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Abstract

A series of achiral tricatenar rod-like molecules with a 3,5-disubstitution pattern at one end
and a single alkyl chain at the other end of a rod-like azobenzene derived core is reported.
Depending on temperature and alkyl chain length, these Y-shaped compounds self-assemble
into different types of liquid crystalline phases, ranging from non-tilted and synclinic tilted
hexatic, via non-tilted and anticlinic tilted smectic and bicontinuous cubic LC phases, to a
spontaneous mirror symmetry broken isotropic liquid (Isoi™]) or a related achiral liquid
network phase (Iso1). An additional tilted, but uniaxial smectic phase was observed at the
transition between anticlinic and synclinic tilt correlation and was investigated by soft
resonant X-ray scattering with respect to possible helix formation. This work provides a new
concept for the design of technological interesting azobenzene based LC materials with
anticlinic tilted smectic C phases (SmCa). Moreover, the azobenzene unit is self-assembled in
bicontinuous cubic and chiral isotropic liquid phases with long range or short range helical
network structures, respectively. Core fluorination removes all lamellar phases, leaving only

the cubic phase over wide temperature ranges, even at ambient temperature.
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1. Introduction

There are numerous well established and presently developing applications of liquid crystals
(LC) in optical displays,* organic electronics and photovoltaics,?*#in selective membranes,®
for ion conducting arrays?® and in nanoscale patterning on the sub-10 nm length scale for use
in nanolithography, 6-8 all being essential for the development of present and future
technologies. For LC materials there are three fundamental design concepts, molecular shape,
amphiphilicity/polyphilicity® and chirality.*%1? With respect to the molecular shape rod-like
and disc-like molecules, leading to lamellar and columnar LCs, respectively, represent the
majority.*® More recently, bent molecules'** and polycatenar molecules, having more than
only one flexible chain attached to one or both ends of a rod-like polyaromatic core, have
received growing attention (Scheme 1). The latter can show transitions from lamellar

(smectic = Sm) via bicontinuous cubic (Cubei) to columnar (Col) LC phases.'6-20

® ? Adding @ 9 ¢
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Scheme 1. Different molecular shapes derived from rod-like mesogens by alkyl chain design
and by bending the core structure, both leading to mirror symmetry broken mesophases.

In recent years a new feature of polycatenar supramolecular self-assembly was recognized
when spontaneous mirror symmetry breaking was observed®?-?” due to helix formation by
clashing of the peripheral chains which cooperatively couples with chirality synchronization
of the involved molecules.'>2223 Helical self-assembly has a strong impact on the mesophase
structures and leads to complex cubic and non-cubic mesophases with 3D lattices in the case
of polycatenars,?2-3 as for example the cubic 123 (previously “Im3; m)?331.32 and the
tetragonal SmQ phase.33-%7 Soft helical superstructures can also be found in other classes of
mesogenic compounds, like the bent mesogenic dimers and bent-core mesogens (Scheme
1d,e)214.38-59 A |ocal helical organization can even be retained in the isotropic liquid phases
of some polycatenars, occurring adjacent to bicontinuous cubic phases.?! These isotropic
liquids spontaneously segregate into a conglomerate of two immiscible chiral fluids with
opposite chirality sense (Isoi*] phases).?l This new dynamic mode of chirality

synchronization was experimentally observed for different types of achiral, but transiently



chiral tetracatenar molecules (Scheme 1a,b).?! % 6! Photoisomerizable polycatenars with
azobenzene units are rare,2 -6 but we succeeded in designing molecular and supramolecular
azobenzene based polycatenars forming the symmetry broken isotropic liquid (Iso1[*1).6768 |n
a previous communication we reported that the tricatenar compounds 4-8 with a 3,5-
substitution pattern at one end (Scheme 2) can be switched between chiral and achiral states

by photo-induced trans-cis isomerization.°
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Scheme 2. Tricatenar compounds under investigation; the compound name indicates the
number of carbon atoms in the 4’-positioned terminal alkoxy chain.

Herein we expand this work to the full series of compounds 4-12 (Scheme 2)
including two core fluorinated derivatives (6F and 6F2) and mainly focus on the series of
unusual smectic and hexatic phases formed by these compounds. Special attention is paid to
the formation of anticlinic SmCa phases’™ instead of the synclinic SmCs phases usually
observed for polycatenar compounds®’ and the unexpected transition to synclinic tilted
(HexFs, Hexls) and non-tilted (HexB) hexatic phases occurring below them. Not only the
inverted temperature dependence of the anticlinic to synclinic transitions is remarkable, even
more surprising is, that for one homologue the tilted smectic phase becomes optically
uniaxial in a certain temperature range. The possibility of helix formation as origin of optical
uniaxiality was investigated by resonant soft X-ray scattering (RSoXS) at the carbon K-edge.
In addition, it is shown that formation of mirror-symmetry broken liquids can be tailored by
alkyl chain design and that bicontinuous networks with cubic symmetry become dominating

after core fluorination.

2. Experimental

Synthesis. - The synthesis of the azobenzene-based materials 4-8 has been described in detail
previously.®® The synthesis of the longer homologues 9-12 and the two fluorinated
compounds 6F and 6F2 was carried out in an analogous way (Scheme 3) as reported in the

electronic supporting information (ESI).
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Scheme 3. Synthesis of compounds 4-12,%° 6F and 6F2. Reagents and conditions: i) DMF,
SOCIy, reflux 1 hr.; ii) dry CH2Clz, dry TEA, dry pyridine, reflux for 6 hr.

Investigations. - The compounds were investigated by polarizing optical microscopy (POM),
differential scanning calorimetry (DSC) and X-ray diffraction (XRD) as described in the SI.
Resonant RSoXS was performed on BL 11.0.1.2 at the Advanced Light Source in Lawrence
Berkeley National Laboratory as described in the SI.

3. Results and Discussion

3.1. Non-fluorinated compounds 4-12

The observed phase sequences and transition temperatures of all investigated compounds are
collated in Table 1 and the development of the distinct modes of LC self-assembly in the
homologous series of the non-fluorinated compounds 4-12 is shown graphically in Fig. 1. For
compounds 5-8 with intermediate chain length a symmetry broken percolated isotropic liquid
phase (Isoil*], the asterisk in square brackets indicates a conglomerate of enantiomeric
liquids) is formed, either above a non-tilted lamellar (SmA) phase (compounds 5, 6) or a
bicontinuous cubic phase with 1a3; d symmetry (compounds 7, 8) before the transition to the
ordinary achiral liquid takes place.®® For the longer homologues with n = 9-12 the cubic
phase becomes dominating and the symmetry broken chiral conglomerate type Isoi*! phase
is replaced by an achiral percolated liquid phase (Iso1). Figure 1 also shows that the SmA
phase is replaced by an anticlinic tilted SmCa phase at lower temperature and that with
increasing chain length hexatic LC phases become dominating as low temperature phases

below the cubic phase.



Table 1.

Phase transition temperatures (T/°C), mesophase types, and transition enthalpies

[AH/kJ mol1] of compounds 4-12, 6F and 6F-.

Q N OC,Hans1
CeH130 >\—QN
412:n=4-12, X, Y=H

O 6F, n=6X=F Y=H

CgHy30
613 6F, n=6,X=Y=F

Comp. n Phase transitions

10

12

6F

6F

4 H
C
5 H
C
6 H
C
7 H
C
8 H
C
H
¥ ¢
H
10 H:
C:
12 H:
C
6 H
C
6 H:

C:

: Cr 104 [42.1] SmC, 178 [-] SmA 201 [2.3] Iso
1 1s0 199 [-3.4] SmA 177 [-] SmC, 75 [-34.2] Cr

- Cr 103 [45.6] SMC, 168 [-] SmA 180 [L.6] Is04™* 184 [-] Iso
- 150 183 [] 150:*1 178 [-1.8] SmA 167 [-] SMC, 65 [-0.2] HexFs 63 [-0.5] Hexls 55 [-15.9] Cr

- Cr 89 [36.5] SMC, 151 [-] SmA 173 [1.5] Is0,™*1 184 [-] Iso
- 150 182 [-0.05] 15011 171 [-1.6] SmA 150 [-] SMCa 79 [-]JHexFs 68 [-1.2] Hexls

: Cr 85 [31.6] SMC, 134 [1.1] Cub 175 [1.8] Is0,1* 185 [-] Iso
150 183 [-] 15015 132 [-] Cubyi+M 130 [-1.4]° SmC, 82 [-] HexF 75 [-2.2] HexB 38 [-13.8] Cr

: Cr 71 [27.6] HexB 87 [2.8] SmC, 91 [-] SmCx 94 [-] SMC 124 [1.7] Cuby; 178 [2.7] 150, 181 [-] Iso
- 150 181 [-] 10451 139 [-0.44] Cubyi+M 106 [-1.6] SMC 94 [-] SmCx 91 [-] SMC, 86 [-3.5] HexB

: Cr 107 [51.2] Cubyi 176 [2.9] Iso
s Iso 171 [-0.3] 1so1 157 [-1.2] Cuby; 75 [-] Hexls 62 [-7.3] Cr
2: Hexls 91 [-] SmC, 95 [3.3] Cubyi 176 [2.9] Iso°

Cry 70 [26.9] Cr, 84 [6.2] Cubyi 171 [2.9] Iso
50 167 [-0.5] 1s0; 155 [-1.3] Cuby; 77 [-] Hexls 47 [-7.3] Cr

Cr 100 [35.8] Cubyi 176 [2.9] Iso
150 172 [-0.9] Is0; 158 [-1.3] Cuby; 80 [-] Hexls 58 [-8.4] Cr

: Cr 102 [39.8] Cuby; 168 [2.7] Iso
150 138 [-1.1] Cuby; <20 Cr

Cr 92 [41.7] Cuby; 152 [1.9] Iso
Is0 127 [-1.3] Cuby; <20 Cr

2 Peak temperatures as determined from 2nd heating (upper lines; H) and 2nd cooling DSC
scans (lower lines; C) with rate 10 K min-*; Abbreviations: Cr = crystalline solid; Iso =

isotropic |

iquid; Iso1 = achiral cybotactic isotropic liquid; Isoi™*! spontaneous symmetry

broken Iso1 phase; SmA = nontilted SmA phase; SmCa = anticlinic tilted smectic C phase;
SmC = smectic C phase, having predominating synclinic tilt correlation; SmCx = optical
uniaxial smectic C phase; HexFs = synclinic tilted hexatic F phases; Hexls = synclinic tilted
hexatic | phases (see Fig. 5i,j); HexB is a non-tilted hexatic B phase (see Fig. 9b); Cubpi =
bicontinuous cubic phase with achiral 1a3; d lattice; M = birefringent mesophase with non-
cubic 3D lattice and unknown structure (see Section 3.2.5). "Enthalpy involves both
transitions 1so1[*I1- Cubpi and Cubpi - SmCa.5° ¢ Second heating after cooling to 70 °C; for
DSCs, see Fig. S1.
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Figure 1. Bar diagram showing the mesophases and phase transitions of compounds 4-12 on
heating (upper columns) and on cooling (lower columns); for explanations of the phase types,
see footnote in Tab. 1.

3.1.1 Non-tilted SmA and anticlinic tilted SmCs phases

The smectic high temperature phases of compounds 4-6 show typical fan-like textures with
dark extinctions coinciding with the orientations of polarizer and analyzer in planar
alignment. In homeotropic alignment they appear optically isotropic in all cases (see Fig. 2a
for an example), indicating an SmA phase, where the molecules are organized in layers with
the molecular long axes aligned on average parallel to the layer normal. Upon cooling a
weakly birefringent Schlieren texture forms in the homeotropic areas whereas the orientation
of the dark extinctions in planar samples does not change at this phase transition (Fig. 2b).
Moreover, in thin homeotropic samples a stripe pattern is observed (Fig. 2d).”* This could
indicate either a transition to a non-tilted biaxial SmAs phase by freezing the rotation around
the long axis ’>-7® or an anticlinic tilted SmCa phase.”” ’” The slight decrease of the
birefringence in the planar texture at the phase transition (colour of the fans changes from

yellowish green to green, Fig. 2a—b), indicates the onset of tilt, being in line with the

6



decrease of the XRD layer spacing at this transition (Fig. 3a). Because the direction of the
extinctions in the planar aligned areas remains parallel to the polarizers (Fig. 2a—b—-c) the
emerging tilt is opposite in adjacent layers, i.e. this is an anticlinic SmCa phase.”® This SmA-
SmCa transition takes place without measurable enthalpy change (see DSCs in Fig. S1a,b).

On further cooling the birefringence in the planar aligned area decreases, whereas it increases
in the homeotropic (gray) areas, indicating a growing tilt angle in the SmCa phase range (Fig.
2b—-c). For compound 4 with the shortest alkyl chain at the monosubstituted end, this SmCa
phase crystallizes on further cooling, whereas for the following homologues additional phase

transitions can be observed, which will be discussed further below.

Figure 2. Textures observed between crossed polarizers (white arrows in a) for the SmA-
SmCa transition of a-c) compound 5, between ordinary microscopy glass plates, showing
coexisting homeotropic (dark area) and planar alignment (birefringent area) and d)
equidistant stripe patterns observed for compound 6 in the SmCa phase; for the textures of the
HexI phase of 5, see Fig. S2.

Figure 3 shows the results of XRD studies of compound 6. The initial increase of the d-
spacing in the SmA range below 100 °C is in line with a growing packing density with
decreasing temperature. The decreasing d-value of the XRD layer reflection at this transition
(Fig. 3a) confirms the developing tilt at the SmA-SmCa transition. At the SmA-SmCa
transition temperature the d-value (d = 5.22 nm) has a local maximum and is larger than the
molecular length in the most extended conformation (Lmoimax = 4.5 nm, Fig. 4a). This
indicates the formation of an intercalated structure with antiparallel molecular packing and
overlapping of the terminal alkyl chain at the monosubstituted end with the aromatics at the
opposite ends of the adjacent molecules (Fig. 4b-d). Depending on the degree of intercalation

the layer spacing can change from dmin = 4.5 nm for the fully intercalated structure (Fig. 4a)



to dmax = 5.6 nm for the structure where the two hexyl chains at the 3,5-disubstituted end are

completely excluded from intercalation and assume a tuning fork like conformation (Fig. 4c).
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Figure 3. XRD of compound 6 in the different mesophases: a) temperature dependence of the
d-spacing of the WAXS scattering (red) and the SAXS (10)-reflection (blue); b) FWHM and
c) shapes of the WAXS as a function of temperature (with d-values of the scattering maxima).

The densest molecular packing would be achieved in the arrangement shown in Fig. 4c,
where only the 3,5-chains at the more substituted end are segregated from the residue of the
molecule (polyaromatic core + single 4’-alkyl chain). This provides a similar cross sectional

area for the two intercalated segments and the two 3,5-hexyl chains, allowing a non-distorted



packing in layers. If the intercalated structure as shown in Fig. 4c is assumed, a maximum tilt
S of ~23° is calculated according to cosf = d/dmax for the SmCa phase. It was not possible to
determine the actual tilt in the SmCa phases directly, as the tilt is anticlinic and therefore
cannot be observed optically, and in addition, no aligned samples were obtained for XRD
investigations. However, an optical tilt of 15° was measured in the synclinic HexFs phase and
10-11° in the Hexls phase of compound 6 (Section 3.1.2). Comparing the development of the
d-values of the layer reflection (Fig. 3a) with these tilt angles leads to an estimated tilt in the

range of 15-20° for the SmCa phase.

Omin = Lmol,max= 4.5

&

1
1
1
1
1
1
1
1
1
1
1
1
1
|l
1
{
1
1

S|
N

4

o5

b'.
®=8

Figure 4. Molecular dimensions of various molecular pairs of compound 6 depending on the
degree of intercalation and the d-spacing of these possible arrangements within the layers.
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Figure 5. Effect of the chain topology on the phase sequence on cooling.

For achiral rod-like molecules, the synclinic layer correlation is usually favoured by
the molecular fluctuations between the layers (out-of-plane fluctuations);>*78 therefore, the
formation of an anticlinic SmCa phase is surprising. Anticlinic SmCa phases were first
observed for enantiomerically enriched (scalemic) or uniformly chiral rod-like molecules,
often with branched (methyl or trifluoromethyl substituted) alkyl side chains.” For achiral
and racemic molecules it can be promoted by bent spacer units in di- or oligomesogens,&
especially those with siloxane spacers,® -®* by mixing rod-like with bent core molecules,® by
alkyl chain branching (swallow tailed compounds)® -°* and end group modification, -9
including fluorination.®t:94.95.96 However, it was not reported previously for polycatenar
(multi-chain rod-like) compound, which form exclusively synclinic SmCs phases.!’1% 97
However, for the so-called hockey-stick molecules with only two terminal chains, one in the
4-position, and the other one at the opposite end in the 3-position (Fig. 5), the N-SmCs-SmCa
polymorphism is typically observed on cooling.® -1%3 It appears that this 3-substitution
provides an increased chain disorder which decouples the layers more efficiently than the
chains in 4-position. This suppresses the out of plane fluctuations and therefore favours SmCa
over SmCs. For the 3,5-disubstitution pattern of the tricatenars this effect is doubled by the
two chains in the 3- and in 5-positions, so that only a direct SmA-SmCa transition without
intermediate SmCs phase is observed for compounds 4-6 (Fig. 5). Thus, the 3,5-disubstitution
pattern represents a new powerful design concept for antiferroelectric and eventually
orthoconic!% LC materials. The Y-shaped molecules with 3,5-substitution pattern anyhow
resemble Siamese twins of two parallel fused hockey stick molecules (Fig. 5).
Simultaneously, they can be considered as a special kind of swallow tailed molecules with
the swallow-tail being fused with the rod-like core. Thus, these molecules provide a link
between different classes of compounds favoring the anticlinic tilt correlation, namely the

swallow-tailed and the bent molecules.
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The wide angle scattering (see Fig. 3c) is diffuse in the SmA and SmCa ranges, being
in line with smectic phases with only short-range in-plane order. However, the position of the
scattering maximum is continuously shifted from 0.46 nm in the SmA phase to 0.44 nm at the
low temperature end of the SmCa phase (80 °C) (see red dots in Fig. 3a) and the peak width

also decreases, in line with a growing packing density (see Fig. 3b,c).

3.1.2 Transition to hexatic phases with synclinic tilt

For compound 4 exclusively the SmA and SmCa phases were observed whereas for
compounds 5-9 additional lamellar phases with enhanced packing density were found below
the SmCa phase (Table 1) as indicated by the changes in the optical textures and XRD

patterns.

200 pm

HexF, 73 °C

-

%
. .
b %

g HexF, 73 °C

:@: HexFs ‘@V Hexls

Figure 6. a-c) Phase transitions as observed by polarizing microscopy in the distinct lamellar
phases of compound 6 between plain microscopy glass plates on heating; for additional
textures, see Fig. S3. d-f) rotating the sample (in planar cell, 6 um, R indicates the rubbing
direction) between crossed polarizers indicates a tilt of 15° at T = 73 °C; there is no change of
the texture at the transition to Hexls, only the tilt decreases to 10° at T = 60 °C; g,h) show the
tilt orientation in the hexatic F and | phases, respectively.
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Compounds 5 and 6 behave very similar (for DSCs, see Fig. Sla,b) and Figure 6 shows the
change of the textures for compound 6 as a representative example. Upon cooling the SmCa
phase of compound 6 to T = 79 °C the birefringence in the homeotropic areas suddenly
increases, accompanied by textural changes in the planar aligned regions; the dark extinctions
become birefringent; and the fan texture becomes broken, indicating a change of the tilt from
anticlinic to synclinic (Fig. 6a—b). A synclinic tilt of 15° can be determined from the tilt-
domain texture by rotation of the sample between the crossed polarizers, as shown in Fig. 6d-
f. In the XRD pattern the small angle scattering is shifted at the transition at 79 °C to a bit
larger d—values and there is a slight reduction of the FWHM of the WAXS (Fig. 3). These are
typical features for a SmCa-HexFs transition.1%

At the next transition at 68 °C the homeotropic Schlieren textures become mosaic-like
which indicates a transition to another synclinic tilted lamellar phase. The birefringence of
the homeotropic aligned areas decreases (Fig. 6c), in line with a decreasing tilt to 10°
observed in the corresponding planar tilt-domain texture. The shape of the wide angle
scattering becomes much narrower with a slightly non-symmetric lambda—shape as typical
for a Hexls phase (Fig. 3c, magenta curve).X%-119 Thus, the phase sequence SmCa-HexFs-
Hexls is proposed for compounds 5 and 6. In the hexatic phases a pseudo-hexagonal packing
of the molecules takes place. However, the 2d lattices in adjacent layers are not long range
and positionally uncorrelated, leading to only bond orientational order instead of long range
periodicity (see Fig. 6h).107-116 The direction of the tilt with respect to the pseudo-hexagonal
lattice distinguishes the hexatic F and | phases (Fig. 6g,h). The increase of the d-spacing by
~0.15 nm at the transition from SmCa via HexFs to Hexls (Fig. 3a) can partly be attributed to
the growing packing density, causing an alkyl chain stretching and partly to a decreasing tilt
with lowering temperature as typical feature of SmC-HexF-HexI transitions.** Here, the

smectic-to-hexatic transition is associated with the transition from anticlinic to synclinic
tilt.79113

12



3.1.3 Transition from synclinic tilted to non-tilted hexatic phases of compounds 7 and 8

homeotropic planar
SmC, 90 °C

Figure 7. Textures observed for the distinct smectic phases of compound 7 in homeotropic
(left) and a planar alignment (right) at the indicated temperatures; the textures at the left were
observed between plain microscopy glass plates, whereas those right were recorded ina 6 um
Pl-coated ITO cell; in planar alignment the birefringence grows with lowering temperature.

For compounds 7 and 8 the SmA phase is replaced by a cubic phase, whereas the tilted
lamellar phases are retained.'*” Upon cooling, the SmCa phase of compound 7 converts at 82-
83 °C into the synclinic HexFs phase (see Fig. 7b—d). On further cooling to 75 °C the dark
extinctions parallel to the polarizers reappear again in the planar samples (Fig. 7d—f) and the
homeotropic areas become optically isotropic (Fig. 7c—e) indicating the transition to an

optically uniaxial lamellar phase. At this temperature the profile of the XRD wide angle

13



scattering becomes narrower (magenta curve in Fig. 8c) as typical for a transition to a HexB
phase. This means that in this case the tilt is not only reduced, but apparently completely

removed at the transition to the low temperature hexatic (HexB) phase.
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Figure 8. XRD of compound 7 in the different mesophases: a) temperature dependence of the
d-spacing of the SAXS reflections and the WAXS maximum; b) FWHM and c) line-shape of
the WAXS as a function of temperature with d-values of the scattering maxima (see also Fig
S8 and Table S1).
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Figure 9. a) DSC heating and cooling traces (10 K min't) of compound 8 with the phase
sequence HexB-SmCa-SmCx-SmC-1so01*1-Iso and b) sketch showing the HexB-HexFs-SmCa

transition of compound 7.

The HexB low temperature phase is also found for the next homologue 8 below 86 °C.
However, in this case, the phase sequence is a bit more complicated (Fig. 9a). On cooling the
homeotropic aligned SmCs phase the birefringence at first decreases (Fig. 10d) and it
becomes isotropic between 94 and 91 °C (Fig. 10c), then the texture becomes birefringent

(Fig. 10b) and at the phase transition to the HexB phase at 86 °C (AH ~ 3 kJ mol?) it becomes
isotropic again (Fig. 10a).
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J HexB 86 °C | B SmC, 88 °C |

ub 126 °C

vf

Figure 10. Textures of compound 8 as observed on heating (after cooling from the isotropic
liquid state) in homeotropic alignment (between plain microscopy glass plates) in the
designated phases at the given temperatures. In €) the majority of the dark area is the
homeotropic SmCa phase (the low birefringent Schlieren texture is invisible due to the shorter
exposure time compared to d)) whereas in f) the dark areas represent the growing cubic
phase.

In order to understand the structures of the two uniaxial smectic phases of compound 8, and
to check if for this compound the synclinic-anticlinic transition might be associated with

formation of heliconical phases, as known for SmC* and SmCa* phases of chiral rod-like
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molecules’®7®.118 and SmCM! phases of achiral bent molecules,**%® this compound was
investigated by RSoXS at the carbon K-edge.!®:*2° No resonant peak is observed in the
unixial hexatic phase range below 87 °C, excluding a heliconical structure as origin of the
optical uniaxiality and confirming the proposed non-tilted HexB structure. Upon heating, a
resonant peak corresponding to twice the d-value of the non-resonant (01) layer scattering
occurs in the temperature range between 87 and 91 °C (see Fig. 11c, Table S6 and Fig. S15),
indicating a two-layer unit cell and thus an anticlinic SmCa structure in the biaxial phase
immediately following the HexB phase on heating (Table 2). Therefore, we attribute this
temperature range to an anticlinic SmCa phase. Above 91 °C the resonant peak is lost and
only the non-resonant layer reflection can be observed, meaning that this smectic phase
cannot be anticlinic. It also excludes a short pitch heliconical phase structure*®5253 as the
origin of optical uniaxiality of this tilted smectic phase in the temperature range between 91
and 94 °C. Even the birefringent SmC phase, observed above 94 °C and up to the transition to
the cubic phase, does not show a resonant scattering and therefore cannot be a SmCa phase.
This is in line with textural observations showing that the planar fan textures with dark
extinctions becomes slightly birefringent above 94 °C (Fig. S5). This could be due to a
developing synclinic tilt in the temperature range designated as SmC. A anticlinic to synclinic
transition via a heliconical intermediate phase*®°2°3 could in principle also be possible.
However, there is no RSoXS indication for any helical pitch in the length range covered by
the used experimental setup (< 40 nm).121:122123 Therefore, this uniaxial phase range between
91 and 94 °C is tentatively designated as Smx.*?* The optical uniaxiality of the tilted smectic
phase could be explained by a longer helix outside the range covered by the RSoXs
experiments or by a randomization of the tilt correlation between the layers. Moreover, in the
SmCx range there is the coexistence of the non-resonant layer reflections of the SmC and
SmCa phases (red and blue dots in Fig. 11a), so that uniaxiality could also result from
macroscopic tilt randomization due to the development of a synclinic+anticlinic microdomain

structure in this temperature range.
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Figure 11. a) d-Spacings of the non-resonant (10) reflection observed on second heating in
the lamellar phases of compound 8 (see Fig. S9 and Tab. S2, S3 for higher order reflections
and WAXS data) and b) profiles of the wide angle scatterings; c) shows the resonant
scattering (CCD image) at 87 °C on heating (for more details see Fig. S15 and Table S6).

Overall, in the smectic phase range there is an increasing tendency towards development

of synclinic tilt with growing chain length, but only for compound 8 it obviously becomes
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more dominating in the high temperature range of the SmC phase. However, even for this
compound, at lower temperature there is still a tendency of the swallow-tailed molecules to
assume an anticlinic tilt which we attribute to the contribution of the Y-shaped conformation
(Fig. 4d). In this conformation the out-of-plane interlayer fluctuations are suppressed and
hence the anticlinic tilt is favored. Because for compound 8 the tilt is relatively small, there
appears to be no discrete synclinic-anticlinic transition, but instead this transition takes place
in a disordered way by an intermediate loss of tilt correlation or a long pitch helical structure.

After transformation to the SmCa phase, further cooling leads to the non-tilted HexB
phase. However, for the next longer homologues 9-12 the hexatic phase becomes biaxial
again (Fig. S6, S7, S10 and S11). This indicates a Hexls-HexB-Hexls sequence with a re-
entrance of synclinic tilt in the hexatic phases upon chain elongation. A possible model for
the HexB phase, which explains this unexpected sequence, could be based on a modulated
HexIs structure with a layer modulation by anticlinic defects in the form of closed contour
loops, as proposed by Korlacki et al. (Fig. 9b).1?° Thus, the fundamental phase type is still
Hexls which is retained for all compounds 8-12, despite optical investigations indicate a
Hexls-HexB-HexIs sequence with a re-entrance of synclinic tilt upon chain elongation. For
the long chain homologues 10 and 12 the non-modulated synclinic Hexls phase remains the
only lamellar phase occurring below the Cubyi phase (Figs. S11 and Table S5). Moreover, it
appears that with growing chain length the HexFs phase range tightens and for compound 8 it

is removed and completely replaced by the HexB phase.
3.1.5 Cubic and non-cubic 3D phases of compounds 7-12

An optically isotropic Cubbi phase was observed for all compounds with chain length n = 7-
12 as high temperature phase. The 1/d values appear in a ratio V3:18:114;16.. etc., which
can be indexed to a cubic lattice with 1a3; d symmetry and cubic lattice parameters acup =
10.0£0.4 nm (see Table S5). As shown in Fig. 1, the Cubsi phase occurs at a chain length of
n>7 and replaces the SmA phase. For compounds 7-9 the SmC phase is retained below this
Cubni phase, whereas for longer chain lengths (n = 10-12) only the Hexls phase is observed
besides the dominating Cubni phase (see data of compound 9 in Fig. S6 and S9). Due to the
hysteresis of the lamellar-Cubyi transition some of the lamellar phases of the longer
homologues can only be observed on heating.

The formation of these Cubni phase is the result of increasing interface curvature between

the aromatic cores and the aliphatic chains, growing with the chain length n and temperature
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(Fig. 1). In addition, increasing chain length n leads to a growing incompatibility of these
chains with the aromatic cores. Thus, these chains become more likely to be expelled out of
the aromatic layers into the layers of the 3,5-chains (transition c—b—a in Fig. 4), where they
further increase the steric distortion of flat layers and support the development of saddle-
splay curvature. As also shown in Fig. 12, the lateral distance between the two
enantiomorphic nets in the la3; d phase (Fig. 13h), calculated according to dnetcub =
\3(acun/4) is significantly shorter than the molecular length and this difference increases with
the alkyl chain length n. This indicates a completely segregated organization of polyaromatic
cores and alkyl chains (Fig. 4a) in the Cubni phases; the remaining difference between dnet and

Lmor is due to additional chain folding, required to fill the space completely.
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Figure 12. Development of the d-values of the layer reflection in the lamellar phase (dsm; 5:
SMA, 6-8: SmCa,, 9,12: Hexls), position of the diffuse small angle scattering maximum in the
Iso1/1so1*] phases (diso1, 2K below the Iso-I1so1/Isoi*] transition), network distance in the
Cubni/la3; d phase (dnetcub) and molecular length (Lmot) depending on chain length (n); for
lattice parameters of the cubic phases, see Table S5.

Simultaneously with the transition from the SmCa or SmCs phase to the cubic phase on
heating, highly birefringent areas with rectangular shape develop in the homeotropic samples
of compounds 7 and 8, respectively (M-phase, see Fig. 10e,f and Fig. S4). These highly
birefringent domains have a high viscosity and rapidly disappear and transform into the cubic
phase, indicating that this birefringent mesophase is metastable with respect to the cubic
phase and presumably represents a distorted cubic lattice, probably with tetragonal or
orthorhombic symmetry. This metastable M phase is absent for the higher homologues and

thus is considered as another competing intermediate structure at the lamellar-Cubpi
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transition. Details of the structure of the Cubni/la3; d phases, representing two helical
networks with opposite handedness (Fig. 13h) have been discussed previously.2369.119

3.1.6 Percolated Iso: and Isoi*] phases of compounds 5-12

c)
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Figure 13. a, b) Chiral domains in the Iso1t*1 phase of compound 6 at T = 104 °C as observed
by polarizing microscopy between slightly uncrossed polarizers; changing the twist between
the polarizer from <90° to >90° leads to an inversion of the brightness of the domains,
indicating the optical rotation in opposite directions (contrast enhanced); c, d) expanded
sections of the DSC traces showing c) the Iso-Isoil*] transition of 6 on heating (top) and
cooling (bottom, for complete curves, see Fig. S1) and d) the Iso-Iso1 transition of compound
10; e) shows the origin of the helical superstructure due to the clashing of the bulky end
chains of the rod-like molecules (yellow dots) arranged with the molecular long axis
perpendicular to the local network direction; f) illustrates the development of the networks by
fusing short helical segments to clusters in the Iso range, followed by dynamic network
formation in Iso1, and with long range transmission of helicity in Iso:*], and finally the
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establishment of the long range cubic lattice after further increase of the network connectivity
in the Cubni phase; g) and h) show the helical structures in the g) SmQ phase (with uniform
helix sense and four-way junctions) and h) la3; d phase (opposite helix sense in blue and red
networks with three way junctions), representing the local structures in the chiral 1so:[*! and
the achiral Iso1 phases, respectively; g, h) were reproduced with permission from refs. 37 and
23, respectively, by permission form Wiley-VCH.

The Iso-Cub transition on cooling is significantly delayed by 19-53 K, the difference
decreasing with growing n. The Cubni phases of compounds 7-12 are not directly formed
from the ordinary isotropic liquid (Iso), but there is a small region of a chiral (Isoi™*1) or
achiral (Iso1) liquid mesophase before the transition to the Cubni phase (Table 1, Fig. 13c,d
and S1). For compounds 5-8 the mirror symmetry broken Iso1t*1 phase, characterized by fluid
conglomerates of chiral domains with opposite handedness (see Fig. 13a-c),1?%1226189 occurs
either between the achiral 1so phase and SmA (n =5, 6) or between Iso and Cubpi (n =7, 8,
see Table 1 and Fig. 1). The DSC traces of the long chain homologues 9-12 indicate a broad
transition to an achiral 1so1 phase occurring between the achiral Iso and Cubei/la3; d phases
on cooling (Fig. 13d), whereas on heating a direct Cubsi/la3; d-Iso transition takes place.
Hence, the achiral Iso:1 phase of compounds 9-12 is only monotropic. In the Iso: and 1so1[*]
ranges there are two diffuse XRD scatterings, one in the small and the other in the wide angle
region of the XRD patterns. This is in line with the presence of only short range order, as
typical for isotropic liquids with a locally ordered cluster structure (cybotaxis)*?61%” and for
percolated liquids'?® often occurring besides frustrated LC phases (blue phases, Twist Grain

Boundary phases, SmQ phases, etc.).129130.131,132,133,134
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Figure 14. a) Development of d-values and line width (FWHM) of the small angle scattering
maximum of compound 10 across the Iso-Isoz transition.

As shown in Fig. 14 for compound 10, as example, the change of the line width of the XRD

small angle scattering at the Iso-1so: transition is continuous without any distinct jump, as
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also found for the Iso-Isoi*)-transitions.??> The correlation length calculated with the
Scherrer equation (assuming K = 1) is ~10 nm in the Iso phase at 180 °C and continuously
grows to ~14 nm in the Iso1 phase at 165 °C, corresponding to a bit more than just one cubic
unit cell. The transition from the chiral Iso1!*! phase to the achiral Iso1 phase upon chain
elongation could either be due to a decreasing network density, falling below the critical
length for long range chirality transmission, or due to a change of the local structure. It is
chiral, presumably SmQ-like (Fig. 13g),%’ for the chiral Iso:[*] phase of compounds 5-8 and
likely to be achiral (racemic) la3; d-like (Fig. 13h) for the achiral Iso1 phase of the longer

homologues 9-12.2527

3.2 Fluorinated compounds 6F and 6F:

For compound 6 the influence of introduction of one or two fluorine atoms into the
polyaromatic core at the monosubstituted peripheral benzene ring was investigated. Both
compounds 6F and 6F2 (Scheme 1 and Table 1) show exclusively the Cubvi/la3; d phase (6F:
acub = 9.46 nm; 6F2: acu = 9.35 nm) which is achiral and does not transform into a smectic
phase nor crystallizes on cooling; crystallization is only observed on re-heating (see DSCs in
Fig. S1g,h). Figure 15 shows the diffraction pattern and the reconstructed electron density
map of the Cubsi phase of 6F, as example, confirming the 1a3; d lattice and the bicontinuous
network structure (see Fig. S13 for XRD of 6F2). Compared with the non-fluorinated
compound 6, which only forms smectic LC phases and the Iso1*] phase, for both fluorinated
compounds 6F and 6F2 the Isoi*] phases as well as the lamellar phases are completely
removed. Core fluorination reduces the electron density of the n-system and thus increases
the attractive core-core interactions, which obviously excludes the terminal alkyl chains from
intercalation (Fig. 4c—b—a).13%136.137.138 Thjs is confirmed by the lateral distances between
the networks, which are 4.10 nm (6F) and 4.05 nm (6F2), respectively, being significantly
smaller than the fully stretched molecular length (Lmol = 4.5 nm, Fig. 4a). This organization
provides increased interface curvature despite of the larger diameter of the fluorinated
aromatic cores (Fig. 4c—a). The thus increased interface curvature between aromatic and

aliphatic domains favours the cubic phases.
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Figure 15. a) SAXS diffractogram of compound 6F at 135 °C, the experimental and
calculated d-spacing of the observed SAXS reflection are given in Tab S4; for WAXS data,
see Fig. S14; b) reconstructed 3D electron density map obtained from this powder pattern,
showing the network structure of the 1a3; d phase; for electron density histogram, see Fig.
S12; for XRD data of 6F2, see Figs. S13 and Table S5.

4. Summary and Conclusions

A series of achiral azobenzene-based tricatenar molecules with a 3,5-disubstitution pattern at
one end is reported. This series of compounds provides a rich variety of distinct modes of LC
self-assembly. It includes hexatic phases (HexFs, Hexls, HexB), a non-tilted SmA phase,
synclinic and anticlinic tilted smectic C phases (SmCs, SmCa), a bicontinuous cubic phase
with 1a3; d lattice, a non-cubic birefringent phase with 3D lattice and chiral (Iso1*]) as well
as achiral (Iso1) isotropic liquid mesophases with local network structure. Especially notable
are the broad regions of the rare SmCa phases achieved with these achiral compounds,
providing a new design concept for anticlinic smectics, eventually leading to practically

important orthoconic LCs.% Moreover, the phase transitions from smectic to hexatic phases
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is associated with a change of the layer correlation from anticlinic to synclinic on cooling,
which is opposite to the usually observed SmCs to SmCa transitions. Obviously the alkyl
chains in the 3,5-positions lead to a Y-shaped molecular conformation (Fig. 4d) which
supports the anticlinic tilt. An increasing contribution of trans-conformers in the alkyl chains
at lower temperature reduces the effects of chain disorder and supports the parallel alignment
of the alkyl chain, thus leading to the development of a tuning fork like conformation (Fig.
4c¢), allowing improved out-of-plane inter-layer fluctuations and thus leading to the
emergence of synclinic tilt correlation. Simultaneously, this conformation enables a denser
packing, thus favouring the development of hexatic phases. This means that the anticlinic-
synclinic and the smectic-hexatic transition are coupled.

Another remarkable feature of these compounds is the development of a helical twist
in the chiral 1so:[*]phase. These chirality synchronized isotropic liquid phases (Iso1*1) occur
for compounds with medium alkyl chain length (n = 5-8). Upon further chain elongation (n >
9) only achiral percolated Iso1 phases can be observed (Fig. 1). Development of these
Iso1/Iso1l*] phases is explained by dynamic network formation after crossing a critical
connectivity of the helical aggregates (Fig. 13f), and if, in addition, a homogeneously chiral
(e.g. SmQ-like, Fig. 13g) local network structure can develop in the Isoi*] phase. If the
critical network density is not achieved or an achiral network structure (e.g. 1a3; d, Fig. 13f)
is preferred, then the percolated network liquid is achiral (Isoz).

Finally the peripheral fluorination of the aromatic core unit was found to be a
powerful tool for stabilization of bicontinuous cubic phases of polycatenar compounds.
Though cubic phases are usually found only in relatively small temperature ranges, for the
fluorinated compounds 6F and 6F2 wide ranges, even extended below ambient temperature,
were observed. This effect of core fluorination is opposite to central core fluorination of other
(symmetric) polycatenars which is known to give only smectic phases.!*® Functionality of the
reported compounds is provided by the organization of the azobenzene units either in an
anticlinic or helical fashion and the possibility of light-induced switching the molecular shape
and phase type by trans-cis isomerization. This was recently demonstrated for chirality
switching®” and could lead to numerous potential applications as photo-tuneable optical and

photonic materials.4°
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	Figure 10. Textures of compound 8 as observed on heating (after cooling from the isotropic liquid state) in homeotropic alignment (between plain microscopy glass plates) in the designated phases at the given temperatures. In e) the majority of the dar...



