of dipole moment and bent shape of molecule;
thus it is more helpful to stabilize and extend the BP temperature
range than biaxiality.

(ii) Complexes AF*/N and A*/N (where N = P and P*)

Next, we investigated the changes of BP temperature range that took
place on the lateral fluoro substituent at H-donors of asymmetric H-
bonded dimeric complexes AF*/N (N = P and P*) compared with
those without lateral fluoro substituent at H-donors of complexes
A*/N (N = P and P*). The experimental results of BP temperature
range show that the complexes AF*/P* (1:1 mol.) ~6.0°C and
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AF*/P (1:1 mol.) ~5.6°C are much wider than A*/P* (1:1 mol.)
~4.7°C and A*/P (1:1 mol.) ~2.4°C complexes. Our theoretical
results show that the molecular bent angles and dipole moment
values of lateral fluoro substituent complexes AF*/P (1:1 mol.) and
AF*/P* (1:1 mol.)) are greater than those without fluorine
substitution complexes A*/P (1:1 mol.) and A*/P* (1:1 mol.) (See
Table 3). As alluded to above, we concluded that the lateral fluoro
substituent at H-donors delivered a high electronegativity and dipole
moment, hence the fluorine is more favourable to broaden the BP
range. Although the performance of biaxiality for complex AF*/P*
(1:1 mol.) is only 1.52, complex AF*/P* (1:1 mol.) has a large value
of dipole moment (~7.4 D) and a bent shape of molecular geometry
(~149.9°). The results show that the ground state dipole moments for
all complexes based on the Cartesian coordinate system are found to
be oriented in XY-plane and mainly dominant on the X axis, lying
on the backbones of the molecule (see Supporting Information Table
S3). In this study, the molar ratio H-donors (AF*) vs. H-acceptors
(P*) was 3:1 (75 mole% ) which exhibited the widest temperature
range of BP (~13.2°C). In addition to the analysis of the electron
density distribution properties, we also generated the electrostatic
potential of asymmetric H-bonded dimeric complexes A*/P (1:1
mol.), AF*/P (1:1 mol.), A*/P* (1:1 mol.) and AF*/P* (1:1 mol.) at
the B97D/6-31G(d,p) level which is shown in Fig. S4 to get a better
understanding of its chemical reactivity (the other asymmetric H-
bonded dimeric complexes are also shown in Fig. S3 of the
supporting information). The charge distributions in molecules can
be displayed by electron-rich (red; &) and electron-poor (blue; 5°).

Conclusions

In this work, a series of novel asymmetric H-bonded dimeric
complexes D/P and D/P* (where D = A, A*, AF and AF*) were
synthesized and self-assembled by different molar ratios of H-donors
(A, A*, AF and AF*) and H-acceptors (P and P*), where the chiral
centers were introduced into the linker of H-acceptors (P and P*)
and/or the flexible terminus of H-donors (A* and AF¥*) to study the
H-bonded effects on the presence of BPs. In addition, the influences
of the lateral fluoro-substituent of H-donors (AF and AF*) on the
mesophasic behaviours (e.g., BPs) of asymmetric H-bonded dimeric
complexes are investigated. Moreover, H-bonded dimeric complex
AF*/P* (1:1 mol.) with the widest BP range of 6.0°C in this report
can be further optimized to exhibit even wider temperature range of
BPI (~13.2°C) by a molar ratio of 3:1 due to the excessive acid
dimmer AF* acted as a chiral dopant. Comparing the BPs of H-
bonded dimeric complexes A*/P, A/P* and A*/P* with those of our
previously reported analogous covalent diads A*-P, A-P* and A*-
P*, respectively, the bent angle plays an important role to control the
blue phase, which is preferred to exist at the bent angle between
132.1°-152.9°. Therefore, due to unsuitable bent angles, both H-
bonded dimeric complex A/P* and covalent diad A*-P (with bent
angles of 162.0° and 126.5°, respectively) did not possess any blue
phase. Finally, the H-bonded effects of chiral centers and lateral
fluoro-substituent on supramolecular mesohasic structures via
theoretical calculation of biaxiality, bent angle and dipole moment
are useful to extend and stabilize the temperature ranges of BPs.
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