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Bicontinuous cubic liquid crystalline (LC) phases are of particular
interest due their possible applications in electronic devices and
special supramolecular chirality. Herein, we report the design
and synthesis of first examples of achiral bent-shaped poly-
catenar dimers, capable of displaying mirror symmetry breaking
in their cubic and isotropic liquid phases. The molecules have a
taper-shaped 3,4,5-trialkoxybenzoate segment connected to
rod-like building unit terminated with one terminal flexible
chain. The two segments were connected using an aliphatic
spacer with seven methylene units to induce bending of the
whole structure. Investigated by the small-angle X-ray scatter-
ing (SAXS), a double network achiral cubic phase Cub/Ia3d,

which is a meso-structure, and a chiral triple network cubic
phase Cub/I23[*] are formed. The molecules self-assemble into
molecular helices and progress along the networks. Interest-
ingly, different linking groups such as ester or azo linkages and
core fluorination lead to distinct local helicity, resulting in an
alkyl chain volume dependent phase transition sequence Ia
3d(L) - I23* - Ia3d(S). The re-entry of Ia3d phase and loss of
supramolecular chirality is attributed to the delicate influence
of steric effect at the mono-substitute end and interhelix
interaction. Besides, aromatic core fluorination was proved to
be a successful tool stabilizing the cubic phases in these dimers.

1. Introduction

Being a fundamental concept, chirality becomes attractive ever
since its discovery by Louis Pasteur.[1] Nowadays, chirality,
serving as the basis of biological system,[2] is also a central topic
in numerous functional materials such as chiral catalysts,[3] and
chiroptical materials.[4] Apart from functionality, material science
also poses much mechanistic questions on the generation of,
particularly, homochirality. Spontaneous mirror symmetry
breaking is one of the chirality generation processes for achiral
molecules, which was first investigated during crystallization.[5]

To further understand the process, systems with reduced order,
i. e. liquid crystals (LCs) are involved to exhibit the molecular
level behaviour. Extraordinary success was achieved in bent-
core molecules,[6] dimers and trimers,[7] and polycatenar LCs.[8]

Polycatenar LCs consisting of a π-conjugated polyaromatic
core and more than two terminal flexible chains distributed non
symmetrically at both ends of the core attract particular
interest.[9] Using different building units in the backbone of
these polycatenars such as azobenzene,[10] π-conjugated
[1]benzothieno[3,2-b]benzothiophene,[11] 5,5’-diphenyl-2,2’-
bithiophene[12] or more recently the oxadiazole ring,[13] provides
wide varieties of promising functional materials for optoelec-
tronic devices and photonic applications. In polycatenars, the
aromatic cores can be packed side-by-side, forming molecular
rafts with, normally, 3–6 molecules. Such rafts can further self-
assembled into 2D columnar phases and 3D cubic/tetragonal/
orthorhombic phases consisting networks/columns by aligning
perpendicular to the columnar axis.[14] According to present
knowledge, molecular helices often formed during self-assem-
bly to avoid clashing of alkyl chains. With proper molecular
design, polycatenar molecules can overcome the helix inversion
defects, creating meso-structure with long-range helix along 1D
columns.[14] Moreover, the system can also form homochiral
phases in bicontinuous 3D phases and disorder isotropic state
assigned as Iso1

[*] phase.[8a–c,15]

Among the LC phases formed by polycatenars, two
bicontinuous cubic (Cubbi) phases garnered significant attention
due to their complexity and generalization in various
communities,[16] beside their promising applications.[17] Cur-
rently, the exact structures of two different types of such Cubbi

phases are well stablished, namely the meso-structure double
network Ia3d phase and the chiral triple network I23[*] phase.[18]

Both phases are formed by branched columns with three-way
junctions. Junctions of networks pin the short-range helices,
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inhibiting the helix reversal to form continuous networks with
homochirality. For Ia3d phase, two networks with opposite
chirality and helix direction interwoven with each other, leading
to the cancellation of chirality and formation of centrosymmet-
ric structure.[18a] On contrary, the I23[*] phase with three
networks forms conglomerates of chiral domains, confirmed by
polarized optical microscope (POM) and circular dichroism
(CD).[8a,18b,19] Such feature makes the cubic phases perfect
platform deciphering the process of chirality generation,
synchronization, and their controlling factors.[20]

Interestingly, determined by twisting angle (Φ), there’re two
subtypes of Ia3d phase with different Φ, namely, Ia3d(L) and Ia
3d(S), where L and S represent the long and short helical pitch
of molecular helix. Between these two Ia3d phases additional
bicontinuous LC phases were observed, namely I23[*] symmetry
or tetragonal phases.[15,18b] Modification of the Φ is normally
achieved by alkyl chain engineering.[9c,21] Since the twist is from
aromatic core, few compounds with bent central source in their
aromatic backbone were investigated aiming to control Φvalue.
To induce such bent in the molecular structures of polycatenars
two different strategies were applied including using aliphatic
spacers[22] or a real bent-core unit such as a 4-cyanoresorcinol.[23]

However, up to date no mirror symmetry breaking was
observed in LC phases exhibited by such systems, where they
displayed short range of achiral cubic phases or monotropic
nematic phases. Therefore, it seems that the supramolecular
chirality generation remains more mystery on molecular design
and self-assembly mechanism.

Herein, we report the first case of functional bent-shaped
polycatenar dimers capable of forming mirror symmetry broken
bicontinuous cubic phase (Cubbi/I23[*]) as well as the two
subtypes of the achiral Cubbi/Ia3d phase (Ia3d(L) and Ia3d(S)) in

relatively wide temperature ranges, making them excellent
candidates for application. Chirality synchronization was also
observed in their chiral isotropic liquid phases (Iso1

[*]). The
designed materials represent dimeric molecules having two
aromatic segments connected by diether linked aliphatic spacer
(Tn, Bn, BF10 and An, Scheme 1). The bent of the molecular
structure was achieved by using a spacer with seven methylene
groups in all cases. The terminal benzene ring at one end is
substituted with three flexible alkoxy chains at positions 3, 4
and 5, while the other end is terminated with a dodecyloxy
chain in all materials. Structural modifications were performed
using different linking groups such as azo (� N=N� ) or ester
groups in the form of benzoate (� COO� ) or with inverted
direction (� OOC� ) at the monosubstituted part. Moreover,
aromatic core fluorination was used to stabilize the cubic
phase.

2. Synthesis

The synthesis of the target bent-shaped dimeric polycatenars
(Tn, Bn, An and BF10) is illustrated in Scheme 1 and all details
are given in the Supporting Information (SI) file. The final
compounds are named depending on the type of the mono
substituted rod-like arm, where the letters indicate the type of
linking group used in this arm. Therefore, A=azobenzene, B=

phenylbenzoate and T= inverted ester. The number of carbon
atoms in each chain at the trisubstituted end is given by n. For
compounds being fluorinated at the outer ring at the mono-
substituted arm (X=F) F is added after the letter.

The phenolic intermediates 4-(dodecyloxy)phenyl 4-hydrox-
ybenzoate (1a),[24] 4-hydroxyphenyl 4-(dodecyloxy)benzoate

Scheme 1. Synthesis of the target dimeric polycatenars Tn, Bn, BF10 and An. Reagents and conditions: i. 7,7’-dibromoheptane, K2CO3, KI, acetone, reflux with
stirring, 72 h; ii. 4-hydroxybenzaldehyde, K2CO3, KI, acetone, reflux with stirring, 72 h; iii. NaOCl2, NaH2PO4, resorcinol, tert-butanol, stirring at RT, overnight; iv.
SOCl2, dry pyridine, triethylamine, DCM, reflux under argon atmosphere, 4 h.
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(2a),[25] and (E)-4-((4-(dodecyloxy)phenyl)diazenyl)phenol (3a),[26]

were synthesized using the same procedures reported before,
while the synthesis of the fluorinated intermediate 4-hydrox-
yphenyl-4-(dodecyloxy)-3-fluorobenzoate (2Fa) is described in
the SI. These intermediates were etherified with 7,7’-dibromo-
heptane using K2CO3 and a catalytic amount of KI in acetone to
give the rod-like arms 1b, 2b, 2Fb and 3b. Another ether-
ification step was performed using the obtained materials with
4-hydroxybenzaldehyde under the same conditions followed by
oxidation of the obtained aldehydes using sodium chlorite
(NaOCl2) to yield the corresponding benzoic acid derivatives 1c,
2c, 2Fc and 3c. The reactive acyl chlorides of these acids was
generated in the last step using SOCl2 and a catalytic amount of
N,N-dimethylformamide (DMF), and were then used in acylation
reaction of the phenols 4a,b to give the final bent-shaped
polycatenars (Tn, Bn, An and BF10). The crude materials were
purified by column chromatography using DCM as an eluent,
followed by twice recrystallization from chloroform/ethanol to
get the target materials. All final materials were characterized
by 1H NMR and 13C NMR and elemental analysis. All synthesis
details as well as all analytical data confirming the proposed
molecular structures are given in the SI.

3. Results and Discussion

3.1. Thermal Behavior: DSC and POM

Primary phase investigation of the final materials was per-
formed using POM and DSC, both on heating and cooling
scans. Combined POM and DSC results for Tn, Bn, An and BF10
compounds are summarized in Table 1 and represented graphi-
cally in Figure 1.

Isotropic liquid phases. All the synthesized materials except
B6 exhibit liquid-liquid transitions (Figure 1 and Table 1).

Table 1. Phase transitions of compounds Tn, Bn, An and BF10.
[a]

Cpd. X Y n Phase transitions T/°C [ΔH/kJ mol� 1]

T6 H -OOC- 6 H: Cr 98 [23.2] Cubbi/Ia3d(L) 142 [1.1] Iso1
[*]145 [2.8] Iso

C: Iso 143 [� 2.8] Iso1
[*] 139 [� 0.2] Cubbi/Ia3d(L) 81 [� 18.2] Cr

B6 H -COO- 6 H: Cr 95 [47.6] Cubbi/Ia3d(L) 139 [9.9] Iso
C: Iso 136 [� 9.7] Iso1 135 [� 1.0] Cubbi/Ia3d(L) 70 [� 45.3] Cr

A6 H -N=N- 6 H: Cr 115 [33.3] Cubbi/Ia3d(L) 155 [7.7]b Iso1158 [7.7]b Iso
C: Iso 153 [� 6.2]b Iso1 151 [� 2.5]b Cubbi/Ia3d(L) 108 [� 31.6] Cr

T10 H -OOC- 10 H: Cr 84 [43.7] Cubbi/I23[*] 137c Mix 142c Cubbi/Ia3d(S) 146 [3.1] Iso1
[*]149 [6.3] Iso

C: Iso 147 [� 6.8] Iso1
[*]141 [� 2.0] Mix [<0.01] 133b Cubbi/I23[*] 59 [36.9] Cr

B10 H -COO- 10 H: Cr 84 [25.6] Cubbi/I23[*] 141 [7.0] Iso
C: Iso 140 [� 5.4] Iso1 137 [� 1.6] Cubbi/I23[*] 53 [� 23.6] Cr

A10 H -N=N- 10 H: Cr 88 [24.2] Cubbi/I23[*] 151 [12.6]b Iso1155 [12.6]b Iso
C: Iso 150 [� 9.7] Iso1 146 [� 2.7] Cubbi/I23[*] 79 [� 23.8] Cr

BF10 F -COO- 10 H: Cr 80 [38.9] Cr’ 90 [25.0] Cubbi/I23[*] 128c Mix [<0.01] 134c Cubbi/Ia3d(S) 139 [8.1] Iso
C: Iso 137 [� 7.2] Iso1 133 [� 1.7] Cubbi/I23[*] 23 [� 11.7] Cr

[a] Peak temperatures as determined by DSC upon 2nd heating (H:) and 2nd cooling (C:) with a rate of 10 Kmin� 1. Abbreviations: Cr, Cr’=crystalline solid
phases; Iso= isotropic liquid; Iso1

[*] = spontaneous symmetry broken isotropic liquid phase; Iso1 =percolated liquid phase with network structure; Cubbi/Ia
3d(L)=achiral bicontinuous cubic phase with Ia3d space group and long local helical pitch; Cubbi/Ia3d(S)=achiral bicontinuous cubic phase with Ia3d space
group and short local helical pitch; Cubbi/I23[*] =chiral bicontinuous cubic phase with I23 space group. [b] The enthalpy values cannot be separated.

Figure 1. Phase behaviour of all soft bent-core compounds upon heating.
Isotropic phase is at the right side of the bars. For abbreviations and detailed
transition temperatures/enthalpies see Table 1.
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Depending on the terminal chain length at both sides of the
dimer as well as on the used linking group in the mono
substituted part, this transition is either a monotropic or an
enantiotropic one as recorded during DSC cooling and heating
scans (Figure 2, for T6 and T10 as examples). More interesting,
chiral domains could be detected in the higher temperature
liquid phases (Figure 3a and b) formed by the dimers (Tn) only.
Upon rotation of one polarizer with a small angle ~15° in
clockwise direction from the crossed position dark and bright
domains appear, which invert their sign by rotation of the
analyzer in anticlockwise direction with same angle, suggesting
an optically active phase of the higher temperature liquid
phases of compounds T6 and T10 (Figure 3a and b). Rotation of
the sample under crossed polarizer does not lead to any dark
and bright domains, meaning that these observations are
mainly due to the chirality instead of sample alignment.

The presence of chiral domains in these liquid phases
assigned as Iso1

[*] are due to the liquids with opposite handed-
ness during process of pre-ordering. The formation of the Iso1

[*]

phase is accompanied with a broad transition peak on heating
and cooling DSC curves, which cannot be separated from the
LC phase transition i. e. Cubbi - Iso1

[*] phase transition cannot be
separated (see Table 1 and Figure 2). For the achiral isotropic
liquid phases assigned as Iso1 exhibited by other dimers no
chiral domains could be detected, and their formation could be
observed from the DSC curves (see Figure S9 in the SI).

Unlike the Iso1
[*] phase, formation of Iso1 undergoes a

relatively fast transition with sharper peak next to the Iso-Cub
transition. The Iso1 phases formed as metastable phases for the
benzoate derived dimers (B10 and BF10) and as enantiotropic
ones for the azobenzene-based dimers (A6 and A10). These
chiral or achiral liquid network phases are considered as
percolated liquids with dynamic helical network structures. TheFigure 2. DSC curves during second cooling and second heating for

compounds a) T6 and b) T10 with heating/cooling rate of 10 K/min.

Figure 3. Optical micrographs observed on cooling in: a,b) Iso1
[*] phase of compound T6 at 142 °C and c,d) Cubbi/I23 [*] phase of compound A10 at 120 °C; a,c)

after rotation one of the analyzers with 15° in clockwise direction and b,d) after inverting the rotation of the analyzer to be in anticlock wise direction with
same angle confirming the presence of chiral domains. The scale bar in all cases is given in d).
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formation of such phases is known for non-symmetric rod-like
polycatenars, but those with optical activity (Iso1

[*]) have not yet
reported for any bent-shaped dimeric polycatenars.

Cubic phases. As can be seen from Table 1 and Figure 1, all
synthesized materials form exclusively cubic phases. Under
crossed polarizers all these phases are characterized by their
isotropic appearance and their high viscosity, as typically
observed for such nanostructured three-dimensional LC phases.
The formation of such phases was accompanied by large
enthalpy transition values (Table 1) either at the transition from
the LC state to the isotropic liquid on heating (LC–Iso) or on
cooling from the isotropic liquids (Iso-LC) (see Figure 2 and
Figure S9 for DSC). Confirmed by POM textures, irrespective of
the type of the linking group used at the mono-substituted arm
(ester or azo), all materials with hexyloxy chains (n=6) at the
crowded end do not show any optical activity.

Instead, chiral domains were observed under POM inves-
tigations as described above for the cubic phases displayed by
dimers with n=10 (T10, B10, BF10 or A10) (e. g. Figure 3c and
d). This was further confirmed by SAXS investigations (Sec-
tion 3.2). Therefore, the molecular design principles represented
herein successfully lead to the first examples of bent-shaped
dimeric polycatenars capable of displaying mirror symmetry
breaking in liquid network phases as well as in nanostructured
bicontinuous cubic phases.

3.2. SAXS Investigations

To further confirm the cubic phases and to solve their exact
structures, we performed SAXS investigations. Taking T10 as an
example, there is only one diffused peak in WAXS pattern and
centers at d=0.45 nm from the molten alkyl chains (Fig-
ure S13b), suggesting the LC nature of the cubic phase. The
SAXS pattern of the cubic phase at 120 °C can be properly
indexed as the I23[*] phase (Figure 4a). Reconstruction of
electron density (ED) map suggests a triple network cubic
bicontinuous phase (Figure 4c). Molecular rafts (Figure 4e) are
perpendicular to the network in high ED region in purple and
blue. A schematic figure of I23[*] phase with three interwoven
networks is shown in Figure 4f. The inner and outer networks
(pink) are same with each other except for shifting from cubic
center to the vertex. And the middle network (yellow) is along
the Schwarz P minimal surface. The network phase is
conjugated by three-way junctions and the space group is non-
centrosymmetric, leaving the I23[*] phase expressing chirality of
molecular helices.

Upon further heating of T10 another cubic phase is formed
at T=142 °C close to the clearing point. The SAXS pattern at
142 °C suggests an achiral Ia3d phase with typical scattering
peaks in q ratio of

ffiffiffi
6
p

:
ffiffiffi
8
p

:
ffiffiffiffiffi
14
p

:
ffiffiffiffiffi
16
p

(Figure 4b). The
absence of chirality can also be verified by the identical POM
texture upon depolarized state (Figure 4b inset). Reconstructed
ED map shows the typical morphology of Ia3d phase (Fig-
ure 4d). Like I23[*] phase, molecular rafts are perpendicular to
the network as shown in high ED region. Two chiral networks
with opposite handedness can be identified in Ia3d phase,

separated by the Gyroid minimal surface (Figure 4g). Molecular
helices are also of opposite handedness, cancelling the
chirality.[18a] Thus, Ia3d phase is a meso-structure. Similarly,
WAXS proves the fluidity of this cubic phase (Figure S8b). For
other compounds, the indexation and reconstructed ED maps
are essentially same, see details in Section S3.3. Interestingly,
two types of Ia3d phase can be found. For n=6, the Ia3d phase
is of large temperature range and larger lattice parameter. For
n=10, Ia3d phase only appears at high temperature with
narrow range and smaller lattice parameter (Table S8). Deter-
mined by the lattice parameter and Φ/nraft, these two types of
Ia3d phases are identified as Ia3d(S) and Ia3d(L), respectively.
Based on the lattice parameter and network morphology, the
twisting angle, Φ, number of molecules per raft, nraft and
twisting angle per molecule, Φ/nraft, can be estimated in
Table 2.

Figure 4. a) SAXS 1D diffractogram of T10 on heating at 120 °C of the I23[*]

phase, inset: POM textures at depolarized state at T=110 °C, the bright and
dark areas are reversed for opposite rotation direction. b) SAXS diffractogram
on heating at 142 °C of the Ia3d(S) phase, inset: POM textures at depolarized
state no changes for opposite rotation direction. Reconstructed ED maps of
c) I23[*] phase and d) Ia3d(S) phase. Low electron density alkyl chains are
omitted for clarity. High electron density is in purple and low is in red. e)
Model of the three-way junction shows smooth progression of molecular
helices at the junction. Schematic presentation of f) I23[*] phase and g) Ia
3d(S) phase.
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3.3. Molecular Structure and Cubic Phases

In the following, discussion in the perspective of molecular
shape/aromatic core is given to provide more insights into the
chiral self-assembly process as well as chirality generation.

Changing the ester group direction. As shown in
Scheme 1, compounds Tn and Bn are isomers differing from
each other’s only in the direction of the ester group. It is known
from previous studies that such modification provides en-
hanced melting points (increased stability of crystalline phase)
as well as increased clearing temperatures (LC–Iso transitions).
This due to the stronger π-π stacking interactions caused by the
involved electron-deficit aromatics.[27]

Indeed, this was exactly the case for the dimeric materials Tn
and Bn, where Tn have larger LC temperature range and higher
clearing points compared to their related isomers Bn derivatives.

More interesting, changing the ester group direction of B10
induces the formation of Ia3d(S) in T10, which eliminates the
supramolecular chirality. To unveil a comprehensive landscape of
cubic phase transition and chirality generation, we systemically
compared the Φ of different compounds. Surprisingly, the Φ of
different cubic phases doesn’t follow a strict trend, suggesting
extra effect factor of the cubic phase transition. Instead, when
considering the Φ/nraft, the variation becomes highly in line with
phase transition (Figure 5a).

As shown in Figure 5b of the electrostatic potential map, Tn
exhibits lower electrostatic potential at the benzene ring adjacent
to the ester group in the rod-like segment. The extra Ia3d(S) phase
was found for T10 at high temperature over 137°C, where B10
becomes Iso. As shown in Figure 5a, it’s evident that compounds
Tn has larger Φ/nraft than that exhibited by the benzoate isomers
Bn. This could be interpreted as the effect of ester group direction

Table 2. Structure data of all compounds investigated.

Comp. acub (nm) acub range/nm Lnet (nm) Vcell (nm3) Vmol (nm3) ncell nraft Φ/ο Φ/nraft

B6 13.18 (120 °C) 13.11–14.00 111.83 2289.5 1.714 1192.9 5.1 6.6 1.3

A6 13.13 (135 °C) 13.05–13.95 111.41 2263.6 1.709 1182.8 5.1 6.6 1.3

T6 12.48 (120 °C) 12.45–12.91 105.89 1943.8 1.714 1012.7 4.4 7.1 1.7

B10 20.79 (120 °C) 20.33–22.23 429.94 8985.9 2.161 3713.3 4.1 6.6 1.6

A10 21.20 (120 °C) 20.13–22.39 438.42 9528.1 2.157 3944.7 4.1 6.6 1.6

BF10 12.56 (133 °C) 12.56–12.56 106.57 1981.4 2.167 816.5 3.5 7.3 2.1

19.91 (120 °C) 19.75–20.50 411.74 7892.5 2.167 3252.4 3.6 6.9 1.9

T10 12.42 (142 °C) 12.43–12.44 105.38 1915.9 2.161 791.7 3.4 7.2 2.1

19.80 (120 °C) 19.53–20.59 409.46 7762.4 2.161 3207.7 3.6 7.0 1.9

acub = lattice parameter of cubic phase; Lnet = total length of the networks per unit cell (Lnet =8.485aIa3d, Lnet =20.68aI23); Vcell =acub
3 =volume of the unit cell;

Vmol =molecular volume as calculated with the crystal volume increments; ncell number of molecules in a unit cell, calculated according to 0.893*Vcell/Vmol;
nraft =number of molecules organized in each 0.45 nm thick raft of the networks, calculated according to nraft =ncell/(Lnet/0.45); Φ= twist angle between
adjacent rafts (ΦIa3d=70.5°/[0.354acub/0.45 nm], ΦI23 =90°/[0.290acub/0.45 nm].

Figure 5. a) Twisting angle Φ and average Φ/nraft for all compounds investigated and scheme of molecular helix of An, Bn in green and Tn, BF10 in grey.
b)The electrostatic potential map of four types of compounds calculated by DFT and the bent-angle value in each case between square brackets. An, Bn and
BF10 exhibit higher (light yellow) electrostatic potential in the benzene ring next to tuning group than Tn (light green).
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represented in the models in Figure 5a. Tn with ester group closer
to the center of molecular raft twist more to separate the
neighboring ester group of high electrostatic potential.

Replacing the ester group by an azo unit. To go deeper into
the influence of molecular shape on chiral self-assembly, we have
also investigated the effect of replacing the ester-based wing by a
more rigid and linear π-conjugated arm, namely an azobenzene-
based rod-like arm (compounds An) on the phase behavior. DFT
calculation suggests that An is of a bent angle ~165°, just in the
middle of Tn (169°) and Bn (161°) (Figure 5b). The bent-angle is a
result of using a spacer with odd number of carbon atoms to
connect the two aromatic segments, replacing the aromatic
segments exhibits minor influence on the bent angle.[28] As seen
from Table 1 and Figure 1, the azobenzene-based materials
behave very similar to Bn analogues with slight change in the
transition temperatures. It should be noted that, similar effects
were also reported in case of bent-core LCs.[29] Thus, the bent
angle is not supposed to be the main effect of cubic phase
transition and chirality generation in Tn. On the other hand,
regardless of linking group (Tn, Bn, An) all compounds have larger
bent angle provided by the aliphatic spacer compared to that
reported before in case of a real central bent-core unit such as 4-
cyanoresricnol (bent angle ~140°).[28] The smaller bent angle
eliminates the tendency of forming molecular helix, leading to the
Ia3d(L) and SmA phases bent-core polycatenars, while larger bent
angle in bent-shaped dimers (Tn, Bn, An) leads exclusively to
mirror symmetry broken phases. Besides the insights about the
structure-property relationships provided by using the azobenzene
moiety in An materials, it also allows them to be used in photonic
applications requiring photo-responsive materials.[30]

Aromatic core fluorination. Peripheral aromatic fluorinated
compound BF10 was synthesized to investigate the influence of
peripheral volume expansion on the LC behavior. Comparing with
the neat analogue B10, fluorination has significant effect on the
phase type and sequence (Figure 1 and Table 1). In both cases the
same type of chiral I23[*] phase was retained at low temperature
but the fluorinated materials display Ia3d(S) phase at high
temperature close to clearing point as T10. The lower thermal
stability could be due to the steric effect of peripheral fluorine
atom, resulting in less core-core interactions without disturbing
the type of LC phases. Steric effect of fluorine expands the
neighbouring twist and leads to a similar phase behaviour as T10
instead of B10. Interestingly, BF10 crystallizes close to room
temperature (23°C), providing the potential to be used for
applications at room temperature. Therefore, aromatic core
fluorination can be used as an efficient tool to modify the LC
phase stability in such dimeric molecules.

3.4. Mechanism of Spontaneous Chirality Generation

The comprehensive understanding of the phase behavior enables
us to further explore the mechanism of spontaneous chirality
generation behind the cubic phase transition. One striking
question is: why Tn molecules exhibit an alkyl chain volume
dependent phase sequence Ia3d(L) - I23* - Ia3d(S)? Or, alter-

natively, what induces the supramolecular chirality, which stabi-
lized the I23[*] phase.

Upon chain elongation or heating, alkyl chain volume
increases, leading to expansion of Φ/nraft. The effect of space filling
and interhelix interaction competes during the chiral self-assembly
of the cubic phases. Overall, interhelix interaction is weak and
sensitive to minor helix changes. Thus, effect of space filling serves
as main factor during chiral self-assembly, i.e. Ia3d – I23[*] upon
alkyl chain expansion, supported by T6, A10 and B10 with similar
Φ/nraft but different cubic phases. Also, the overlap of Φ/nraft of
A10/B10 and A6/B6 (green box in Figure 5a) suggests the
significant effect of space filling. On the other hand, when Φ/nraft

increases, such overlap is largely relieved for Tn and BF10.
Additionally, we calculated the dV/dr curves of the three different
cubic phases (Figure 6a). Such curve describes the radial volume
distribution, whose intersection with x-axis means the furthest
position from the network in the lattice, i.e. minimal requirement
on molecular size. Obviously, I23[*] phase adapt molecules with
long alkyl chains and Ia3d, regardless of local twist, favors short
chain.

Apart from the chain size, helix-helix interaction among
molecular helices also influences the phase transition. The
interhelix interaction can be tuned by temperature. In Ia3d phase,
molecular helices are of opposite handedness along networks
with opposite chirality, which indicates enantiophilic chiral self-
assembly (opposite helicity along adjacent networks). This phase is
proved to be able to tolerant high entropy and defects.[31] On the
other hand, I23[*] phase, as a chiral one, exhibits same sense of
molecular helix along networks, i.e. enantiophobic chiral self-
assembly. Upon heating, system entropy increases, the flexible
alkyl chain folding contributes more to the expansion of Φ/nraft,
enhancing the interhelix interaction. Besides, high temperature
provides more molecular flexibility. Stronger thermal fluctuation
decreases the requirement of side chain volume distribution for
space filling. Interhelix interaction takes over and I23[*] – Ia3d
phase transition becomes dominating,[15] leading to a complex
cubic phase sequence upon side chain volume expansion. The
transition sequence of I23[*] – Ia3d phase can be further under-
stood in the perspective of free energy G=H-ST as plotted
qualitatively in Figure 6b. The slope represents entropy, mainly for
flexible alkyl chain conformations. The enthalpy is related to rigid
core packing. Core modification could change the free energy
state and change the phase transition sequence.

4. Conclusions

In summary, we reported the design and synthesis of new bent-
shaped polycatenar dimers. Structural modifications were intro-
duced using different linking groups, chaining the length of
terminal flexible chain or by aromatic core fluorination. The
materials exhibit two Ia3d phases with different local helicity (Ia
3d(S) and Ia3d(L)) and two symmetry broken phases (I23[*] and
Iso1

[*]). The later chiral phases have not reported before for any
bent-shaped polycatenar dimers. The Ia3d(L) phase dominates in
dimers with short alkyl chains, while I23[*] phase is observed for
longer chains. By inverting the direction of the ester group in the

Wiley VCH Donnerstag, 02.01.2025

2501 / 382229 [S. 305/307] 1

Chem. Eur. J. 2025, 31, e202403586 (7 of 9) © 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202403586

 15213765, 2025, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202403586 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [07/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



rod-like wing, a phase transition between I23[*] and Ia3d(S) could
be achieved, which is related to the twisting angle per molecule
(Φ/nraft).

Overall, there is a competition for the chiral self-assembly and
cubic phase transition with growing chain length, where chain
elongation prefers Ia3d – I23[*] transition in the perspective of
space filling. On the other hand, the interhelix interaction provides
I23[*] – Ia3d transition sequence with expansion of alkyl chain
volume. Our work reveals the source of Ia3d(L) – I23[*] – Ia3d(S)
transition and chirality generation upon alkyl chain volume
expansion. Moreover, by tuning simultaneously the Φ/nraft with
aromatic core modification and alkyl chain length, more frustrated
phases and novel mechanism of chirality generation might be
revealed. Aromatic core fluorination leads successfully to the
stabilization of the cubic phase near to room temperature, which
could be of interest for potential applications.
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Figure 6. (a) dV/dr curve of three cubic phases. I23[*] requires longest alkyl chain. (b) The qualitative free energy plots explaining the phase transition between
I23[*] and Ia3d(S). (c) Phase sequence among cubic phases upon side chain volume expansion and the main driving force.
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