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Extraordinary magnetic field effects on the
LC phases of homochiral and racemic
4-cyanoresorcinol-based diamagnetic
bent-core mesogensy

Hale Ocak, (2 *° Belkiz Bilgin Eran,® Sevgi Nuray,® Aykun Ozkonstanyan, (22
Silvio Poppe® and Carsten Tschierske (2 *°

4-Cyanoresorcinol based bent-core compounds combining one branched chiral with one achiral linear end-
chain have been synthesized in enatiomerically pure and one compound also in racemic form. All homochiral
compounds form a chiral cybotactic nematic phase at relatively low temperature with a selective reflection
ranging from the near IR to near UV. For the compound with the longest chains superparaelectric and
antiferroelectric switching smectic phases were observed, whereas the corresponding racemate is non-polar.
This is attributed to sterically induced polarization by the denser packing of uniform enantiomers due to
chirality synchronization of the helical conformers. For the racemic mixture this chirality synchronization
requires additional surface stabilization. There are unprecedented effects of an applied magnetic field (1 T) on
the LC phases, leading to a layer shrinkage by 6-13% for the enantiomer and a layer expansion by 5-8% for
the racemate. It is proposed that the magnetic field couples with the m-systems of the almost rod-like
molecules. For the racemate this increases the core order, whereas for the enantiomer the reduction of the
heliconical twist is considered to provide the major effect. These magnetic field effects could lead to new
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1. Introduction

Functional soft matter systems, especially liquid crystals (LCs),
are often composed of a rigid m-conjugated system combined
with flexible chains."* Among them, molecules involving a bent
n-conjugated polyaromatic unit, so-called bent-core molecules
(Scheme 1), have attracted considerable attention, because they
can form polar switchable (ferroelectric and antiferroelectric)
LC phases.”® Numerous systematic studies have been carried out
on resorcinol derivatives substituted at the central 1,3-disubstituted
benzene unit of the bent core,”'® for example, the cyano substitu-
tion in the 4-position (Scheme 1) leads to cybotactic nematic phases
as well as to series of paraelectric and polar smectic phases
depending on the structure of the rod-like wing groups and
the length of the attached end chains.'®>* Some achiral
4-cyanoresorcinol based bent-core compounds resulted in the
emergence of short pitch heliconical smectic mesophases
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applications of chiral LC materials at the cross-over between rod-like and bent shapes.

(Fig. 1a)*>"*” which received considerable attention due to mirror
symmetry breaking by spontaneous helix formation and due to
their potential applications in fast switching electro-optic (EO)
display devices.*®** Related short pitch heliconical phases were
also observed for LC phases of achiral bent mesogenic dimers in
nematic (Npg)** and smectic phases.®*

Heliconical phases with a much longer pitch of the long-
itudinal twist are known for tilted smectic phases (SmC*) of
permanently chiral rod-like molecules,*>® whereas related chiral
nematic phases (N*, cholesteric) have a helicoidal (transversal)
twist (Fig. 1¢).>*>™** Chirality and helicity have a major impact on
the structure and the material properties of LCs and lead to
numerous applications, for example in optics, electro-optics and
photonics.>?*%1*® Moreover, geometric frustration arises by
helicoidal twist developing in different spatial directions (blue
phases?> ™) or by competition between helicoidal twist and
long range lamellar order (e.g. twist grain boundary phases =
TGB phases).®***14™9 Though chirality effects have been well
studied for rod-like LCs and their dimeric,” oligomeric and
polymeric analogs,”>>" the investigation of chiral bent-core
mesogens has much less been conducted and comparisons
between enantiomerically pure compounds and their racemic
mixtures are especially rare.”*®® Molecular chirality can be
incorporated into the bent-core molecules by the introduction
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Scheme 1 Molecular structures of the 4-cyanoresorcinol based bent-core
compounds 1/n and 2/n under discussion, and the related symmetric
compounds 4% with two linear alkyl chains and with two chiral chains
(3%); R* represents a branched chiral carbon chain, explained at the bottom;
for space filling models of compounds 2, see Fig. S25 (ESIt) and for phase
sequences and transition temperatures, see Table 1 and Table S4 (ESIT).

of asymmetric carbon centers in the terminal chains.**™° In

some cases the presence of a chiral moiety induces the emergence
of the conventional chiral LC phases known from rod-like mole-
cules such as cholesteric,*® and blue phases (BPI-BPIII),*"*> as well
as chiral smectic>® and TGB phases.®>** In other cases it has no
influence on the mesophase type, as for example in the modulated
smectic (B1) phase of biphenyl based bent-core molecules.***®
A series of several new helical superstructures were found for
nematic phases of chiral bent dimesogens (Ny3*).*> An important
question concerns the transition from the right-angle helicoidal
structure as known from the classical cholesteric N* phases of
ordinary rod-like molecules, having transversal twist (see Fig. 1c),
to the oblique helicoidal (=heliconical) nematic phases, having
longitudinal twist (Fig. 1a), as known for the Ny phases.®® The
latter are formed by bent molecules with small or negative twist
elastic constant K;;. This transition from helicoidal to heliconical
twist in a nematic phase was recently achieved by mixing a
spontaneous mirror symmetry broken Ntg phase with an ordinary
cholesteric phase.®® The development of transversal twist is also
likely to be distorted and the development of longitudinal twist is
supported by the development of lamellar SmCg*-clusters in the
cybotactic nematic phases at the transition to the SmC¢* phases.

In previous work we have investigated several series of 4-
cyanoresocinol based bent core mesogens showing a wide variety
of LC phases at the transition from nematic to smectic'® and from
non-polar to polar LC phases.®® Moreover, they show a series of
spontaneous mirror symmetry broken LC phases, involving
superparaelectric SmC,Px* phases®” and heliconical smectic
phases (SmC,Pa!).22>2527 Ag a consequence, the question arose
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Fig. 1 Distinct modes of chirality in LC phases. (a—c) Permanent molecular
chirality leads to a bias of the helical twist of the conformers, shown in (b),
which induces either (a) a longitudinal twist in an oblique helicoid (heliconical)
structure or (c) a transversal twist in a right-angled helicoid (helocoidal)
structure. (d) In the lamellar phases of achiral bent-core molecules the
combination of polar order, tilt and layer normal define a right- or left-
handed system, providing an additional source of chirality (see also Fig. S35,
ESI).

in how far the transient chirality of these spontaneously chiral
phases can be affected by a permanent molecular chirality. In
previous work we have introduced two stereogenic centers,
which lead to highly chirality frustrated BPIII phases with high
Kerr constants, replacing the nematic phase,**?* and diastereo-
merism between layer chirality and molecular chirality in the
smectic phases.”®>° Here we use only one stereogenic center,
assuming to have smaller steric and chirality effects, to find new
structures and effects by the interplay of these two sources of
chirality, especially concerning the transition from transversal
(helicoidal) to longitudinal (heliconical) twist (Fig. 1a—c).

In the lamellar phases of bent-core molecules the development
of polar order leads to superstructural layer chirality (see Fig. 1d
and Fig. S35, ESIt),” providing an additional source of chirality.
This layer chirality can assume diastereomeric relations with the
permanent molecular chirality as well as with the spontaneously
formed or chirality induced helicoidal and heliconical super-
structures,®!72%23:39:63:68:69 Jeading to geometric frustration and
the development of complexity in their self-assembly.®>"7°

Whereas electric field effects on the LC phases of bent-core
molecules are well studied and understood,”” magnetic field

This journal is © The Royal Society of Chemistry 2021
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effects are much less investigated, mainly for paramagnetic
compounds.”"”? Investigation of diamagnetic bent-core mesogens
under the magnetic field was focused on the stabilization of
nematic phases and attempts to induce phase biaxiality.”>”””
Magnetic fields up to 25 T were also found to suppress the onset
of the BPIII phase of chiral bent-core mesogens by almost 1 K,”® as
well, the helical pitch in cholesteric phases was tuned.”® Similarly,
the heliconical and helicoidal superstructures in SmC* and TGBC*
phases of chiral rod-like mesogens®”®" were shown to be fully or
partly removed under a sufficiently strong magnetic field. How-
ever, all these effects on diamagnetic LCs are very small or require
high magnetic field strength.

Herein, we report a unique and unexpectedly strong effect of
an applied magnetic field on the layer spacing of SmC and SmC*
phases of chiral bent-core molecules. There is a huge effect of a
relatively weak magnetic field of only 1 Tesla providing a change
of the layer spacing by up to 13%, and surprisingly, the effect of
the applied field is opposite for the racemate and the pure
enantiomer. The newly designed, synthesized and investigated
compound showing this phenomenon represents a member of a
series of non-symmetric bent-core molecules derived from a 4-
cyanoresorcinol central unit. In these compounds (S)-1/n, (S)-2/n
and rac-2/12 (Schemes 1 and 2) a (S)-2-methylbutoxy or (S)/rac-3,7-
dimethyloctyloxy substituted phenylbenzoate based rod-like wing
is attached in ortho-position besides the CN group of the central
4-cyanoresorcinol derived core, and a linear n-alkoxy chain

*@

. (S)-B, rac-B

i

BnO

Bn0/©[ k@ 0
(S)-BzD, (S)-Bz-E, rac-Bz-E J\©\
]-- OR*
HO/E::]: JLT:::L 0
(S)D, ( S)E rac-E
e

i or i

O
o*’@& Mo,

R=C,H,,, N=6,8,10,12

Scheme 2 Synthesis of 4-cyanoresorcinol-based chiral bent-core molecules
((S)-1/n, (S)-2/n and rac-2/12). Reagents and conditions: (i) DCC, DMAP, dry
CH,Cl,, 20 °C; (i) Pd/C-10%, THF, 40 °C; (iii) (1) (COCl),, (2) dry pyridine, dry
CH,Cl, (for details, see ESIt).
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(R—C,H,,+1, n = 6-12) is positioned at the phenylbenzoate unit
in para-position to CN at the opposite side (Scheme 2).

2. Experimental
2.1 Synthesis

The synthesis of compounds (S)-1/n, (S)-2/n and rac-2/12 is described
in Scheme 2. Firstly, (S)-4{4-(2-methylbutoxy)benzoyloxy]benzoic acid
(5)-A>**>% and (S)-4-{4-(3,7-dimethyloctyloxy)benzoyloxy]benzoic acid
(S)B>*** were synthesized according to procedures reported in the
literature.** Ethyl 4-hydroxybenzoate was alkylated with (S)-2-
methylbutyl-1-tosylate (prepared from the commercially available
(S){(—)-2-methyl-1-butanol by tosylation®) and (S)-3,7-dimethyloctyl-
1-bromide (prepared from (S)-3,7-dimethyl-1-octanol by reaction with
conc. aqu. HBr/conc. H,S0,*%) followed by hydrolysis of the ester
group (10 N sodium hydroxide solution in ethanol). Esterification of
the obtained (S)-4-(2-methylbutoxy)benzoic acid®” and (S)-4-(3,7-
dimethyloctyloxy)benzoic acid® with 4-hydroxybenzaldehyde using
N,N'-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyri-
dine (DMAP),®® followed by NaClO, oxidation®® leads to the
4-benzoyloxybenzoic acids (S)-A and (S)-B.

The racemic compound rac-B was prepared in a similar way
starting from racemic 3,7-dimethyl-1-octanol as described
previously.>* The 4-(4-n-alkyloxybenzoyloxy)benzoic acids®>** Fn
(n = 6, 8, 10, 12) were prepared starting with appropriate alkyl
bromides by using the same procedures as described the above.””
4-Benzyloxy-2-hydroxybenzonitrile C was prepared from commer-
cially available 4-benzyloxy-2-hydroxybenzaldehyde by the for-
mation of the oxime, followed by dehydration as previously
reported.’®* The acylation of C first with the chiral or racemic
benzoyloxybenzoic acids (S)-A, (S)-B or rac-B followed by hydro-
genolytic debenzylation and acylation with the appropriate benzoic
acid Fn leads to the target compounds (S)-1/n, (S)-2/n and rac-2/12
which were purified by column chromatography on silica gel using
chloroform as eluent and recrystallized from ethanol. Detailed
synthesis procedures and analytical data are given in the ESLf
Identical chemical structures of (S)-2/12 and its racemate rac-2/12
were confirmed by NMR investigation (Fig. S21-524, ESI{), MS and
thin-layer chromatography (for details, see ESIY).

2.2. Investigation

The liquid crystal properties of (S)-1/n, (S)-2/n and rac-2/12 were
investigated by polarizing optical microscopy (POM) and differ-
ential scanning calorimetry (DSC). Transition temperatures were
measured using a Mettler FP-82 HT hot stage and control unit in
conjunction with a Leica DM2700P polarizing microscope. The
associated enthalpies were obtained from DSC-thermograms
which were recorded on a PerkinElmer DSC-7 (heating and
cooling rate: 10 K min™") in a nitrogen atmosphere.

X-ray investigations were carried out at Cu-K,, line (1 = 1.54 A)
using a standard Coolidge tube source with a Ni-filter. Non-
aligned samples were prepared on a glass slide while aligned
samples were prepared in a glass capillary. All samples were slowly
cooled (rate: 0.1 K min~") from the isotropic liquid phase to the
mesophase. Alignment was achieved by cooling the sample under

J. Mater. Chem. C, 2021, 9,1895-1910 | 1897
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an applied magnetic field of ~ 1 T (direction of the magnetic field
is perpendicular to the X-ray beam) to the measuring temperature.
The samples were held on a temperature-controlled heating stage
and the diffraction patterns were recorded with a 2D detector
(Vantec 500, Bruker); exposure time was 15-30 min. For the wide-
angle X-ray scattering (WAXS) measurement the distance between
the sample and the detector was defined to be 9.0 cm; for small-
angle X-ray scattering (SAXS) measurement the distance is 26.9
cm. The obtained XRD patterns were transformed into 1D plots
over the full Chi-range by using GADDS. For the calculation of the
d-values and the line width (full width at half maximum = FWHM)
of the magnetically aligned samples of rac-2/12 (B = 1 T) and of
unaligned samples of (S)-2/12 (B =0 and 1 T) and rac-2/12 (B=0T)
different techniques were used to obtain comparable results. For
the unaligned powder-like samples the integration of the signal
was performed over the whole y-range. For the aligned sample of
rac-2/12, especially in the nematic phase, this integration techni-
que cannot be used due to the dumbbell-like shape of the
scattering (see Fig. 9a further below). In this case we performed
an integration only over the y-range for the scattering maxima.
The mean average of all four scattering maxima was taken for the
construction of the plots discussed in Section 3.5.

Electro-optical investigations were performed in a 10 pm
polyimide (PI) non-coated ITO cell (EHC, Japan) with a measuring
area of 1 cm”. The cell was filled in the isotropic liquid phase.

View Article Online
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Switching experiments were carried out with the triangular-wave
method using a combination of a function synthesizer (Agilent,
model 332204, load was set to 10 kQ), an amplifier (Tabor
electronics, model 9400), and the current response traces were
recorded using an oscilloscope (Agilent, model DSO3202A) across
a 5 kQ resistance.

3. Results and discussion
3.1 The cholesteric phases of compounds (S)-1/n and (S)-2/n

The mesophase type, transition temperatures (7/°C) and the
corresponding enthalpies (AH/k] mol ') are presented in
Table 1. All synthesized compounds show an enantiotropic
chiral nematic mesophase (cholesteric) (N*) which is identified
by the characteristic colored oily-streak texture (see Fig. 3a—f
and Fig. S30, ESIt). As shown further below, this chiral nematic
phase is composed of skewed smectic clusters and therefore
represents a cybotactic nematic phase (Ngypc*). Compounds
(S)-1/n, (S)-2/6 and (S)-2/8 show a sequence of crystal (Cr) -
cholesteric (Ngybc*) - isotropic liquid phase (Iso). On cooling
from the isotropic liquid phase, compounds (S)-2/10 and
(8)-2/12 with longer alkyl chains exhibit an enantiotropic Neypc*
mesophase as well as a transition to at least one additional
smectic phase; the transition to this smectic phase is associated
with a small peak in the DSC thermograms slightly above 50 °C

Table 1 Mesophases, transition temperatures and corresponding transition enthalpies of the compounds (S)-1/n, (S)-2/n and rac-2/12°

(S)-1/n; (S)-2In; rac-2/12

ST
o

Compd. R* R 7/°C [AH/K] mol ']
(S)-1/6 (S)-2-Methylbutyl CoHy; H: Cr 85 [25.4] Ngyuo* 111 [0.7] Iso
C: 150 109 [0.5] Negpc* 52 [-3.3] Cr”
(S)y1/8 (S)-2-Methylbutyl CsH,7 H: Cr 82 [29.1] Ngypc* 112 [0.5] Iso
C: 150 110 [~0.5] Negnc* 43 [-4.2] Cr”
(S)-1/10 (S)-2-Methylbutyl C1oHy,y H: Cr 85 [38.2] Ngypc* 105 [0.3] Iso
C: 150 103 [—0.6] Ngypc* 35 [-22.1] Cr
(S)-1/12 (S)-2-Methylbutyl C1oHas H: Cr 81 [42.6] Ngyuc* 107 [0.8] Iso
C: Is0 105 [—0.8] Ngype* 47 [-22.9] Cr
(S)-2/6 (S)-3,7-Dimethyloctyl CeHis H: Cr 69 [22.6] Ngync* 86 [0.4] Iso
C: 150 85 [0.4] Nggyoc* 27 [-3.2] Cr°
(S)-2/8 (S)-3,7-Dimethyloctyl CgHys H: Cr 86 [39.1] Ngypc* 106 [0. 7] Iso
C: 150 104 [—0.7] Ngype* 52 [-4.3] CrP
(S)-2/10 (S)-3,7-Dimethyloctyl CioHys H: Cr 72 [21.2] Ngybe* 96 [0.7] Iso
C: 150 95 [—0.7] Ngype* 51 [-0.9] SmC* < 10 Cr
(S)-2/12 (S)-3,7-Dimethyloctyl C1,H,s H: Cr 69 [16.1] SmCq* 93 [0.1] Neyp* 107 [1.6] Iso
C: Iso 106 [71.7] Neybe* 92 [~0.1] SmCy* 62 [—] SMC.Par* 53 [0.2]
SMCePA* 35 [—0.8] Cr”
rac-2/12 rac-3,7-Dimethyloctyl Ci2Hos H: Cr; 60 [17.1] Crz 72 [1.4] SmC; 97 [0.1] Ngybe 110 [1.6] Iso

“ Peak temperatures and enthalpy values (in italics in brackets) taken from the 2nd heating and cooling scans at a rate of 10 K min™%;

C: Is0 108 [1.7] Ngype 94 [0.1] SmC; 54 [0.2] SmCy’ 33 [1.1] Cr”

1

abbreviations: Cr = crystalline phase (for compounds with multiple Cr-Cr transitions and stepwise melting, see for example Fig. 2, only the melting
transition at highest temperature is given); Iso = isotropic liquid phase; Ngync* = chiral nematic (cholesteric) LC phase composed of SmC; layer
fragments (skewed cybotactic chiral nematic phase); SmC; = tilted smectic phase with uniform tilt direction in adjacent layers (synclinic tilt);
SmCy' = SmCq phase with enhanced packing density; SmCg* = chiral SmCy phase; SmCyPor* = paraelectric phase with antiferroelectric like
response; SmCgP,* = antiferroelectric switching chiral SmCs phase; for DSC traces, see Fig. 2, 5 and Fig. S29; for textures, see Fig. 3, 6 7 and
Fig. S30-S33; a comparison with related achiral compounds and compounds with two chlral chain is given in Table S4 (ESI). ? Partial
crystallization. © It is unknown if this is a polar or nonpolar SmCg phase.

1898 | J Mater. Chem. C, 2021, 9, 1895-1910 This journal is © The Royal Society of Chemistry 2021
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Fig. 2 DSC thermograms of (S)-2/10 on 2nd heating and cooling (10 K min~?);
for the DSC traces of the other compounds (S)-1/n and (5)-2/n, see Fig. S29 (ESI+).
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(Fig. 2 and 5). Upon cooling the Ngyc* phases of all investigated
compounds, the oily-streak texture changes the color from blue via
green to red (see for example Fig. 3b-e and Fig. S30, ESIt), a behavior
typical for N* phases which is due to the temperature dependence of
the helicoidal pitch.***** For (S)2/10 and (S)2/12 an optically
uniaxial appearance with birefringent oily streaks is observed close
to the isotropization temperature (Fig. 3a), because the short helix
pitch provides a selective reflection with a wave length in the near UV
range. For compound (S)-2/12 an optical isotropic cholesteric texture
with oily streaks, in this case having the selective reflection in the
near IR range, is also found at the low temperature end, just before
the transition to the SmC,* phase at 92 °C (Fig. 3f). This means thata
selective reflection with a wide wave length range from the near UV
to the near IR is covered in this case.

Despite of the significant cybotaxis, these chiral nematic phases
behave like ordinary orthogonal helicoidal chiral nematics with
transversal twist and the pitch developing perpendicular to the
substrate surfaces (Fig. 3a—f). The transition to a heliconical structure
appears to be associated with the Ng,pc*-SmC,* transition (Fig. 3f-h),
meaning, that the effects of molecular bent and cluster formation are
obviously not sufficient to induce a helicoidal — heliconical transi-
tion within the nematic phase range. Nevertheless, for the long chain
compounds (S}10 and (S}-12 with additional smectic phases, the
helicoidal twist could be reduced upon approaching the SmC* range,
which is likely to contribute to the strong increase of the selective
reflection wave length (Fig. 3a-f). Moreover, there appear to be
surface alignment effects, so that different textures can be observed
for the chiral nematic phase of these long-chain compounds, one of
them being surface induced with low birefringent (gray) fan texture
of heliconical smectic surface layers (SmCs*, see Fig. S30f, ESIT),
coexisting with the selective reflecting helicoidal chiral nematic phase
(Ngybc*) of the bulk material (Fig. S30f and g, ESIT).

3.2 Long chain compound (S)-2/10 with N¢yp,c*-SmC*
transition

The LC phases of compound (S)-2/10 were investigated by XRD
(see Fig. 4 and Table S1, ESIt). In the whole temperature range

This journal is © The Royal Society of Chemistry 2021
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d) Neyoc* 100 °C flfe) Neyoc* 95 °C Neyoc* 93 °C

SmC,P,* 50 °C

Fig. 3 Textures of (5)-2/12 as observed between crossed polarizers on
cooling from Neypc* to SmCPa* at the given temperatures in the indicated
phases; (a)—-(f) show the change of the selective reflection in the cholesteric
phase range, being in the near UV range in (a) and in the near IR in (f); (h) was
obtained after shearing the sample shown in (g); (i) was observed after
spontaneous transition to the optically isotropic homeotropic texture (the
small regions) with a bit higher birefringence are residues of the texture in
(g); for more details of the transition g — j, see Fig. S33 (ESI+).

between 50 and 90 °C the WAXS is diffuse with a maximum
around 0.45 nm (Fig. 4b), indicating the presence of exclusively
LC phases in this temperature range. The SAXS is also diffuse
between 60 and 90 °C, but significantly more intense than the
wide-angle scattering, as typical for a cybotactic nematic phase
(Ngybc*) of bent-core mesogens (Fig. 4a).'®>°

The intensity of the SAXS increases almost continuously and
the width decreases with lowering temperature, indicating a
continuously growing size of the cybotactic clusters. At the
phase transition around 52 °C the diffuse SAXS becomes a
sharp peak, associated with a jump of the d-value from around
4.2 nm in the cholesteric phase to 3.6 nm in the smectic phase
(Fig. 4, Fig. S26 and Table S1, ESIt). No additional diffraction
peaks can be found besides the SAXS and therefore we attribute
it to a layer reflection of a smectic phase.

A tilted organization of the molecules in the cybotactic
clusters of the nematic phase (N¢ypc*) and in the smectic phase

J. Mater. Chem. C, 2021, 9, 1895-1910 | 1899
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Fig. 4 (a) SAXS and (b) WAXS pattern of the N¢ypc* phase (60-90 °C) and
the SmC¢* phase (50 °C) of compound (S)-2/10, measured under a
magnetic field of 1 T (no magnetic field effect on the d spacing is observed
in this case, see Fig. S26; for additional data, see Table S1, ESI¥).

(SmCg*) can be deduced from the difference between molecular
length (Lo = 5.4 nm for 2/10) and the recorded d-spacings
(d = 3.6-4.4 nm, see Table S1 and Fig. S26, ESIt). Additional
confirmation is provided by investigation of aligned samples of
the racemate of the next homologue (rac-2/12), as described
further below. The smectic phase of compound (S)-2/10 was
only observed on cooling as a monotropic LC phase and therefore
could not be investigated in more detail due to crystallization and
presently it cannot be decided if it is a polar or non-polar SmCg*
phase. The next even numbered homologue (S)-2/12 has
an enantiotropic SmCy* range, and therefore, the following
detailed investigations were focused on (S)-2/12 and its racemic
mixture rac-1/12.

3.3 DSC and optical investigation of the smectic phases of
rac-2/12 and (S)-2/12

DSC-investigations. In Fig. 5, the DSC traces of the pure
enantiomer (S)-2/12 are compared with its racemate rac-2/12;
the LC-Iso transition temperatures of the racemate are about
3-4 K higher compared to the enantiomer, whereas the transi-
tions between the LC phases and the associated transition
enthalpy values are almost identical, (see also Table 1). In the
cooling curves there are two additional phase transitions
below the Iso-Ngypc transition, one around 92-94 °C for the
Ncybc(")—SmCS(*) transition and another one at 53-54 °C (Fig. 5).
The third transition peak around 33-35 °C is attributed to a
partial crystallization in both cases.

Optical investigations. At the transition to the tilted smectic
phase of (S)-2/12 (SmC,*) the oily streaks texture of the N¢ync*
phase changes to a non-specific birefringent sandy texture
composed of small fans (see Fig. 3f-g). This texture slowly
transforms into an optical isotropic homeotropic texture (layers
become aligned parallel to the substrate surfaces, see Fig. S33,
ESIt), which can also be obtained by shearing the sample
between the glass plates (Fig. 3h). The unaxiality of this tilted
smectic phase indicates a heliconical superstructure with a helical
twist between the layers, the helix axis being perpendicular to the
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Fig. 5 DSC heating and cooling traces of (a) rac-2/12 and (b) (S)-2/12,
recorded at 10 K min%.

layer planes (Fig. 1a), and a pitch outside the visible optical wave
length range. On further cooling, at 62 °C, a weak birefringence
develops, which at 54 °C (Fig. 3i) suddenly increases in brightness
and becomes a typical Schlieren texture as known for the B2
phases (SmCP, phases) of bent-core mesogens (Fig. 3j). This
means that the heliconical superstructure is distorted below
62 °C and completely removed at the phase transition at 53 °C.
The two phase transitions in the LC range are also visible by
textural investigations of planar (Fig. 6a-d, left column) as well
as homeotropic samples of the corresponding racemate rac-2/12
(Fig. 6e-g, right column). On cooling the planar aligned sample
of the nematic phase (planes of the cybotactic clusters are
perpendicular to the cell surfaces) the fan-like texture of a
smectic phase develops at the transition around 94 °C, (Fig. 6a
and b). This is immediately followed by the emergence of tilt
domains, indicated by dark domains, at 58 °C having their
maximum darkness if inclined by ~30° with respect to the
orientation of polarizer and analyzer (Fig. 6¢). This is in line
with a model where the tilt randomized SmC; clusters in the
Ncybe phase grow in coherence length, thus forming layers at
the N¢ypc to SmC; transition. Immediately below this transition
the phase appears almost SmA-like, i.e. without the typical tilt
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Fig. 6 Textures of the (a—d) planar aligned (6 um polyimide coated ITO
cell, R is the rubbing direction) and (e—g) homeotropic samples (between
non-treated microscopy glass plates) of the racemate rac-2/12 as
observed on slow cooling (5 K min~?) from the isotropic liquid phase into
the distinct phases at the indicated temperatures; for additional textures at
other temperatures, see Fig. S31 (ESIT).

domains (see Fig. 6b and c¢) and on further cooling the tilt
domains become clearly visible (Fig. 6¢). It appears that close
to the Ngypc to SmC; transition the tilt correlation is weak or
heliconical, and that it becomes uniformly synclinic with lowering
temperature. The next transition at 54 °C is associated with
another textural change (SmC; — SmC,’ transition, Fig. 6¢ and
d) due to the further increasing packing density (see below).

The homeotropic aligned Ngy,c phase of rac-2/12 (Fig. 6e)
appears almost optically isotropic with only weak birefringence,
the latter we attribute to thin surface layers with the tilted layers
pinned to the surface. This is in line with a completely
randomized tilt direction of the cybotactic SmCg-like clusters
in the Ngypc phase and an alignment of these clusters parallel
to the substrate surfaces. At the N¢ypc to SmC; transition at
94 °C bright domain boundaries develop, though the texture
remains almost isotropic (Fig. 6e and f). This means that
despite of the tilt, the birefringence remains very small, which
might be due to a persisting tilt randomization or a developing
heliconical superstructure. Upon approaching the next phase
transition at 54 °C the birefringence in the homeotropic texture
increases considerably, indicating the transition to a significantly tilted
smectic phase with uniform tilt-correlation (SmCy/, Fig. 6f and g).

Mirror symmetry breaking in the SmC; phase of rac-2/12. In
order to uncover the origin of the low birefringence of the
homeotropic SmCs phase, rac-2/12 was investigated by polarizing
microscopy between two polarizers. Rotating one polarizer by a
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small angle (1-5°) out of the 90° position visualizes a conglomerate
of dark and bright areas. Inverting the direction of rotation
inverts the brightness of the domains (Fig. 7a and c), whereas
rotating the sample between the polarizers leads to no change
(Fig. S32, ESIf). The combination of these observations is
typical for a conglomerate of chiral domains. The presence of
a surface supported heliconical organization with the helix axis
perpendicular to the surfaces®” is in line with the almost
isotropic appearance of the homeotropic texture and its optical
activity. Thus, for the racemic compound rac-2/12 a stochastically
formed conglomerate with equal probability for either chirality
sense is observed. Again, the slight birefringence is mainly
attributed to surface layers.

Similar spontaneously formed chiral domains in SmCs
phases of achiral bent-core mesogens have previously been
reported for the paraelectric SmC Pz*! phases®” and were also
observed in some cybotactic nematic phases of bent-core
mesogens (Ngync™).7%% These spontaneous mirror symmetry
broken LC phases of achiral bent-core molecules result from a
combination of different effects, among them a small or
negative twist elastic constant,”® surface pinning effects®” and
a high degree of helicity of the molecular conformations.®™®
However, the spontaneous formation of chiral domains in a
SmC;, phase of a racemic mixture is according to our knowledge,
reported here for the first time. It is a bit surprising, because
uniform helical self-assembly in the domains leads to energetically
different states for the permanently chiral (R)- and (S)-
enantiomers. A spontaneous separation of the enantiomers would
be diffusion controlled and therefore expected to be a slow
process, whereas chirality synchronization of transiently chiral
molecules in LC helical superstructures is known to be fast.®%®
Nevertheless, the domain formation appears to be rapid and
therefore it is assumed that the diastereomeric coupling between
the permanent and transient molecular and supramolecular
chirality is only weak® and the synchronization of the transient
chirality is dominating.

Upon approaching the next phase transition at 54 °C the
birefringence in the homeotropic texture increases significantly,
indicating the transition to a helix-free SmC,’ phase (Fig. 6g).
Thus, there are heliconical superstructures in the SmC, ranges of
the enantiomer as well as of the racemate of 2/12, in the first case

Fig. 7 Chiral domains as observed in the SmC, phase of rac-2/12 at
T =90 °C as (b) observed between crossed polarizers and (a and c) with the
analyzer slightly rotated (a) in clockwise and (c) in counter clockwise
direction. That the brightness of the domains does not change by rotating
the sample between crossed polarizers is shown in Fig. S32 (ESI¥).
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being uniform and supported and biased by the permanent
molecular chirality and in the second case as a conglomerate
resulting from the spontaneous local chirality synchronization.
In both cases the transition to the low temperature mesophase
around 52-54 °C is associated with a loss of the helical self-
assembly.

3.4 Electro-optical studies of rac-2/12 and (S)-2/12

Compound (S)-2/12 and its racemate rac-2/12 were further
investigated by electrical triangular wave field experiments.
No current peaks could be observed in the Ny, and Neghc*
phases of rac-2/12 and (S)-2/12, respectively, independent of
the temperature and even under an applied voltage of up to
38 V,p pm ' the same is found in the SmC and SmC’-ranges of
rac-2/12. In contrast, already at the N¢,pc*-SmCg* transition of
(S)-2/12 a single current peak emerges, which grows in intensity
upon cooling and a second peak starts developing around
62 °C. The two polarization current peaks in each half period
of an applied triangular wave field increase in size and have
fully developed at the phase transition at 53 °C, indicating an
antiferroelectric switching (Fig. 8a and Fig. S34, ESIt). The
polarization value (Ps) reaches about 500 nC cm™> between 53
and 45 °C and upon further cooling it vanishes again due to
partial crystallization. This polarization value is in the typical
range as known for polar smectic (B2) phases of bent-core
mesogens.

It appears that in the SmCg¢* range between 62 and 92 °C a
paraelectric switching of polar domains takes place, whereas
below 53 °C, ie. in the SmCy' range of rac-2/12, a B2-like
antiferroelectric switching SmCP,* phase develops for (S)-2/12.
Upon approaching the SmC,P,* phase the switching in the
paraelectric SmCs phase changes at 62 °C from a single peak
type (SmCyPr*-like range) to a double peak type (SmCPar*
range) with growing size of the polar clusters. This means that
with lowering temperature the growing steric polarization of
the bent molecules induces a transition from paraelectric via
superparaelectric switching of polar domains to an antiferro-
electric switching of the polar layers.®® At a certain critical
domain size, reached below 62 °C, the synpolar correlation of
the domains changes to an antipolar. Thus, the observed
sequence on cooling is Ngypc*-SmMC*-SMC P or*-SMCPA*.

Optical investigation under an applied DC field indicate no
effect of the electric field on the optical textures of the SmCq
and SmCy' phases of the racemate rac-2/12. Investigation of the
enantiomerically pure compound (S)-2/12 shows that under the
applied E-field the extinctions in the planar samples are
inclined with the directions of polarizer and analyzer, confirming
a synclinic tilted SmC,Py-like state (Fig. 8b and d). Between 92 and
63 °C this field-induced state relaxes back to a nonspecific texture
(Fig. 8c) due the distortion caused by the helix developing after
switching off the applied electric field (helielectric switching®).
Below 62 °C the fan texture is retained after switching off the
applied field (Fig. 8e). This means that the helix is permanently
removed and only a change of the birefringence is observed,
whereas the fan texture and the orientation of the extinctions in
this texture do not change (Fig. 8d and e). It is concluded that the
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Fig. 8 (a) Switching current response curves of compound (S)-2/12 at
80 °C (SmC¢*), 60 °C (SMCcPar*) and 53 °C (SmCsPa*), respectively, under
a triangular wave field (380 V,, 50 Hz, 5 kQ); (b and c) planar textures as
observed between crossed polarizers at 65 °C, and (d and e) at 53 °C in a
10 pm non-coated ITO cell; (f and g) models showing the helix-free
SMCsPr and SMmCP, structures and the switching between them by
rotation around the molecular long axis.

structure at 0 V is synclinic, too, but assumes an antiferroelectric
polar correlation between the layers and hence it is SmCgP, in the
ground state (Fig. 8¢g). This means that a SmCeP, < SmCsPr
switching takes place by rotation around the molecular long axis
(Fig. 8f and g).

The tilted organization of the molecules in polar layers leads
to a superstructural chirality of the layers, where polar direction,
tilt direction and layer normal define either a right-handed or a
left-handed Cartesian coordinate system (see Fig. 1d and Fig.
S35, ESIT). Stacking layers with uniform chirality leads to the
homochiral SmC¢Pr and SmC,P, structures, whereas stacking of
layers with alternating chirality leads to racemic SmCsP, and
SmC,Pr structures (Fig. S35, ESIT).? The observed formation of a
polar smectic phase with racemic layer structure (SmCgP,), and
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the switching process taking place by rotation around the long
axis, thus inverting the layer chirality (chirality flipping), indicate
that the coupling between permanent molecular chirality and
this superstructural layer chirality is only weak for (S)-2/12.>'2?
Nevertheless, the emerging antipolar correlation, leading to a
local or long range racemic SmC¢P, structure below 62 °C and
53 °C, respectively, disfavors the helix formation, so that below
62 °C the heliconical structure becomes unstable. Hence, the
tendency to assume an antipolar organization with racemic
structure is likely to be responsible for the loss of (chirality
induced or spontaneous) heliconical self-assembly at the transi-
tion from SmCy*/SmC; to the low temperature smectic phases
(SmC4P,*/SmCs’) of (S)-2/12 and rac-2/12, respectively.

Comparison of (S)-2/12 with the racemate rac-2/12 shows
that uniform molecular chirality, allowing a denser packing of
the molecules, is required for development of polar order in the
smectic phases of this series of compounds. The polarization
and the increasing contribution of the antipolar correlation
between the synclinic tilted layers at reduced temperature are
considered as resulting from a change of the molecular shape
from being only weakly to more strongly bend. Thus, the polar
switching is dominated by the steric induced polar order of the
bent molecules, increasing with lowering temperature, and not
directly caused by the reduced phase symmetry due to the
permanent molecular chirality.>® If polar order would be due
to the reduction of the phase symmetry, as in the case of SmC¢*
phases of rod-like molecules (C,, — C,), then ferroelectric
switching by precession on a cone would be expected for these
synclinic tilted smectic phases®>'' instead of the actually
observed switching by rotation around the long axis. The
rotation around the long axis also indicates that the achieved
packing density is even in the SmCsP,* phase of (S)-2/12 not
sufficient to suppress this mode of switching. For the racemate
rac-2/12, the sterically induced polar order in the SmCy’ range is
even insufficient to produce any polar switching because of the
weaker chirality synchronization in the absence of the permanent
chirality is incapable of providing the required packing density to
achieve a significant polar domain size. Therefore, a transition
from preferred synpolar to preferred antipolar domain correlation
at the SmC-SmCy' transition of rac-2/12 is likely, but cannot be
confirmed by electro-optical investigations.

3.5 X-ray scattering and magnetic field effects on the LC
phases of rac-2/12 and (S)-2/12

Development of the tilt. The N*/N ranges of compound
(8)2/12 and its racemate rac-2/12 were investigated by XRD
after slow cooling (0.1 K min ') from the isotropic liquid phase
under a magnetic field with B ~ 1 T (see Fig. 9a and b). The 2D
diffraction pattern of rac-2/12 shows the typical dumbbell like
shape with 4-maxima of the SAXS at d = 4.4 nm (Fig. 9a and c)
indicating a skewed cybotactic nematic phase with a tilted
organization of the molecules in the SmC-like clusters (Ngypc,
see Fig. 9e), as typical for bent-core molecules.'®*>® The orien-
tation of the two dumbbell-like streaks parallel to the equator
indicates a preferred alignment of the molecules with their long
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Fig. 9 (aand b) 2D XRD patterns of (a) the N¢,uc phase of compound rac-2/12
at T =100 °C and (b) the Nyuc* phase of compound (5)-2/12 at T = 100 °C,
both recorded under a magnetic field of ~1T; the arrows indicate the direction
of the applied magnetic field; (c) y-scans over the SAXS range (1-3°) of the
diffraction patterns of the magnetically aligned rac-2/12 at the indicated
temperatures with (d) numerical values of the tilt angles calculated from
the y-scans (Beyp) and from the layer spacing (fcac) according to
COS feaic = A/Lmol (With Lo = 5.7 nm); (e) shows the alignment of the
molecules and the cybotactic SmCs-clusters in the magnetic field; for more
details, see Fig. S28 (ESI).

axes parallel to the magnetic field direction (Fig. 9a and e) which
is retained in the smectic phases (Fig. 9c).

The tilt angle in the cybotactic clusters of the Ngy,c phase of
rac-2/12, corresponding to the y-angle between the scattering
maxima and the meridian is ey, =19 & 3° in the nematic phase
at 100 °C and remains almost unchanged in the SmCg-range
down to 70 °C. The tilt increases upon approaching the transi-
tion to the SmCy’ phase (25 £ 3° at 60 °C) and reaches 32 £ 3° in
the SmC,’ phase at 50 °C (see Fig. 9d and Fig. S28, ESIt). The
measured d-value of the SAXS in the SmC; phase at 90 °C is
d = 4.56 nm, which according to cos § = d/Lo1 (Lol = 5.7 Nm in
a conformation shown in Fig. S25 (ESIt) with 120° bend of the
aromatic core and stretched alkyl chains), would lead to an almost
doubled tilt angle of fi.,; = 37° (Fig. 9d) compared to fley, = 19 & 3°.
This means that the effective molecular length (L), as calculated
from the measured tilt angle and the layer spacing is only 4.7 nm,
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which is much shorter than the measured value of L,,; = 5.7 nm
(Fig. S25b, ESIf) due to conformational disorder or alkyl chain
intercalation. Remarkably, the growing tilt starting at ~60 °C does
not lead to a reduction of the birefringence in the planar samples
(Fig. 6b-d and Fig. S31, ESIt), meaning that the development of
the tilt is accompanied by a simultaneously increasing orienta-
tional order parameter. Overall, the Ngypc-SmCg transition is
associated with an increase of the correlation length of the Ngypc
clusters, while the tilt is retained; the transition SmC-SmCy’ is
associated with the restriction of the rotation around the molecular
long axis, leading to an increase of the tilt due to the denser core
packing.

For the enantiomer (5)-2/12 the SAXS forms a closed diffuse
ring due to the distortion provided by the helicoidal organiza-
tion of the homogeneously chiral molecules in the Ngyhc*
phase (Fig. 9b). This means, that due to the helicoidal super-
structure, no sufficient alignment is achieved under the magnetic
field and that the applied field cannot remove the helicoidal twist
completely.

X-ray scattering in the smectic phases without magnetic
field. In the following the effects of temperature and chirality
on the XRD patterns is described in more detail. At first the
discussion is focused on the investigations without applied
magnetic field, shown by triangles in both diagrams 10a and
10b for rac-2/12 and (S)-2/12, respectively. In both cases the
d(SAXS) value increases in the Iso® and N phase ranges on
cooling (black triangles). For the racemate from 3.6 nm in the
Iso phase at 120 °C to 4.15 nm at 90 °C shortly below the N¢ypc-
SmC; transition (Fig. 10a) and for the (S)-enantiomer from 3.35
to 4.55 nm (Fig. 10b). This is mainly attributed to the transition
from a diffuse scattering in the isotropic liquid and the nematic
phase, not obeying the Bragg law, to a Bragg-like peak in the
smectic phases. Remarkably, this increase in Ad is for (S)-2/12
more than twice as large than for the racemate, thus indicating
a strong effect of uniform chirality on lamellar self-assembly.
However, what is even more surprising, is the development of
the d-values in the smectic range on further cooling, which
is very different for (S)-2/12 and rac-2/12. For the racemate
rac-2/12 the layer spacing d increases a bit to d = 4.2 nm at 80 °C
and then it decreases on further cooling to 3.65 nm at 50 °C
(Fig. 104, black triangles). In contrast, for (S)-2/12 the d-value is
much larger right from the Ngy,c*-SmCg* transition and there
is no significant change of the layer spacing on further cooling,
it even slightly increases in this case and reaches d = 4.6 nm at
60 °C (Fig. 10b, black triangles). Thus, at 60 °C there is a huge
difference of 0.8 nm, corresponding to almost 20%, between
the layer spacings of the smectic phases of ($)-2/12 and its
racemate rac-2/12.

It appears that for the racemate rac-2/12 there are two
competing effects on the layer distance, one is the growing
correlation length of the lamellar ordering (transition from
diffuse to Bragg-like scattering), shifting the d-spacing to larger
values and another one reducing the d-spacing. The latter could
be due to a growing tilt, an increasing alkyl chain intercalation
or an increasing conformational disorder of the alkyl chains
upon lowering temperature. As the alkyl chain disorder is

1904 | J Mater. Chem. C, 2021, 9, 1895—1910

View Article Online

Journal of Materials Chemistry C

a) 48lrac2n2 SAXS ! F0.470
464 i i
! °
g 44{smcy  B=1T T L0.465
< ' o— 'y g
o421 / A74 ! =
1 / 0
Za4ol @ A7 O A £0.460
<40 1% A z
S35 @ A?X/A : S
A0 WAXS 1B L0.455
3.64 f&A ! '
34] Xp=o SCs | !
\c- ! ! L 0.450
50 60 70 80 90 100 110 120 130
T°C
-
b) 4.8{(S)-2/12 BeoT | i1B=0T
464\ | A—A—A__,igaxs! A o470
AN nNgllc
£
L0.465 S
()]
X
<
10.460 2
S
£0.455
s 0.450

50 60 70 80 90 100 110 120
TI°C

Fig. 10 Temperature dependence of the d-values of the SAXS (black) and
WAXS maxima (blue, see also Fig. S27, ESIt) of (a) rac-2/12 and (b) (S)-2/12
as measured on cooling either without applied magnetic field (triangles) or
under the magnetic field of 1 T (dots). For (S)-2/12 the investigation could
only be conducted down to 60 °C, due to crystallization, see also the
comment in footnote;*°%%! for numerical data, see Tables S2 and S3
(ESIT).

known to decrease with lowering temperature and the measured
tilt does not change significantly down to ~60 °C (see Fig. 9d) it
is concluded that chain intercalation provides the major effect
causing the decreasing d. For the pure enantiomer (S)-2/12 the
chirality in the SmCg* phase apparently inhibits this layer
shrinkage, and hence, the alkyl chain intercalation at reduced
temperature.

Though the development of the d-spacing of the SAXS is very
different for rac-2/12 and (S)-2/12, there is almost no effect of
chirality on the d-value of the diffuse WAXS maximum (blue
triangles in Fig. 10a and b). In both cases there is a continuous
decrease of the d-value with lowering temperature without
recognizable effect of the phase transitions, in line with the
almost continuously growing packing density. If there is any
difference between the d = f(T) curves of (S)-2/12 and rac-2/12
or any effect of an applied magnetic field on these curves is
difficult to say as the differences are very small (Ad < 0.003 nm)
and thus within the range of instrumental error."®" It appears
that at fixed temperature any decrease of the packing density is
compensated by additional intercalation.

In Fig. 11a the development of the line width (FWHM) of the
SAXS, which is inversely proportional to the correlation length
(&) of the cybotactic clusters, is compared for (S)-2/12 (red dots)
and rac-2/12 (green triangles). The scattering is diffuse in the
isotropic liquid phase and the correlation lengths is almost the
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same for rac-2/12 and (S)-2/12. Slightly above the Iso(*)—NCybC(*)
phase transition at 110 °C it is in both cases around ¢ = 16 nm,
corresponding to clusters of about three layers. The FWHM
becomes smaller and the correlation length ¢ increases at the
transition to the nematic phase. On further cooling the develop-
ment of the FWHM becomes different for (S)-2/12 and rac-2/12.
For the racemic mixture there is an almost linear decrease of
FWHM between 120 and 70 °C (Fig. 11a, green) with a relatively
small step at the Iso-N¢ypc* transition around 108 °C. For the
(S)-enantiomer a significant jump to smaller values takes place
already around the Iso-Ngync* transition (Fig. 11a, red). This
indicates an increased size of the cybotactic clusters in the
Ngybc* phase of the homochiral compound (¢ ~ 30 nm at
100 °C) compared to the Ngypc phase of the racemic mixture
(¢ ~ 20 nm at 100 °C). The jump in line width confirms
the formation of almost infinite layers at the N¢ypc*-SmCg*
transition of (S)-2/12, whereas the smooth change of d at
the N¢ypc-SmC; transition of rac-2/12 suggests an almost con-
tinuous growth of the cybotactic clusters. Both T = f(FWHM)
curves approach to each other around 60-70 °C where the line
width becomes almost resolution limited in both cases (Fig. 11a).
At this temperature infinite layers have developed and for (S)-2/12
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Fig. 11 Temperature dependence of the full width at half maximum
(FWHM) of the SAXS of (5)-2/12 (red dots) and rac-2/12 (green triangles)
in the distinct LC phases (a) without applied magnetic field and (b) under a
magnetic field of 1 T.
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the superparaelectric switching of polar clusters sets in a few
degrees lower at 62 °C (see Table 1).

The increase of the cluster size of (5)-2/12 compared to rac-2/12
is surprising, because one would expect that the chirality induced
twist, especially the transversal twist, should have a destabilizing
effect on lamellar self-assembly and cluster formation, but it
seems that the opposite is the case. Thus, there appears to be a
layer stabilizing effect of uniform chirality. This could arise from
an improved packing of uniformly chiral molecules in the layers,
which might be a result of the improved synchronization of the
helix sense of helical molecular conformations under the biasing
influence of the uniform permanent molecular chirality.>** This
intramolecular twist supports the development of an intermo-
lecular helical twist, which for tilted arrangements of molecules
is composed of two components. The transversal twist of the
layers (helicoidal twist, see Fig. 1c and 12c) which distorts
lamellar self-assembly and eventually leads to the TGB
phases,*® and the longitudinal twist along the layer normal,
i.e. between the layers (Fig. 1a and 12a), leading to heliconical
smectic phases (SmC**’). Moreover, it is hypothesized that
there is a conservation of the molecular helicity. This means that
with growing cluster size the layer distorting transversal twist is
not simply removed, but replaced by an increasing longitudinal
twist, not distorting lamellar self-assembly (Fig. 12a and c). In the
pure enantiomer (5)-2/12 the uniform molecular chirality favors a
uniform sense of helicity, supporting a dense packing without

a) (S) b) rac

of twist _;i_é;-/} J

B __ B
/T ey

increase of
orientational

order__/[/)/7l/_I .
52 'f/l/f/' r

Longitudinal g2 ! |p Transversal
twist v twist
(heliconical) (helicoidal)

--(((((- fa
I

Bent-core

increase of cluster size

Fig. 12 Schematic summary of the effects of chirality, temperature and
magnetic field on the self-assembly of (5)-2/12 and its racemate rac-2/12;
B = magnetic field, P = electric polarization, S, = the orientational order
parameter; (a and c) show possible directions of the chirality induced twist,
(a) shows the heliconical twist between the layers in SmC¢* phases and
(c) the helicoidal twist as found in N* and TGB phases; (b) shows the
development of the orientational order parameter, degree of intercalation
and layer distance d in the smectic phases of rac-2/12 depending on T and
B; there are also magnetic field effects on the chirality induced twist as
indicated by curved arrows.
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intercalation, leading to larger d-values. In the racemate rac-2/12
the chirality synchronization is also present as expressed by
spontaneous conglomerate formation (see Fig. 7). However, it is
much weaker due to the absence of uniform (permanent) config-
urational chirality. Thus, the chirality synchronization becomes
weaker, which allows more disorder, requiring the alkyl chain
intercalation to retain a dense packing. The chirality synchroniza-
tion obviously decreases with lowering temperature, either as the
developing tendency of antipolar ordering supports a (SmCsPy-like)
racemic phase structure, or due to the growing strength of the
competing unfavorable diastereomeric relations between the
synchronized molecular and supramolecular helicity and those
molecules of the racemate, which have an opposite configuration.
The reduced chirality synchronization distorts the packing and this
requires deeper alkyl chain intercalation, then leading to the
observed layer shrinkage upon approaching the SmC;’ phase range.

Effects of the magnetic field on X-ray scattering. As another
surprising observation, the d spacing of the SAXS is strongly
affected by a magnetic field with a strength of only 1 Tesla. In
the LC phases of rac-2/12 (Fig. 10a) the d-spacing of the SAXS is
increased by 0.2-0.35 nm under the magnetic field, and
this increase becomes smaller with lowering temperature
(Fig. 10a, black dots). Slightly below the N¢y,c-SmC;, transition
temperature at 90 °C the layer spacing under B = 1 T (Fig. 10a,
d = 4.5 nm) becomes almost identical with the value measured
for (S)-2/12 at the same temperature in the absence of a
magnetic field (Fig. 10b, d = 4.55 nm). In contrast to the
racemate, for (S)-2/12 the layer spacing is much larger at
B = 0 and decreases significantly under the applied magnetic
field, and this effect becomes stronger with lowering temperature
(Fig. 10b, black dots). At 60 °C the layer spacing is reduced by
amazing 0.6 nm under a magnetic field of only 1 T, corres-
ponding to a reduction of d by 13%.

The effect on the racemate rac-2/12 can be attributed to an
alignment of the weakly bent molecules with their average long
axis parallel to the magnetic field direction (see Section 3.5).
This leads to an increase of the orientational order parameter
of the m-conjugated cores under the applied magnetic field,
which also improves the chain order and thus reduces the
space available for alkyl chain intercalation, and this leads to
the observed increase of d under the magnetic field (Fig. 10a
and 12b). This ordering effect of the magnetic field on the
molecules also increases the correlation length of smectic
order, which is in line with the observed reduction of the SAXS
line width under the magnetic field (Fig. 13a, green vs. blue
triangles). The effect of the magnetic field on the line width is
especially strong in the Iso and Ny, phase ranges. It continues
in the upper temperature range of the SmCy phase until the
scattering becomes resolution limited below 70 °C upon
approaching the transition to the SmCy’ phase range at 53 °C.

In contrast to the racemate, for the enantiomer (S)-2/12 there
is a reduction of the d-spacing of the SAXS under the magnetic
field which becomes stronger with lowering temperature
(Fig. 10b). It was previously shown that a magnetic field can
remove the chirality induced twist even under a comparatively
low magnetic field, as reported for SmC* and TGBC* phases of
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Fig. 13 Effects of an applied magnetic field of B = 1 T on the line width
(FWHM) of the SAXS in the distinct LC phases (a) of rac-2/12 and (b) the
enantiomer compound (S)-2/12.

uniformly chiral rod-like molecules.?*®' The effect on the
heliconical (longitudinal) twist of the SmC* and TGBC* phases
is especially strong and therefore it is easily removed under low
fields, whereas the transversal twist of the TGB structure itself
requires much higher fields. Similar effect can also be assumed
for the influence of the magnetic field on the chiral LC phases
of (S)-2/12. It is suggested that the main effect of the magnetic
field on (S)-2/12 is again an increase of the orientational order
parameter, which in this case leads to a reduction of the
longitudinal intermolecular (heliconical) twist between the
layers. If the intramolecular (conformational) twist is conserved
under the magnetic field, the removal of the heliconical twist
has to be compensated by a simultaneously developing trans-
versal twist in the layers, effectively reducing the orientational
order parameter. Thus, the chain packing would become less
dense and this is avoided by additional chain intercalation,
which then reduces the d-value under the applied field (Fig. 10b
and 12). Therefore, in the temperature range between 60 and
80 °C the d = f(T) curve of (S)-2/12 under the magnetic field
(black dots in Fig. 10b) almost resembles that of rac-2/12
without magnetic field (black triangles in Fig. 10a) only shifted
by about 0.2 nm to larger values than measured for rac-2/12.
This shift of d is attributed to the general increase of the order
parameter under the magnetic field. Accordingly, under a
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magnetic field rac-2/12 and (S)-2/12 have almost identical
d-values in this temperature range (Fig. 10a and b). It means
that under the field an almost identical order parameter and
degree of alkyl chain intercalation is achieved for (S)-2/12 and
rac-2/12. This is assumed to be due to the compensation of two
opposing field effects, the reduction of the heliconical (long-
itudinal) twist, leading to increased transversal twist (reducing
&) on the one hand, and the increase of the orientational order
parameter, reducing the induced transversal twist (and increas-
ing £) on the other hand. Due to this compensation there is also
almost no effect of the applied magnetic field on the correlation
length of smectic order (¢) in the LC phases of (S)-2/12 below
80 °C (Fig. 13b) when the driving force for the heliconical twist
is reduced by the emerging tendency of antipolar order (developing
racemic SmC¢P, structure). Only in the upper SmC* range, above
~70 °C, there is some broadening of the line width, ie. layer
distortion, under the magnetic field (Fig. 13b). In this temperature
range there is a stronger intrinsic twist, and therefore, the ordering
magnetic field effect on (S)-2/12 appears to be sufficient for
removing the heliconical (longitudinal) twist, but insufficient to
fully remove the simultaneously developing transversal twist.

4. Conclusion

4-Cyanoresorcinol based non-symmetric bent-core compounds
carrying one stereogenic center have been synthesized in
enatiomerically pure and one compound in racemic form. All
homochiral compounds form an enantiotropic chiral cybotactic
nematic LC phase at relatively low temperature, close to ambient
temperature, which is remarkably low for bent-core materials. In
these N¢ync* phases the selective reflection band can be shifted
by rising the temperature over a wide wave length range from the
near IR via the visible range to the near UV.”*"'%* The growth of
the cluster size by lowering temperature reduces the transversal
twist in the N¢,c* phase and this contributes to the extraordinary
broad wave length range. Though short pitch helices can be
obtained close to the transition to the isotropic liquid phase, no
chirality frustrated blue phases, as found for the related
4-cyanoresorcinol based bent-core molecules with two chiral
end-chains (BPIII), could be observed (compounds 3 in
Scheme 1, see Table S4, ESI{).>® Thus, it appears that in this
class of compounds only two branched chiral chains can provide
a sufficiently strong twist required for BPIII formation.
Compounds with long chains (n = 10, 12) form additional
tilted smectic phases (SmCs*), but only for the compound
combining a homochiral (S)-3,7-dimethyloctyloxy chiral unit
with a n-dodecyloxy chain a polar switching smectic phases
was observed, whereas the corresponding racemate is non-
polar. This is attributed to a denser packing of uniform
enantiomers due to chirality synchronization of their chirality
biased helical conformers.® For racemic mixtures this chirality
synchronization is more difficult and requires additional
surface stabilization.”” Related achiral compounds with two
linear n-alkyloxy chains (compounds 4 in Scheme 1) also form
a polar SmCP, phase besides the cybotactic nematic phase
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(Table S4, ESIt).'*'% This indicates that chain branching distorts
the core packing and removes polar order, and that this distortion
by chain branching can be reduced or removed by chirality syn-
chronization in the case of uniformly chiral compounds.

In the SmC¢* phases the switching takes place by rotation
around the long axis (see Fig. 8f and g) which means that the
polar switching is not the result of the reduced phase symmetry
due to the permanent molecular chirality as known for rod-like
molecules, but it is due to a sterically induced polarization, as
known for bent-core molecules. A ferro-like helielectric switching
occurs just after transition from the chiral nematic to the SmCg*
phase and below 62 °C a transition to antiferroelectric-like super-
paraelectric (SmCsP,r*) and finally at 53 °C to an antiferro-
electric polar switching (SmCP,*) takes place as the polar
correlation length in the layers grows with lowering temperature
and the correlation between the layers simultaneously becomes
antipolar with growing layer polarization.

Most interesting are the unprecedented huge effects of an
applied magnetic field on the LC phases of the chiral compound
(S)-2/12 as well as on its racemic mixture, leading to a layer
shrinkage by up to 0.6 nm for the enantiomer and a layer
expansion by 0.2-0.4 nm for the racemate under an applied field
of only 1 T. It is proposed that the effect on the racemate is
dominated by the coupling of the magnetic field with the almost
rod-like m-conjugated molecules parallel to the field direction. In
the case of the racemate the field induced increase of orienta-
tional order reduces the capability of alkyl chain intercalation,
thus leading to a layer expansion. For the enantiomer the
reduction of the longitudinal heliconical twist is likely to lead
to an increased transversal twist within the layers, which then
reduces the core order and allows chain intercalation, thus
leading to the reverse effect, the field induced layer shrinkage.

Overall, this work shows that, though the coupling of the
magnetic field with diamagnetic molecules is weak, it can lead to
huge effects. The extraordinary strong effect of a magnetic field
on the layer spacing could provide new applications of diamag-
netic LC materials based on molecules at the cross-over between
rod-like and bent shapes, by affecting their capability of chirality
synchronization, and probably also by modulating the polar
switching modes by magnetic fields. For the weakly bent com-
pounds reported here the molecules couple with their long axis
parallel to the magnetic field, whereas related molecules with a
stronger bend are known to couple in an orthogonal way.”>””
Thus, there are numerous possibilities for the coupling of
magnetic and electric field effects in potential electro-magneto-
optical devices which needs to be explored in future work.
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