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Photoswitchable carbosilane-based polycatenars
forming nematic, tilted smectic, hexatic, and
cubic liquid crystalline phases

Christian Anders, *a Yu Cao, bc Feng Liu, bc Srabony Sarkar, a

Karsten Busse, a Carsten Tschierske *a and Mohamed Alaasar *ad

This study introduces a novel class of non-symmetric photoswitchable polycatenar liquid crystals (LCs)

designed to investigate the influence of terminal chain architecture on mesophase behaviour and photo

switching properties. These molecules feature a photoresponsive azobenzene core with distinct end

groups: a linear alkoxy chain at one end and a branched carbosilane moiety, connected via an aliphatic

spacer of varying length, at the other end. This non-symmetry promotes the formation of diverse LC

phases, including nematic (N), smectic C (SmC), hexatic I (HexI), and a bicontinuous cubic phase with

Ia %3d space group (Cubbi/Ia %3d). Small- and wide-angle X-ray scattering confirmed the presence of all

observed LC phases. Comparison with the previously reported compounds having the flat taper-shaped

3,4,6-trialkoxyaryl substitution pattern instead of the tetrahedral carbosilane branching highlights the

critical role of chain topology in controlling molecular self-assembly. UV-vis spectroscopy and polarized

optical microscopy confirm efficient and reversible photoisomerization in solution and the bulk LC state,

with light-triggered phase transitions (N 2 Iso, SmC 2 N). These results offer a promising pathway for

designing advanced functional soft materials with integrated photoswitchable and structural complexity.

1. Introduction

Liquid crystalline (LC) materials are widely used in different
kinds of applications, such as optical displays,1 organic
electronics,2 photovoltaics,3 as templates for selective
membranes,4 biosensors,5 and for nanoscale patterning at the
sub-10 nm length scale used in nanolithography systems.6

Essential for all these present and future technologies is the
development of more efficient and faster stimuli-responding
materials.7,8

LCs could be designed in different shapes, such as rod-like,9

disc-like,10,11 and bent-shaped structures.12 Development of
new functional materials is based on an ever-improving under-
standing of the structure–property relationships.9 Depending
on the molecular shape, molecular topology, and molecular

amphiphilicity/polyphilicity, several types of LC phases could
be expected.13 While rod-like molecules with only one flexible
chain at each end are mostly limited to the formation of
nematic and smectic phases, multichain (so-called polycatenar)
rod-like molecules were found to form many different LC
phases, including smectic, columnar, and cubic phases,
depending on the number of terminally attached flexible
chains, ranging from three to six.9,14–21 Recent studies have
shown that polycatenar LCs having terminal chains non-
symmetrically distributed between the two ends of the polyaro-
matic core can display spontaneous mirror-symmetry broken
network phases,22 such as chiral bicontinuous cubic phases
with I23 space group (Cubbi/I23[*]),23 tetragonal phases24,25 and
chiral isotropic liquids,26 as well as an achiral double gyroid phase
with Ia%3d symmetry (Cubbi/Ia%3d).27 Such nonsymmetric polycate-
nars (see Scheme 1a) were designed with different shapes, includ-
ing rod-like28–36 and bent-shaped architectures.8b,37,38

Azobenzene-based symmetric39,40 and non-symmetric poly-
catenars (see Scheme 1a),35b,41 have attracted significant inter-
est due to their unique combination of structural complexity
and stimuli-responsive behaviour through reversible trans–
cis photoisomerization. Their light-responsive behaviour is
promising for photonic applications, including optically
addressable switches, reconfigurable metamaterials, and adap-
tive optical elements,12c,42 offering exciting possibilities for the
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development of advanced functional materials. Furthermore,
their ability to display spontaneous mirror symmetry breaking
in different phases (e.g., Cubbi/I23[*] and Iso1

[*], see Section
3.5)35b,41 provides new avenues for exploring chirality transfer,
chirality amplification26 and circular polarized emission43 in
soft matter formed by achiral molecules. The phenomenon of
emergent chiral structures from achiral molecules is especially
prominent in systems featuring a 3,4,5-trialkoxy-substituted
benzene at one end and a single chain at the other end of a
polyaromatic backbone (Scheme 1a).22,23,32,44 In these com-
pounds, the junctions of the three peripheral chains are fixed
in the plane of the benzene ring, which provides a flat taper
shape (Scheme 1). In contrast, non-symmetric rod-like polyca-
tenar LCs with three long chains attached via a tetrahedral
branching point remain almost unexplored. Synthetically, the
easiest option is to use silicon as a tetrahedral branching point.
In this case, also the distance between the polyaromatic core
and the branching point can be modified by using alkylene
spacer units (–CH2–)n having different lengths, n. In most cases
only –SiMe3 groups or oligo(carbosilane) chains connecting two
or three linear oligomethylene brigded –SiMe2– units in linear
alkyl chains were investigated,45–47 while the bulkier –(CH2)n-
SiR3 groups with three longer residues R were only once used in
non-symmetric polycatenar mesogens (Fig. S16a) and were
shown to remove LC phases for R larger than the ethyl
group.48 For oligothiophene rods, bulky carbosilane chains at
both ends were used to improve solubility and processability.49

In our previous work, we attached such bulky carbosilanes side-
on as lateral chains at polyaromatic oligo(p-phenylene ethyny-
lene) cores to design X-shaped polyphilic LC molecules.50 A key
unresolved question in polycatenar self-assembly is whether
decoupling the branching point from the aromatic core via an
aliphatic spacer can provide independent control over both
mesophase topology and structural stability, compared to the
commoly used direct 3,4,5-substitution at the benzene ring
(Scheme 1). Furthermore, it remains unclear whether such
carbosilane-based polycatenars can maintain efficient and
reversible photo switching while exhibiting complex LC phases.

Herein, we report on the design, synthesis, and investigation
of a novel class of functional non-symmetric azobenzene-based

polycatenars featuring a linear alkoxy chain at one end of the
aromatic core and a highly branched carbosilane chain at the
other end (compounds Ax/n/m, Scheme 1b). Their light-
responsive behaviour is promising for photonic applications,
offering exciting possibilities for the development of advanced
functional materials. These examples should be regarded as
prospective opportunities motivated by the unique combi-
nation of smectics/hexatic polymorphs, bicontinuous cubic
networks, and photoswitchability, rather than as established
device implementations, and the present work is focused on
elucidating the underlying structure–property relationships.

2. Experimental
2.1. Synthesis

The synthesis of the azobenzene-based compounds Ax/n/m was
performed as illustrated in Scheme 2. The azobenzene-
containing acids 3 with different chain lengths, x = 6 and 10,
were synthesized using previously reported protocols.35b The
synthesis of the bromo-substituted carbosilanes 5 was per-
formed following the procedures reported in ref. 50, while that
of the biphenylol 7 was done by acylation using the benzoyl
chloride derived from 6. In the final step, the acids 3 were
converted to their acid chlorides and used in an acylation
reaction with the phenol 7 to obtain the target materials. The
general synthetic procedures, purification methods, and analy-
tical data of the synthesized intermediates and final com-
pounds Ax/n/m are provided in Section S3 of the SI.

2.2. Characterization

All compounds were characterized by polarizing optical micro-
scopy (POM), differential scanning calorimetry (DSC), and
small-angle as well as wide-angle X-ray scattering (SAXS and
WAXS), and with the equipment described in Section S1 of
the SI.

3. Results and discussion

The transition temperatures, their corresponding enthalpies,
and mesophase assignments for all compounds are summarized

Scheme 1 Chemical structures of non-symmetric azobenzene-based multichain rod-like compounds: (a) non-symmetric tetracatenar with a 3,4,5-
trialkoxy substitution pattern at one end41 and (b) the carbosilanes Ax/m/n under discussion herein with a tetrahedral Si-based branching point in one
end-chain.
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in Table 1 and illustrated graphically in Fig. 1. Notably, all
mesophases were observed in heating and cooling cycles, thus
representing enantiotropic LC phases with minor supercooling.
Based on the number of carbon atoms (x) in the linear chain, the
synthesized materials are divided into two groups. The first
group is terminated with a short chain (x = 6), while the second
group ends with a longer one (x = 10).

3.1. Short chain compounds A6/n/m

For the short-chain compounds with x = 6, depending on the
spacer length (n) and the length of the chains (m) attached at

the silicon atom, one or two different types of enantiotropic LC
phases could be observed, as indicated by POM, DSC, and XRD
investigations.

3.1.1. Compound A6/6/8 – SmC phase with continuous
transition between the monolayer and the partial bilayer
structure. For compound A6/6/8 with x = n = 6 and m = 8,
only one LC phase is found on heating and cooling under POM
(see Fig. 2a for optical textures). This is also evident from the
DSC investigations (Fig. 2b), where a single transition from the
LC to the isotropic phase (Iso) is observed above the melting
peak. Similarly, during the cooling cycle, only one transition

Scheme 2 Synthesis of the compounds Ax/n/m. Reagents and conditions: (i) NaNO2, conc. HCl; (ii) Phenol, NaOH, Na2CO3; (iii) KOH, EtOH, 100 1C, 8 h;
(iv) THF, LiCl, reflux, 1 h; (v) Karstedt-cat., CH2Cl2, RT, 1d, (vi) SOCl2, DMF, reflux 1 h; (vii) CH2Cl2, Et3N, pyridine, reflux, 6 h.

Table 1 Transition temperatures, enthalpies, and mesophases of compounds Ax/n/m ordered firstly according to growing alkyl chain length x, and
secondly according to spacer length na

Comp. x n m T/1C [DH/kJ mol�1] LC VC

A6/6/8 6 6 8 H: Cr 93 [14.8] SmC 252 [4.2] Iso 20 36
C: Iso 249 [�3.7] SmC 91 [�11.3] Cr

A6/8/6 6 8 6 H: Cr 118 [8.3] Hex(I) 126 [0.4] SmC 286 [6.5] 20 32
C: Iso 284 [�5.6] SmC 123 [�0.5] Hex(I) 115 [�7.4] Cr

A10/4/6 10 4 6 H: HexI 81 [2.3] SmC 236 [2.9] NCybC 252 [0.4] Iso 20 32
C: Iso 249 [�0.4] NCybC 234 [�3.3] SmC 77 [�1.9] HexI

A10/6/6 10 6 6 H: Cr 83 [8.8] HexI 100 [0.5] SmC 257 [4.8] Iso 22 34
C: Iso 254 [�4.5] SmC 97 [�1.1] HexI 77 [�8.8] Cr

A10/6/8 10 6 8 H: Cr 70 [7.4] HexI 87 [0.4] SmC 223 [1.5] Cubbi/Ia%3d 234 [1.8] Iso 24 40
C: Iso 232 [�0.6] Cubbi/Ia%3d 220 [�1.9] SmC 85 [�0.8] HexI 66 [�7.0] Cr

A10/8/6 10 8 6 H: Cr 97 [7.0] HexI 109 [0.7] SmC 265 [5.3] Iso 24 36
C: Iso 261 [�4.7] SmC 106 [�0.9] HexI 93 [�5.1] Cr

a Peak temperature as determined from 2nd heating (H) and 2nd cooling (C) DSC scans with a rate of 10 K min�1; abbreviations: Cr = crystalline
solid; Iso = isotropic liquid; NCybC = cybotactic nematic phase composed of SmC clusters; SmC = synclinic tilted smectic phase, Hex(I), HexI =
hexatic I phases (see Fig. 4e–g); Cubbi/Ia%3d = achiral bicontinuous cubic phase with Ia%3d space group; LC = total number of carbons in the total
length of the alkyl chain = x + n + m; VC = total number of carbons in the total volume of the alkyl chain = x + n + 3m (Si and O were not counted); for
DSCs, see Fig. 2b, 3a and 6d, and Fig. S1; for POM textures, see Fig. 2a, 3b and c, 5a–c and 6a–c and Fig. S2–S6; and For XRD, see Table 2.
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peak is recorded for the transition from the Iso state to the LC
phase before the crystallization peak at B91 1C. The LC phase

range is relatively broad, with 159 K in heating and 158 K in
cooling. Under POM in a planar cell, this LC phase is

Fig. 1 Phase transitions of the investigated compounds Ax/n/m as a bar diagram ordered according to the n-alkyl chain length x and side chain volume
(Vc), showing the mesophase type and the temperature range observed on cooling with a rate of 10 K min�1; for numerical data and abbreviations, see
Table 1.

Fig. 2 Investigation of compound A6/6/8. (a) Optical texture observed under POM between crossed polarizers recorded in a non-coated 6 mm planar
ITO cell at 248 1C (for additional textures, see Fig. S2, (b) DSC heating and cooling traces, recorded at 10 K min�1; (c) d-value of the SAXS depending on
temperature; (d) WAXS in the SmC phase at 120 and 200 1C, and (e and f) space filling CPK molecular models showing the lengths of pairs of antiparallel
molecules in (e) the partial intercalated bilayer structure (Ld) and (f) the monolayer (fully intercalated) structure (L1), corresponding to the molecular
length (Lmol).
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characterized by a fan-shaped texture (Fig. 2a). The dark
extinctions are inclined with respect to the polarizer and
analyzer, as typical for a synclinic tilted SmC phase. The
optical tilt, as determined by the inclination angle of the
extinctions with respect to the polarizers, being a measure of
the average tilt of the p-conjugated rod-like cores, is estimated
to be around ßopt = 30 � 21, slightly decreasing upon cooling
from 200 to 90 1C (Table S2).

In the X-ray scattering patterns, the WAXS is diffuse in the
LC range with a maximum d = 0.46 nm at 200 1C and d =
0.44 nm at 120 1C, confirming LC phases and indicating a
growing packing density on cooling (Fig. 2d). In aligned sam-
ples, the position of the WAXS is inclined with equator and
meridian (Fig. S12c and d). From the position of the WAXS
scattering maximum with respect to the direction of the layer
reflections, an average tilt of ßWAXS = 381 with respect to the
layer normal can be estimated at 200 1C and ßWAXS = B351 at
120 1C (Table S2). This ‘‘X-ray-tilt’’ is a measure of the average of
the combined tilt of cores and chains. That ßWAXS is larger than
ßopt suggests that the alkyl chains contribute in this case a bit
more to the average tilt than the rod-like cores. The tempera-
ture dependence of both, the optical tilt ßopt, and the X-ray tilt
ßWAXS in the SmC range is relatively weak, with ßWAXS decreas-
ing only slightly from about 381 at high temperature to about
351 at the lower end of the SmC range, while ßopt remains in a
similar range (see Table S2). This indicates that the pronounced
change in layer spacing upon cooling is mainly associated with
changes in the degree of intercalation rather than with a strong
variation of the tilt angle.

The SAXS pattern of A6/6/8 in the SmC phase at 200 1C
shows a sharp layer reflection with a weak 2nd order reflection
(Fig. S7a). The d-value is d = 4.74 nm at 247 1C and only d =
4.13 nm at 124 1C (Fig. 2c), being quite a bit shorter than the
single molecular length of Lmol = B5.6 nm (Fig. 2f and Table 2),
in line with the tilted organization. The large change in the
layer spacing at relatively small tilt angle variation suggests that
the molecular packing changes with temperature. An antipar-
allel organization of the molecules allows a temperature-depen-
dent change of the degree of intercalation. The shortest
possible length of such a fully intercalated pair would corre-
spond to the single molecular length, i.e., L1 = Lmol = 5.6 nm

(Fig. 2f). Assuming this mode of monolayer packing (SmC1) and
ßopt = 351, an effective molecular length Leff = 5.04 nm is
calculated according to Leff = d/cos ß = 5.04 nm, being closer
to Lmol = 5.6 nm. The ratio Leff/Lmol = 0.9 can be attributed to
orientational and conformational disorder of the molecules in
the LC state.

The significantly larger d-value at higher temperature (d =
4.74 nm at 247 1C) at almost constant tilt (Table S2) cannot be
attributed to a decreasing order parameter, because this would,
in contrast, decrease the layer spacing. The only possibility is a
reduction of the degree of intercalation between the molecules
and a continuous transition to a partial intercalated bilayer
structure (SmCd).51,52 Based on the maximum layer distance d =
4.74 nm and a tilt angle of ßWAXS = 381, the maximum effective
molecular length of A6/6/8 can be estimated according to Leff =
d/cos ß = 4.74 nm/cos 381 = 4.74/0.79 nm = 6.0 nm, exceeding
the single molecular length Lmol = 5.6 nm (Table 2). Consider-
ing the correction factor of 0.9 for the contribution of con-
formational and orientational disorder, a value of Leff = 6.7 nm
is obtained. This length is close to the length of the partial
intercalated antiparallel dimer shown in Fig. 2e (Ld = 6.5 nm)
with the single hexyl chain of one molecule located in the space
besides the C6-spacers of the other. For convenience, the
molecular pair lengths L1 and Ld used in this analysis are
summarized in Table 2. This partial intercalation allows the
best segregation of alkyl chains from the rigid aromatic cores
and a minimized steric crowding in the alkyl chain layers. In
the SmC range at low temperature, the layer spacing is much
smaller (d = 4.13 nm, see Fig. 2c). This requires that in the
antiparallel pairs in this tilted smectic phase, the hexyl end-
chain of one molecule is located beside the three octyl chains of
the Si-branched end of the other, and the relatively short C6

spacer is parallel to a part of the rod-like aromatic core of the
adjacent molecule. This leads to an overcrowding in the alkyl
chain layers (4 chains arranged side-by-side vs. only 2 cores
side-by-side). The reason for this mode of packing in the SmC
phase is unclear, but it might allow some backfolding of one of
the chains at the tetrahedral Si branching point, enabling an
improved overall packing (see Fig. 2f, bottom). With rising
temperature, a layer expansion takes place by reducing the
intercalation of branched and linear end-groups Fig. 2f - e).

Table 2 Effective molecular lengths, d-values and X-ray tilt angles of aligned samples in the SmC and HexI phasesa

Comp.
dmax SmC
(T/1C)

dmin SmC
(T/1C)

dmin HexI
(T/1C)

dmax HexI
(T/1C)

L1 = Lmol

[0.9 L1] (nm)
Ld [0.9 Ld]
(nm) LC VC

ßWAXS

(SmC)/1
ßWAXS

(HexI)/1

A6/6/8 4.74 (247) 4.13 (124) — — 5.6 [5.0] 6.5 [5.9] 20 36 35–38 —
A6/8/6 4.44 (255) 4.26 (140) 4.30 (123) 4.37 (115) 5.6 [5.0] 6.5 [5.9] 20 32 42 38
A10/4/6 3.95 (230) 3.75 (130) 4.21 (77) 4.44 (70) 5.5 [5.0] 6.5 [5.9] 20 32 37 40
A10/6/6 4.12 (242) 3.96 (135) 4.07 (97) 4.12 (80) 5.8 [5.2] 6.7 [6.0] 22 34 39 41
A10/6/8 4.33 (220) 4.18 (120) 4.24 (83) 4.30 (75) 6.1 [5.5] 7.2 [6.5] 24 40 43 44
A10/8/6 4.36 (265) 4.25 (160) n.d. n.d. 6.1 [5.5] 7.0 [6.3] 24 36 42 43

a Abbreviations: dmin, dmax = minimal and maximal experimentally measured d-values of the (10) small angle X-ray scattering (see Fig. 4a and b and
Fig. S7–S13); L1 = length of a molecular pair in a hypothetic single layer smectic phase with fully intercalated antiparallel organization (SmC1,
Fig. 2f) = Lmol; Ld = length of a molecular pair in a hypothetical partial bilayer smectic phase (SmCd, Fig. 2e), determined with space filling CPK
models, see Fig. 2e, f and 5f, g, and Fig. S14, the values in square brackets are adjusted to orientational and conformational disorder of the
molecules, corresponding to 0.9 L1/d. ßWAXS = tilt as determined from the position of the WAXS in 2D patterns (Fig. 5h and i and Fig. S12 and S13);
for optical tilt (ßopt), see Table S2.
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This supports the segregation of aromatic cores and aliphatic
units (end-groups and spacers) into separate layers, probably
driven by the stronger rigid-flexible incompatibility13a caused
by the growing alkyl chain disorder at higher temperature.

3.1.2. Compound A6/8/6 – transition from SmC to a tilted
hexatic phase. Keeping LC = 20 fixed and decreasing the total
chain volume from Vc = 36 in A6/6/8 to Vc = 32 in A6/8/6 results
in increasing transition temperatures, enlarging the LC phase
range by B10 K on heating or cooling and the induction of a
short range (B8 K on heating and cooling) of an additional
mesophase below SmC, indicated by a small peak in the DSC
traces (DH = 0.4–0.5 kJ mol�1) at 126 1C on heating and at
123 1C on cooling (Table 1 and Fig. 3a). As can be seen from
Fig. 3b, the SmC phase of A6/8/6 is characterized by a Schlieren
texture in the homeotropic region and the typical fan-shaped
texture with extinctions inclined with respect to the polarizer
and analyzer in planar alignment. The optical and WAXS tilt
angles in SmC, and the low temperature phase are around
40 � 21 (Table 2 and Table S2).

With lowering temperature, the birefringence increases in
the temperature range of the SmC phase in line with increasing
orientational order parameter. In the SAXS pattern the first,
second and 4th order layer reflections can be observed in the
SmC range (Fig. 4a), and an additional 3rd order layer reflection
becomes visible at the transition to the low temperature phase
(Fig. 4b). The d-value of 4.44 nm in this SmC phase at 255 1C is
a bit smaller than that found for A6/6/8 around the same
temperature and it decreases to 4.26 nm at 140 1C (Fig. 4d).
This suggests that there is a similar change of the packing from
a partial bilayer structure (SmCd) at higher to a monolayer
structure (SmC1) at low temperature, but with a smaller change
of the degree of intercalation. Remarkably, there is a minimum
for the d-value around 140 1C (d = 4.26 nm), after which the
d-value starts growing again, already before the transition to the
low temperature phase (Fig. 4d).

At the phase transition to the low temperature phase at
123 1C, the width of the WAXS (full width at half maximum,
FWHM) decreases from: Dq = 2.42 nm�1 at 200 1C to Dq =
1.35 nm�1 at 117 1C, and its shape changes from a Lorentzian
towards lambda-like (Fig. 4c). This suggests a transition from a
smectic to a hexatic mesophase (Hex). In the hexatic phases, the
molecules assume a (pseudo)hexagonal packing in the layers,
while between the layers there is long-range lattice orienta-
tional order, but no long-range positional correlation, assum-
ing so-called ‘‘bond orientational order’’.53 There are three
types of tilted hexatic phases, which are HexF, HexL, and
HexI,53–56 differing in the orientation of the tilt direction with
respect to the in-plane lattice (see Fig. 4e–g). In the WAXS
pattern of an aligned sample of A6/8/6 at 120 1C, there is a weak
diffuse scattering on the equator parallel to the meridian,
which might be a hint at the (002) scattering of the local
pseudohexagonal (c-centered monoclinic) lattice of the HexI
phase (Fig. S12b).54

There is a change of the schlieren texture at the SmC–Hex
transition, assuming a more diffuse appearance, which is also
in line with a HexI phase (Fig. 3b and c). In the case of a HexF

phase, the WAXS would be broader, no scattering would be
expected on the equator, and in the homeotropic schlieren
texture, a transition to a mosaic-like appearance would be
expected.57 Based on these observations, HexI occurs more
likely than HexF, though a HexL structure55,56 cannot be
completely excluded. Probably, there is only weak coupling
between the layers, and therefore, we use Hex(I) in this case.
In the temperature range of the proposed Hex(I) phase, the
d-value rises from d = 4.27 to 4.37 nm, just before crystallization
sets in, as shown in (Fig. 4d). Such layer expansion was also
reported for other SmC–HexI transitions.54 It can be explained,
at least in part, by the chain stretching due to reduced con-
formational mobility and increased orientational order para-
meter in the denser packed Hex(I) phase (for more discussion,
see Section 3.4). Notably, the tilt angles remain essentially

Fig. 3 Investigation of compound A6/8/6. (a) DSC heating and cooling
traces, recorded at 10 K min�1; (b and c) optical textures observed under
POM between crossed polarizers for: fan-shaped and schlieren texture (b)
of the SmC phase at 220 1C, and (c) of the Hex(I) phase at 110 1C recorded
in non-treated glass plates.
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constant across the SmC-to-Hex(I) transition, even though the
layer spacing increases slightly in the Hex(I) phase (Fig. 4c and
d and Table 2). This supports that the SmC-Hex(I) transition is
driven primarily by changes in packing and bond-orientational
order rather than by a significant change of tilt.

3.2. Long chain compounds A10/n/m

Using a longer terminal chain with x = 10 results in compounds
A10/n/m. All these compounds exhibit the SmC phase and a
tilted hexatic low-temperature phase. However, in some cases,
additional mesophases appear at higher temperatures (N and
Cub) depending on the combination of n and m at the branched
end (Table 1, Fig. 1).

3.2.1. Compound A10/4/6 – nematic – SmC – HexI transi-
tion. The first compound in this group with the smallest chain
volume is A10/4/6 with Vc = x + n + 3m = 32, which is equal to
that of A6/8/6. The latter exhibited SmC and Hex(I) phases as

discussed in the previous section, while A10/4/6 exhibits an
additional nematic phase between 249 and 234 1C (cooling
data). Its formation with a characteristic schlieren texture in
planar alignment was observed under POM (Fig. 5a). In the
nematic phase, the relatively broad and intense small-angle
scattering at d = 4.16 nm indicates a cybotactic nematic phase
(Fig. S7c). X-ray scattering of aligned samples confirms a
synclinic tilted organization with an average tilt of ßWAXS =
281 (Fig. S13a) in the cybotactic nematic phase composed of
SmC clusters (NCybC). The FWHM of the SAXS is about
0.66 nm�1, indicating a longitudinal molecular coherence
length of 9.5 nm, corresponding to about twice the d-value,
i.e., the clusters have a thickness of about two layers.

The change in the texture together with the XRD results
confirms a phase sequence Iso-NCybC-SmC-HexI upon cooling
A10/4/6 (Fig. 5a–c). The same phases are observed in reverse
order upon heating. All phase transitions could also be

Fig. 4 X-ray investigation of compound A6/8/6. (a) SAXS pattern in the SmC phase at 200 1C and (b) in the Hex(I) phase at 117 1C, (c) WAXS at the
indicated temperatures showing the shift to smaller distances and reduced line-width at the SmC–Hex(I) transition, (d) temperature dependence of the
d-value on cooling and (e–g) the family of tilted hexatic phases with different tilt directions (red arrows) in view perpendicular to the layer plane.
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recorded in heating and cooling cycles during DSC measure-
ment (Fig. S1a). In this case, the lambda shape of the WAXS is
well developed in the hexatic low-temperature phase (Fig. 5e),
and in aligned samples, an additional WAXS on the equator is
in line with an assignment of the hexatic phase to HexI (Fig.
S13c). This scattering on the equator is found for all com-
pounds with x = 10 (Fig. S13), and it is most clearly observed for

A10/6/6 (Fig. 5i). It appears that elongation of the linear end-
chain supports the layer coupling, thus fixing a long-range
orientational coupling of the hexagonal in-plane ordering
between the layers. This also provides pronounced textural
changes at the SmC–HexI transition as indicated by the transi-
tion to a broken fan texture and great changes in the areas with
a schlieren texture (see Fig. 5b and c).

Fig. 5 (a–g) Data of compound A10/4/6. (a–c) Textures recorded on cooling by POM between non-treated glass plates recorded at the given
temperatures (note that the change of birefringence of the fan texture takes place in the SmC range and not at the SmC–HexI transition, see Fig. S3);
(d) d-value of the SAXS depending on temperature; (e) WAXS patterns and (f and g) space filling CPK molecular models showing pairs of antiparallel
molecules of A10/4/6, in (f) with partial bilayer structure and in (g) in the monolayer structure; additional DSC scans are shown in Fig. S1a and additional
XRD data in Fig. S7c–e and Fig. S13a–c. (h and j) Diffraction patterns of an aligned sample of compound A10/6/6 in the SmC phase and (i) in the HexI
phase (DSC in Fig. S1b, textures in Fig. S4, XRD in Fig. S8a, b and Fig. 10b).
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Moreover, the HexI phase of A10/4/6 is a room temperature
LC, which does not show any crystallization either on heating
or cooling (Fig. S1a). This highlights the importance of the right
selection of x, n, and m at both sides of the aromatic core to
induce room temperature LC phases, which is an important
characteristic from the application point of view. It also shows
that not only the total chain volume but also the distribution
and geometry of side chains – such as linearity versus branching
and non-symmetry – play a critical role in determining the type
and thermal range of mesophase formation.

Interestingly, A10/4/6 shows the smallest d-values among the
SmC phases of all investigated compounds, ranging between
3.75 and 3.95 nm (compared with d = 4.26–4.44 nm for A6/8/6,
having the same total chain length LC = 20, and total chain
volume Vc = 32, see Fig. 5d and Table 2). The tilt angle is ßWAXS =
371 at 200 1C, only slightly smaller than that in the SmC phase
of A6/8/6 (ßWAXS = 421), while there is almost no difference in
the optical tilt (ßopt = 40/391, Tables S2). The difference in the d-
value could therefore not be traced back to different tilt angles.
This would mean that for compounds with a long linear single
chain (x) the fully intercalated monolayer structure (SmC1)
becomes more dominating, most probably, because it max-
imizes the core chain segregation (Fig. 5g). Note that this is just
opposite to compounds A6/m/n where maximal core chain
separation is found for the partial bilayer structure (SmCd,
see Fig. 2e). For A10/4/6 the core chain segregation would be
reduced by reducing the depth of intercalation upon transition
to the partial bilayer phase at higher temperature (Fig. 5f).
This explains that layer expansion becomes less favorable.

Notably, in all cases with x = 10, there is an increase in
the d-spacing upon approaching the HexI range. Thus, the
minimum of d-spacing is achieved already in the SmC range,
ca. 40–50 K, before transition to HexI (see Fig. 5d and Fig. S10
and Section 3.4).

The nematic phase was removed for the next compounds
with Vc Z 34 (Fig. 1). Thus, increasing the spacer length n to 6
results in the sequence of HexI-SmC-Iso for compound A10/6/6
(see Fig. 5h and i, and Fig. S1b, S4, S9a, b, S10b and S11a). This
indicates that changing the spacer length has a minor effect on
the phase sequence because it only slightly changes the total
chain volume (Vc). Elongation of the three end-chains at the
silicon from m = 6 to 8 has a much larger steric effect.

3.2.2. Compound A10/6/8 – bicontinuous cubic phase. For
compound A10/6/8, which has the largest side-chain volume
among all synthesized compounds with Vc = 40, a sequence of
two smectic phases and a three-dimensional bicontinuous
cubic phase is observed (Fig. 1 and 6). All phase transitions
could be detected during DSC investigations (Fig. 6d) and
under POM (Fig. 6a–c). The high temperature LC phase
is characterized by its isotropic appearance and high visco-
sity (Fig. 6a). The SAXS pattern with sharp reflections

corresponding to a 1/d ratio of
ffiffiffi

6
p

:
ffiffiffi

8
p

:
ffiffiffiffiffi

14
p

:
ffiffiffiffiffi

16
p

. . . can be
indexed to a cubic lattice with an Ia%3d space group (Cubbi/Ia%3d)
and acub = 13.0 nm (Fig. 6e and Table S1). A broad diffuse
scattering with a d-spacing of 0.47 nm confirms the absence of
fixed molecular positions and hence supports the LC character
of this cubic phase (Fig. S11b). The electron density map in
Fig. 6f confirms a double gyroid bicontinuous cubic network

Fig. 6 Data of compound A10/6/8. (a–c) Textures recorded on cooling between crossed polarizers in thin films between ordinary glass plates: (a) Cubbi/
phase at 200 1C; (b) SmC phase at 110 1C; (c) HexI phase at 70 1C (for XRD data, see Fig. S9, S10c and S11b); (d) DSC heating and cooling traces recorded
at 10 K min�1; (e) SAXS pattern in the cubic phase (for numerical data, see Table S1) and (f) electron density map reconstructed from this pattern; fan-like
textures are shown in Fig. S5.
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phase formed by two interwoven nets with trigonal three-way
junctions formed by the polyaromatic rods in the continuum of
the alkyl chains around the gyroid minimal surface, separating
the two nets. There are two interwoven enantiomorphic
networks (double gyroid), and within these networks, the
polyaromatic cores are organized perpendicular to the struts
in rafts of (on average) 4.7 side-by-side organized molecules,
which are packed on top of each other with a uniform twist
between them, with formation of a helical packing. The twist
between the rafts is determined by the angle of 70.51 between
the planes of the trigonal junctions and the number of rafts
located between these junctions, the latter depending on the
distance between the junctions. These parameters were
calculated from the cubic lattice parameter as shown in Table
S1. For the Cubbi/Ia%3d phase of A10/6/8, the twist between the
rafts is F = 6.91, and it is opposite in the two enantiomorphic
nets, leading to an overall achiral meso-structure.23,25,27

On cooling the Cubbi/Ia%3d phase, a transition to the SmC
phase (d = 4.17 nm, bWAXS = 431, Fig. 6a and Tables 1 and 2)
takes place at B220–200 1C, depending on cooling rate and
other conditions, followed by a transition at B85 1C to the HexI
phase as indicated by textural changes (Fig. 6b - c) and the
change of the WAXS scattering from a Lorentzian shape in
Cubbi and SmC, becoming narrower with lambda-shape and
shifted to d = 0.44 nm at the transition to HexI (Fig. S11b).53,54

The formation of the Cubbi/Ia%3d phase appears as a result of
peripheral chain volume expansion at elevated temperature for
this compound, with the largest VC = 40, pushing the structure
from a lamellar to a bicontinuous cubic phase.22

3.4. SmC–HexI transitions

Hexatic phases were previously mainly reported for rod-like
mesogens with linear57,58 and occasionally with branched end-
chains,59 for side-chain polymers,60 and for a few Y-shaped
tricatenar compounds (Fig. S16b).36,44 All these cases obviously
allow a sufficiently dense packing of the polyaromatic rods.
However, the formation of hexatic phases for most of the
compounds Ax/m/n with a highly branched carbosilane end-
chain is surprising. It appears that the coupling of the lattice
orientational order between the layers (‘‘bond orientational
order’’) is supported by elongation of the linear end chain
(x = 6 - 10) combined with a relatively short branched end
(m + n r 12). While increasing x strengthens the coupling, it
appears that it is weakened by increasing n and especially m.

Often, the layer distance increases at the SmC–HexI transi-
tion due to the increased alkyl chain order, but it can also
decrease if the tilt angle grows sufficiently strong. The d = f (T)
curves of compounds Ax/m/n (Fig. 4d and 5d, and Fig. S10) are
very similar to those observed for recently reported Y-shaped
tricatenars (Fig. S16b),36 both assuming an antiparallel pack-
ing, and there is no significant change of the tilt at the SmC–
HexI transition. In the SmC range, there is a decreasing layer
spacing by a transition SmCd - SmC1 on cooling, competing
with alkyl chain stretching at low temperature. This supports
the organization in a partial bilayer structure where the
alignment of the linear n-alkyl chain side-by-side with the

p-conjugated rod (Fig. 5f) is more favorable at lower tempera-
ture than for the more flexible chains at higher temperature.
Overall, the fully intercalated structure (monolayer, SmC1,
Fig. 7) has its highest stability at medium temperature, while
at higher and lower temperatures the degree of intercalation
decreases (- partial bilayer structures SmCd, HexId, Fig. 7). At
lower temperature, it is the increased compatibility of the
single rigid n-alkyl chains with the rigid rod units which expels
the more disordered R3Si groups into separate layers, while at
high temperature it is the higher flexibility and disorder of the
R3Si groups which increases the segregation of these chains
from the aromatic rods and linear n-alkyl chains (Fig. 7). The
combination of chain stretching and adjustment of cross-
sectional areas in the antiparallel pairs allows reaching a
critical packing density and reduces intra- and inter-
molecular mobility, which enables layer coupling, though
retaining a sufficient degree of disorder and packing frustra-
tion to inhibit crystallization. Thus, hexatic phase formation is
not restricted to rod-like molecules with linear n-alkyl chains
(strengthening the layer coupling), but it is obviously also
supported by chain branching and polymerization, restricting
denser packing and thus inhibiting (soft, like CrB, CrG, etc.,
and solid) crystal formation.

For compounds Ax/n/m, the transition SmC–HexI is asso-
ciated with only a marginal change of the tilt angles (see Table 2
and Table S2), a significant increase of the layer spacing, and
no recognizable change of birefringence (see, for example,
Fig. S5b - c, S6b - c). The latter indicates that this transition
is not associated with a significant increase of the orientational
order parameter of the p-conjugated rods. Also, the packing

Fig. 7 Continuous change of the degree of intercalation of the molecules
in the smectic and hexatic phases of compounds Ax/m/n shown for a pair
of molecules.
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density (derived from the position of the WAXS maximum at
d = 0.44 nm in all cases) achieved in the HexI-phase (for
example A10/4/6, see Fig. 5e) is approximately the same as that
found for the SmC phase of A6/6/8 at the same temperature
(Fig. 2d). Hence, it is concluded that the SmC–HexI transition,
i.e. the onset of coupling of lattice orientational order is mainly
due to the reduced molecular mobility at lower temperature
and less to the direct effects of an increase in packing density or
the orientational order parameter. This can be explained by the
changing degree of rod-spacer intercalation (Fig. 7). As alkyl
spacers become stretched at low temperature, the intercalation
between rigid alkyl spacers and the aromatic core (in HexId)
improves the packing, but simultaneously decreases the attrac-
tive arene–arene interactions, diminishing the energy gain due
to increased order. Taken together, the data in Table 2 and
Table S2 show that, for all investigated compounds, both ßopt

and ßWAXS vary only modestly with temperature in the
SmC range and exhibit no abrupt change at the SmC–
HexI transition. Thus, the onset of hexatic order is best
understood in terms of reduced molecular mobility and
temperature-dependent intercalation, rather than a tilt-driven
mechanism.

3.5. Comparison with related non-symmetric tetracatenars

To gain more insights about the effect of using a carbosilane
unit as a branching center connected by an aliphatic spacer (n)
to the aromatic core instead of connecting the multiple
linear chains directly to the terminal benzene ring, the phase
behavior of the new compounds A10/6/8 and A6/6/8 was com-
pared with that of previously reported structurally related 3,4,5-
trialkoxybenzoyl based polycatenars B10/10 and B6/10 (Fig. 8).41

These compounds also have an azobenzene-based aromatic
core with a comparable length (involving 5 benzenes and
two COO units) and four flexible terminal chains, non-
symmetrically distributed at both ends. However, while B10/

10 and B6/10 feature a taper-like polycatenar structure with
three linear alkoxy chains arranged in a plane at one end, the
compounds in the present study have the 3 chains decoupled
from the aromatic core and distributed in all three spatial
directions by the tetrahedral carbosilane branching point. This
difference leads to distinct volume distributions, conforma-
tional freedom, and degrees of lateral expansion of the chains.

These structural variations have a profound impact on the
mesophase behavior. The total chain volume (Vc = 30 + x) of
compounds B6/10 and B10/10 is 36 and 40 C-units, thus being
comparable with those of A10/6/8 and A6/6/8, respectively
(Fig. 1). Firstly, the LC phase stability is significantly enhanced
by the transition from compounds B to compounds A by almost
70–100 K, due to the decoupling of the branching point and
core, thus allowing an easier parallel alignment of the polyaro-
matic cores, being not distorted by the lateral 3- and 5-
substituents at the terminal benzene ring. Secondly, the SmC
and HexI phases of series A are completely replaced by bicon-
tinuous cubic phases in series B, indicating a stronger inter-
facial curvature by the trialkoxybenzoate units, providing a
curvature directly at the aromatic–aliphatic interface. This
stronger steric effect also leads to a stronger helical twist
between the molecules along the networks in the cubic phases,
giving rise to a transition from the achiral Ia%3d phase for A10/6/
8 to a cubic network phase with I23 symmetry (Cubbi/I23[*]) for
B10/6 and B10/10,22,23 capable of showing spontaneous mirror
symmetry breaking in this cubic phase, as well as in the
adjacent isotropic liquid phase assigned as Iso1

[*].26 Moreover,
in the series B, the Cubbi/I23[*] phase is dominating over a
broad temperature range, while in series A, the Cubbi/Ia %3d
phase is observed for only one compound in a small tempera-
ture range. Despite the similar chain volume of the compounds
A and B, the decoupling of the terminal chains from the
aromatic backbone in the case of the compound A reduces
the interfacial curvature and supports lamellar phases.

Fig. 8 Chemical structure of the non-symmetric tetracatenar compounds Bx/10 with phase sequences and transition temperatures (1C) on heating (H)
and cooling (C); abbreviations, Cubbi/I23[*] = mirror-symmetry broken Cubbi phase with an I23 space group; Iso1

[*] = mirror-symmetry broken isotropic
liquid; Tetbi = tetragonal network phase; and X = unknown mesophase, for other abbreviations, see Table 1; Vc = 30 + x (note that due to the absence of Si
the chain volume of Bx/10 is actually slightly (B1–2 C) smaller than that of Ax/m/n).41
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A Cubbi/Ia%3d phase was also found in the series B for
compound B14/10 (Fig. 8) and higher homologues,41 following
the Cubbi/I23[*] phase at higher temperature, i.e., with further
alkyl chain expansion. Remarkably, despite the larger alkyl
chain volume, the lattice parameter for B14/10 is significantly
smaller (acub = 11.1 nm)41 compared to that of A10/6/8 (acub =
13.0 nm). This means that for A10/6/8 more rafts of molecules
are required for a full twist by 70.51 between the trigonal
junctions in the double gyroid network, i.e. the twist between
the rafts of molecules in the Ia%3d phase of B14/10 (F = 8.11) is
larger than those in I23[*] (F = 7.81)41 and the Ia%3d phase (F =
6.91) of A10/6/8 (Table S1), in line with the phase sequence Ia%3d
(long pitch)-I23[*]–Ia%3d (short pitch).22,23,32 Moreover, the

number of molecules in the cross section of the struts (twisted
ribbons) between the nodes in the Ia %3d phase of A10/6/8, i.e. the
width of the rafts, is 4.7 molecules (Table S1), which are larger
than the 3.2–3.5 molecules found in the cubic phases of B14/
10.41 This means that the spacer in series A leads to a smaller
steric effect of the triply branched chain, compared to that of
the 3,4,5-trialkoxy substituted terminus, which is also in line
with the preferred appearance of smectic and hexatic phases.

These results indicate the importance of different para-
meters, which must be taken into consideration during the
molecular design of functional soft materials. Reducing the
spacer length n in compounds A is expected to couple the bulky
carbosilane group closer to the aromatic core, which increases
their steric effects and therefore should support the formation
of cubic phases with curved interfaces and even might lead to
new compounds with mirror symmetry broken cubic and
isotropic liquid mesophases.

3.6. Photoswitching

The materials were designed to be photoswitchable by incor-
porating the azobenzene unit in their molecular architectures.
To investigate the trans–cis photoisomerization under UV light,
UV-vis absorption spectroscopy was performed in chloroform
solution under 365 nm irradiation. The fresh sample of all
materials exhibits a characteristic absorption band at B355 nm
corresponding to the p–p* transition and confirming the presence
of the most stable trans isomer (Fig. S15). Upon light irradiation, all
compounds showed a characteristic decrease in the p–p* transition
band observed at B355 nm and an increase in the n–p* band at
B450 nm, indicating conversion to the cis-isomer. As a representa-
tive example, compound A6/6/8 (Fig. 9) exhibited a rapid decrease
in the p–p* band within 15 seconds of irradiation, reaching a near-
photo-stationary state by 30 seconds.

Fig. 9 UV-vis absorption spectra of compound A6/6/8 in chloroform
under 365 nm irradiation, showing reversible trans–cis photoisomeriza-
tion. Time points from 0 s to 30 s and after 24 h of storage in the dark are
shown.

Fig. 10 Polarized optical micrographs of compound A10/4/6: (a) nematic texture before irradiation; (b) iso phase under 365 nm UV light; and (c) smectic
C texture before irradiation. (d) N phase under 365 nm UV light.
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The initial spectrum was fully recovered after 24 hours in the
dark, demonstrating thermal back relaxation to the trans-
isomer. Similar reversible photo-switching behavior was
observed across the entire series (see Fig. S15), suggesting that
side chain length and branching have a minimal influence on
the photo-switching efficiency in solution.

In the LC phase, the effect of light-induced isomerization
was evaluated using POM at elevated temperatures. Fig. 10
shows the photo response of compound A10/4/6 as an example
at 240 1C in the nematic (N) phase. Upon exposure to 365 nm
UV light for less than 3 seconds, the birefringent nematic
texture (Fig. 10a) converted to the optically isotropic texture
of the isotropic liquid state (Fig. 10b), confirming a N-Iso phase
transition under UV illumination. After switching off the light
source, the nematic phase re-emerged within a few seconds,
verifying an isothermal cis-to-trans back relaxation. Further
investigation at 220 1C revealed a light-induced SmC-to-N phase
transition for the same compound (A10/4/6). Upon UV irradia-
tion, the SmC phase was destabilized, and the texture trans-
formed into the nematic phase, indicating disruption of the
smectic layers because of the bent molecules of the trans-
isomer induced by light irradiation (Fig. 10c and d). A similar
photo-induced HexI-SmC phase transition was investigated for
A10/4/6 by irradiation of the HexI at T B 78 1C on heating,
where a rapid and reversible transition to the SmC phase was
successfully achieved.

Altogether, these results demonstrate that these azobenzene-
based polycatenars exhibit robust and reversible photo-switching
ability in both solution and LC phases, offering potential for
application as reconfigurable soft materials and in light-
responsive LC devices.61

4. Conclusions

In summary, we have reported the design and synthesis of a
new class of functional photo-switchable azobenzene-based
polycatenars with carbosilane branching points. The materials
have two different terminal groups, where one end bears a
linear n-alkoxy chain, and the other has a bulky, branched
three-armed carbosilane unit. This combination introduces a
high degree of non-symmetry in volume distribution, which
leads to a strict antiparallel organization of the molecules in
strongly intercalated bilayers where polyaromatic cores and
aliphatic chains are nano-segregated into separate layers. In
order to avoid layer frustration due to the tendency of the bulky
end-groups to induce an interfacial curvature, a significant tilt
of the aromatic cores (ßopt = 30–431, Table S2) is assumed, and
the degree of intercalation is adjusted properly, leading to layer
spacing adjustment.

The self-assembly of these materials was governed by the
alkyl chain lengths (x, n, and m). This yielded two synclinic
tilted lamellar phases: the SmC and the HexI phases. Notably,
two distinct boundary behaviours emerged: compounds with
the smallest chain volume formed a cybotactic nematic phase,
while those with the largest chain volume stabilized a double

gyroid network phase with cubic Ia%3d symmetry. The formation
of hexatic phases for most of these compounds with highly
branched end chains is surprising and it is shown that the
coupling of the lattice orientational order (‘‘bond orientational
order’’) between the layers is supported by the long linear end
chains (see Fig. 5g). It seems that reduced molecular mobility at
lower temperature allows the orientational coupling of the
developing in-plane hexagonal lattices, while packing density,
orientational order and tilt angle appear to be not significantly
changed at the SmC–HexI transition. It is proposed that the
linear polyaromatic cores together with the linear alkyl chains
allow a sufficiently dense and ordered packing to achieve lattice
orientational layer coupling, while the branched end provides
additional disorder and steric distortion, which prevents the
denser packing in a solid crystalline lattice.

Beyond structural complexity, these materials also demon-
strated reversible light-responsiveness. UV–Vis studies con-
firmed fast and reversible trans–cis photoisomerization in
solution as well as in the LC state. UV irradiation triggered
phase transitions such as N-to-Iso and SmC-to-N, with subse-
quent reformation of the original phases upon thermal relaxa-
tion. Therefore, this study establishes a new design framework
for functional light-responsive materials based on non-
symmetric polycatenars with branched carbosilane terminal
groups. This work contributes to the broader goal of engineer-
ing responsive soft matter systems with complex and control-
lable self-assembly.
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