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Rod-like bolapolyphiles with highly branched carbosilane-based
side-chains self-assemble into several honeycomb structures if
the oligo(p-phenylene ethynylene) core is polyfluorinated, whereas
for the non-fluorinated series an A15 type cubic network of rod-
bundles was observed instead, suggesting a brand new pathway for
the transition between triangular and square honeycomb phases.

Liquid crystalline (LC) systems represent perfect examples to
show how nature creates well-defined structures by soft matter
self-assembly.™? Particularly successful examples are provided
by T-shaped® and X-shaped bolapolyphilic block molecules
(Fig. 1h),*" i.e. amphiphiles with two polar ends at a lipophilic
unit and combining more than two incompatible units. These
molecules are composed of a n-conjugated rod with sticky
hydrogen bonding at both ends and flexible side-chains.
Depending on the rod-length, side-chain number, length and
volume, these molecules form a wide range of columnar liquid
crystalline phases with honeycomb structures (Fig. 1). In the
honeycombs, the n-conjugated rod-like cores lie perpendicular
to the column long axis, held together at the edges by columns
involving the hydrogen bonded glycerol ends. The resulting
prismatic cells are filled by the flexible side-chains. Depending
on the side-chain volume and the length of the rigid rod-like
core, different types of honeycombs were observed, such as
triangular, square, pentagonal, and hexagonal, while compounds
with even larger chains tend to form giant honeycombs,® lamellar
phases” and cubic network structures (see also Section 3.1, ESIT).?

The transition from triangular (Colpe/p6mm) to square
honeycombs (Colsqu/p4mm, Fig. 1a and g) is of particular
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Fig. 1 f) Selected intermediate phases at the transition between (a
triangular and (9) square LC honeycombs; the shown nets represent cuts
through the honeycombs perpendicular to the c-axis (see Fig. 3c.i for
spatial models), the rod-like cores are organized along the dark lines and
the blue dots represent the polar columns of the end groups, the side

chains fill the cells; (h) and (i) bolapolyphiles forming these tiling patterns
and (j) compounds under discussion herein.

interest owing to the large cell volume jump between them
and the huge number of possible tiling patterns involving
rectangular® and rhombic cells (Fig. 1b and f)'® as well as combi-
nations of squares with equilateral triangles (Fig. 1c and d),""""* the
latter being of special interest as they could possibly provide a
source of liquid quasicrystals.™

While in previous work linear and simply branched alkyl
chains have been used (Fig. 1h and i), we discuss here, for the
first time, bolapolyphiles with triply branched side-chains
(Fig. 1j), where silicon acts as branching point."* An oligo-
(p-phenylene ethynylene) (OPE) unit was used as rod-like
core,*>1%1>1® and the total chain volume was chosen to fit
into the triangle-square transition region. The volume was
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Fig. 2 Molecular structure and LC phases of (a) Hn and (b) Fn as observed

on cooling with 10 K min~%; abbreviations: Cr = crystalline solid; Colpey/

p6mm and Colsqu/p4mm = triangular and square LC honeycombs, respec-
tively; Colec/c2mm and p2mg = tilings by rhombic and non-regular
triangular honeycombs, respectively; Cub/Pm3n = cubic network phase
with Pm3n space group; M = unknown LC phases; isotropic liquid is at the
right side of the columns; for numerical data, transitions on heating and
enthalpies, see Table Sla, b, for DSCs Fig. S1 and S2, for textures Fig. S3—
S6, for SAXS/WAXS data Fig. S7-S10, Tables S2-S29 (ESI+).

fine-tuned by modifying the spacer unit between core and tri-n-
heptylsilyl unit from n = 3 to 12. Two series were studied, the
non-fluorinated compounds Hn (X = H) and the compounds Fn
with the outer benzene rings being perfluorinated (X = F). The
synthesis is described in Scheme S2 and Section S4 (ESIt), and
investigation was conducted by differential scanning calori-
metry (DSC), polarized optical microscopy (POM) and small-
and wide-angle X-ray scattering (SAXS, WAXS) as described in
Section S1 (ESIT).

Three different LC phases were observed for the series Hn
(Fig. 2a). Compound H3 with the shortest spacer forms a
hexagonal columnar phase with apex = 4.3 nm between 70
and 147 °C (Fig. 3a). The lattice parameter corresponds to the
molecular length (Lo = 4.0-4.4 nm, depending on the con-
formation of the glycerol groups), suggesting a triangular
honeycomb as confirmed by the reconstructed electron density
(ED) map in Fig. 3b, showing triangular low ED regions (red/
yellow) filled by the aliphatic side-chains which are separated
by medium electron density walls (green) of the OPE cores and
high ED dots (purple/blue) involving the glycerol groups at the
junctions. The number of molecules in each unit cell with an
assumed height of 2 = 0.45 nm is 7. = 3.2, meaning that a
single rod-like core is found in the lateral cross section of the
walls (fwan = neen/3; Table S27, ESIt). The diffuse character
of the WAXS (insets in Fig. 3a, d and g) indicates the absence
of fixed positions of individual molecules, thus confirming
a highly dynamic LC honeycomb. Upon heating to 147 °C a
transition to a viscous optically isotropic mesophase is
observed, which becomes fluid at 160 °C. This transition is
associated with an enthalpy of 1.5 k] mol ™", indicating a cubic
mesophase occurring between 147 and 160 °C (Fig. S1a, ESIT).
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Fig. 3 (a), (d) and (g) SAXS diffractograms with WAXS (insets), (b), (e) and
(h) reconstructed ED maps, and (c), (f) and (i) schematic illustrations of the
organization of the molecules in the (a)—(c) Colhex/P6mMm phase of H3 at
T =100 °C; (d)-(f) Cub/Pm3n phase of H4 at T = 120 °C and (g)—() Colsqy/
p4mm phase of H11 at T = 100 °C.

pdmm

For the next homologue H4 the range of this cubic meso-
phase is expanded and the triangular honeycomb is completely
removed. With further growing n it is retained up to n = 8
(Fig. 2a). All cubic mesophases show the same typical pattern of
three strong peaks in the SAXS (Fig. 3d) indicative for the (200),
(210) and (211) reflections of a Pm3n lattice; the WAXS is
diffuse, confirming the LC state. This type of cubic LC phase
was recently analysed in detail for a series of compounds
related to Hn, but having two simply branched alkyl chains
(see Fig. 1i and Scheme S1 and discussion in Section S3.2,
ESIt)."” The Pm3n phase, shown in Fig. 3e and g, is formed by a
network of rod-bundles interconnected at the junctions by
spheres or oblate spheroids involving the polar glycerol groups
while the continuum is filled by the side chains. The positions
of the spheres at the edges, in the centre, and pairs of spheroids
on the 6 faces of the unit cell corresponds to that observed for
the A15 Frank Kasper phases,'® however, in this case represent-
ing a dense packing of tetrahedra formed by bundles of rods
interconnected by the glycerol spheres/spheroids at the edges.
The lattice parameter a.,, = 8.6-9.2 nm, increases with growing
n from 3 to 6 and then remains almost constant, and 5-6
molecules are organized in the cross-section of the bundles of
single molecular length (Table 28, ESIT)."”

For compounds Hn with n = 5-8 the cubic phase is accom-
panied by birefringent mesophases at lower temperature (Fig. S3c
and d, ESIt) and for the following homologues with n = 9-12 the
cubic phase is completely removed. For compounds H5-H7 a
complicated diffraction pattern (M) is found, which needs to be
solved in future work. In contrast, a simple square lattice with p4mm
plane group and @y, = 4.1-4.3 nm (Fig. 3g), again corresponding to
the molecular length, is observed for H8-H12 (Table S29, ESIt). This
indicates a square honeycomb, as also obvious from the ED map

This journal is © The Royal Society of Chemistry 2024
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(Fig. 3h and i). No further transition is observed for the Colyy, phases
until crystallization.

The interesting and new observation in the series of compounds
Hn depending on the spacer length 7 is, that a cubic phase occurs
at the transition between two columnar LC phases, only having
different honeycomb shapes. This means that it is not preliminary
caused by changing interface curvatures, but by a destabilization of
the honeycombs due to steric and geometric frustration during the
triangle-square transition. Hence, it is a new intermediate structure
at this transition (see also Section $3.2, ESIT)."

The situation changes for the series of core-fluorinated
compounds Fn where the Pm3n phase is completely removed
(Fig. 2b and Tables Sia, b, ESIT), while the range of the
triangular honeycomb with p6mm plane group is expanded up
to n = 6, indicating that a bit more space is available in the
polygonal cells formed by compounds Fn. The lattice parameters
of the Colpex and Colyg, phases (@hex = 4.1-4.3 nM, gy = 4.2-
4.4 nm) are almost identical to those observed for the series Hn
(Tables S27, S29, ESIt). There is a general mesophase stabilization
by core fluorination, with a tendency to increase with growing side
chain length (Fig. 2). There is also an odd-even effect of the spacer
length with a tendency to higher mesophase stabilities for com-
pounds with odd numbered n (or an even total numbers of
connecting atoms 7 + 1 including the ether oxygen). This is because
of the effect of spacer parity on the side chain conformation (linear
vs. bent, Fig. S16, ESIT) which modulates the packing of the bulky
trialkylsilyl end group. This leads to a non-continuous development
of the phase stabilities, lattice types, and lattice parameters depend-
ing on n, and to a more complicated sequence of different LC phases
for the series Fn. The WAXS is still diffuse for all the mesophases,
thus representing true LCs (Fig. 4c, f and Fig. S8, ESIY).

There are additional mesophases accompanying the square
honeycombs of some of the compounds F8-F12 at lower
temperature (Fig. 2b). Upon cooling the p4mm phase of com-
pound F8 a LC phase with centred rectangular lattice and c2mm
plane group is formed below 80 °C (Fig. 4a—c). The ED map in
Fig. 4b shows a honeycomb based on rhombic cells with a = 5.0
and b = 7.0 nm, ie a distorted square honeycomb, formed by
4.3 nm long walls. On cooling it is followed below 64 °C by a further
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Fig. 4 SAXS diffractograms (left) with WAXS (right), and reconstructed

ED maps (middle) of the honeycomb phases of compound F8 (see
Tables S18-S20, ESI¥).
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change of the SAXS pattern which can now be indexed to a p2mg
lattice (Fig. 4d-f, Table S20, ESIT). The ED map shows that this
honeycomb is composed of acute triangular cells where two walls are
slightly expanded to 4.5 nm while the third is 4.0 nm. Optical
investigations support the proposed phase structures (see Fig. S5,
ESIt). The transition pamm — c2mm is attributed to an increasing
contribution of all-trans alkyl chains conformations at lower tem-
perature, which prefer rhombic cells for easier chain expansion,
while division of the rhombi into two triangles at the c2mm — p2mg
transition is attributed to the simultaneously occurring shrinkage of
the side chain volume due to reduced thermal motions.

While the following homologues F10 and F12 with even
numbered n form exclusively the square honeycomb, for the
odd numbered F9 and F11 the c2mm phase is found and gradually
suppressed with growing n by the p4mm phase (Fig. 2b). For the
pAmm phases, the side lengths of 4.1-4.3 nm corresponds to Ly,
making any tilted organization of the rods in the honeycomb walls
unlikely, even at low temperature to about 40 °C (Table S29 and
Fig. S15, ESIt). However, in the c2mm phase of F9 the side length
starts decreasing from 4.2 nm around 80 °C to 3.95 nm at 40 °C,
indicating the development of a small tilt due to continuing side
chain volume shrinkage upon cooling (see Fig. S14, ESIT). This tilt
shrinks the rhombi of F9 without splitting into two triangles as
observed for F8.

Here the question of the origin of the effects of core fluori-
nation on the LC self-assembly arises, which can be subdivided
into steric and polar effects. The larger size of F (0.13 nm?)
compared to H (0.07 nm?, crystal volume increments)" can
reduce or increase the space available for the side-chains,
depending on the preferred orientation of the planes of the
benzene rings (Fig. 5a-c). Benzenes aligned with their faces
perpendicular to the column axis (Fig. 5¢) reduce the available
space by fluorination due to the reduced height 2 of the
(hypothetical) 3D unit cell along the n-stacking direction and
by the accommodation of the larger fluorines inside the pris-
matic cells. Benzene rings aligned almost parallel or only
slightly tilted to the c-direction increase z and thus provide
additional space if H is replaced by F (Fig. 5b). Though there is
still an almost free rotation of the OPEs in the honeycomb
walls, the polar effects influence the preferred orientation of
the n-planes along the honeycomb walls by electrostatic inter-
actions. Compounds Hn, having electron rich benzenes, for
which only one diffuse SAXS around 0.45 nm is observed in all
LC phases (Fig. 3a, d and g and Fig. S7, ESI{), are known to

X X

0 .
ro{ Y= = o
X

X X OR X

)

0 side view of d) g
benzene ring

b

a } ) ﬂl o Ifa.u.
Staggered .
i hl:.%y hl— g —faceto §>i:h 5
x=h ¥ "— ¢ : = 1
Fy «=n =
7 $ |
Fig. 5 (a)—(c) Schematic presentation of the stacking modes in the

honeycomb walls; the grey ellipses represent side view on the benzene
rings if viewed along the OPE long axis; the red dashed line is the c-axis
and h the intermolecular stacking distance; (d) shows the odd—even effect
of the WAXS of compounds F3—-F6 at 120 °C; intensities are not scaled.
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prefer an edge-to-face orientation (Fig. 5a and Fig. S17a, ESI¥),
while the electron deficit n-systems of the perfluorinated rings
in Fn tend to align face-to-face (Fig. 5b and ¢).?° This difference
is evident in the WAXS profiles of compounds Fn where a weak
broad shoulder around 0.36-0.39 nm is found beside the diffuse
scattering maximum at 0.44-0.46 nm (Fig. 4c, f and 5d and Fig. S8,
ESIT). The very broad and weak shoulder indicates a poor order and
short correlation length of m-stacking as found in the stacking
mode in Fig. 5b, while that in Fig. 5c is expected to lead to a
stronger scattering. This additional scattering is the strongest for
compounds Fn with odd-numbered 7 (see Fig. 5d). This odd-even
effect becomes weaker with growing n and the intensity of the
shoulder rises with lowering temperature (Fig. S8, ESIt). Face-to-
face stacking is known to preferably take place by alternation of the
electron-rich benzenes or acetylenes and the polyfluorinated
benzenes,”® which in our case would lead to a significant long-
itudinal shift between the cores, causing a tilt of the rods in the
walls, thus reducing the effective value of L. of the honeycombs
(Fig. S17b-d, ESIf).">'® However, this shift would distort the
segregation of the polar glycerols from the aromatic cores. In the
present case the reduction of L, due to this mode of tilting is not
observed in most cases (except c2mm of F9, see above) and a face-to-
face packing of the electron deficit fluorinated rings with some
transversal shift appears more likely (Fig. 5b, ¢ and Fig. S17e,
ESI+).*" This face-to-face stacking increases the core—core attractive
interactions, thus supporting the quasi infinite stacking along the
honeycomb walls. This provides a higher stability for the honey-
combs (and the M phase) of compounds Frn and favours the
honeycombs over the shorter stacks in the Pm3n networks of
compounds H3-H8. The transversal shifted face-to-face stacking
increases h if the benzenes preferably arrange with their planes
parallel to the honeycomb main axis (see Fig. 5b), thus leading to
more space for the side-chains and this shifts the triangle —
square transition towards larger chain volume (H3 — F8), in line
with the experimental observations. This packing mode is obviously
supported by odd-numbered 7 (F9, F11), favouring the formation of
the smaller rhombic honeycombs replacing the larger square of the
even numbered compounds F10 and F12.

In summary, a new type of polyphilic block-molecules with
highly branched carbosilane-based side-chains is reported. For the
non-fluorinated series an A15-type cubic network phase composed
of tetrahedra of rod-bundles was observed as a new mode of
transition between triangular and square honeycombs. Peripheral
core fluorination was found to be an efficient tool to suppress the
Pm3n network formation and provides triangular and rhombic
honeycombs with reduced symmetry. This could pave the way
towards new periodic and quasiperiodic honeycombs based on
mixed triangle/square tilings.""'? If the unknown M phase belongs
to these complex honeycombs or represents another complex tiling
by rod-bundles remains to be investigated in future work.
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