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Supramolecular chemistry is aimed at developing highly
complex chemical systems from simple components interact-
ing through noncovalent intermolecular forces.[1] A prime
objective in this field is to understand and eventually control
the transfer of information, imprinted in the molecular
tectons, to the supramolecular assemblies.[2,3] Liquid-crystal-
line (LC) phases are relatively simple self-organized struc-
tures, formed spontaneously under thermodynamic control,
and can therefore be used as model systems for these
investigations. Moreover, the combination of order and
mobility of these materials is the basis for numerous technical
applications, such as, for example, displays, tunable lasers, and
phase modulators. Nematic phases, layer-like structures
(smectic phases), and regular arrangements of columns
(columnar phases) have dominated liquid-crystal research in
the past.[4]

However, recent significant progress in this field has
allowed the design of more complex self-organized LC
systems. Besides bent-core molecules[5] and oligomeric and
dendrimeric LC supermolecules,[6] complex mesophases have
been reported for triblock molecules, composed of a rodlike
rigid biphenyl core, two polar hydrogen-bonding groups at the
termini, and a nonpolar lateral chain (Figure 1).[7, 8] These
molecules form honeycomb cylinder arrays with a variety of
geometries. The nonpolar lateral chains organize into infinite
columns, and the rodlike units form shells around them. The
polar groups at the ends of the biphenyl cores segregate into

separate hydrogen-bonded columns. The projections of these
structures onto the plane normal to the columns can be
described as tiling patterns.[9] The tiles contain the lateral
chains, with the aromatic cores as edges and the hydrogen-
bonding sites as nodes. Figure 1 shows three examples of such
tilings found in such T-shaped triblock amphiphiles.

Herein we report a new periodic tiling pattern for LC
systems, in which the tiles have the shape of a distorted
hexagon, with four sides having twice the length of the
remaining two. Moreover, the columns inside the honeycomb
network have a core–shell structure composed of a fluoro-
carbon core and a hydrocarbon shell. This new complex LC
phase was obtained with compound 1 (Scheme 1), in which a
relatively long chain, composed of a branched hydrocarbon
spacer segment and a perfluorinated end group, was attached
laterally to a biphenyl core that is functionalized at both ends
with polar 1,2-diol groups capable of hydrogen bonding.

This compound has a sequence of four different liquid-
crystalline phases. The high-temperature phases above 89 8C
are lamellar (LamIso, LamN, and LamSm), identical to those
reported earlier for related compounds.[7b,8] Here we focus on
the low-temperature LC phase occurring below 89 8C. The
X-ray diffraction pattern obtained from a surface-aligned
sample of this mesophase is shown in Figure 2a,b. It is
characterized by a nearly circular diffuse wide-angle scatter-
ing halo with a maximum corresponding to the Bragg spacing

Figure 1. Sketch of the molecular structure of bolaamphiphilic block
molecules and examples of tiling patterns found for simple cylinder
networks of these molecules.[7b]

Scheme 1. Structure of 1 with phase-transition temperatures shown (in
8C). Phase abbreviations are defined in reference [10].
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of d = 0.52 nm, which confirms the liquid-crystalline nature of
this phase. The sharp small-angle reflections were indexed on
a centered rectangular lattice, plane group c2mm with a =

8.3 nm and b = 6.7 nm (at 60 8C). The reconstructed elec-
tron-density map (Figure 2c) was obtained from the small-
angle diffraction intensities, measured from the high-resolu-
tion powder pattern (synchrotron source, see the Supporting
Information). In this map the electron density is visualized by
spectral colors, where red means lowest electron density and
purple identifies regions with highest electron density. The
map clearly shows the elliptical cross section of the central
high-electron-density region (blue/purple) formed by the
fluorinated segments of the lateral chains. This high-density
core is surrounded by a shell of lowest electron density
(yellow/red) which contains the aliphatic segments of the
lateral chains. Each core–shell column is walled off from its
neighbors by areas of medium electron density (green)
containing the biphenyl cores and diol groups.

These areas have the shape of honeycombs with stretched
hexagonal cells in which four sides have approximately twice

the length of the other two. In this medium-electron-density
area there are regions with slightly higher electron density
(light blue) which are attributed to the biphenyl units. Two of
these maxima are located on the longer sides and only one on
each of the shorter sides. The electron density is slightly
reduced at the nodes and in the middle of the longer sides;
these positions are assigned to the hydrogen-bonding net-
works. The presence of these local maxima can only be
explained by an arrangement of the biphenyl units perpen-
dicular to the core–shell columns, and they should be absent
for any organization with the biphenyl units parallel to these
columns.

The organization of the biphenyl units perpendicular to
the core–shell columns is additionally confirmed by the
anisotropic swelling and bursting of the polygonal cylinder
shells by increasing the temperature, as discussed below. The
length of the molecules 1 between the ends of the diol groups
is L = 1.8–2.1 nm, depending on the conformation of the
terminal diol groups. In the upper left corner of Figure 2c
molecules with a length corresponding to 1.8 nm were
superimposed onto the electron-density map, which shows
that the short walls correspond to a single molecular length,
whereas end-to-end pairs of these molecules fit within the
length of the extended walls. This result is in line with the
interpretation of the local electron-density maxima as posi-
tions of the biphenyl cores. The number of molecules in a unit
cell, defined by the lattice parameters and a height of
0.45 nm,[11] was calculated as approximately 21 on average
(see the Supporting Information). As 10 biphenyl cores are
arranged in the circumference around each of the core–shell
columns, there should be on average two molecules side-by-
side in the walls of the polygonal honeycomb. This stipulation
is in accordance with the width of these areas (0.9–1.0 nm),
corresponding to approximately twice the average diameter
of the biphenyl units (0.45 nm each). Figure 2e illustrates
schematically the complex structure of this unique LC phase.
Accordingly, the biphenyl cores form walls bounding hex-
agon-shaped channels occupied by the lateral chains. In the
circumference of the cylinders 10 molecules are organized so
as to form stretched hexagons in which four sides each contain
two end-to-end molecules lengthwise, while the remaining
two sides comprise the length of only one molecule (hereafter
referred to as 2-2-1 hexagons; Figure 3). Figure 2d shows a
snapshot of a molecular dynamics simulation of one molec-
ular layer (c = 0.45 nm) after annealing using the experimen-
tal a<b box with periodic boundaries; the simulation
confirms the efficient space filling and phase separation
achieved by this structure (see the Supporting Information).

Figure 2. The Colrec/c2mm phase of compound 1: a,b) X-ray diffraction
pattern of a surface-aligned sample at 60 8C; the domains are rotation-
ally disordered around the vertical axis perpendicular to the surface
and the X-ray beam; c) reconstructed electron-density map obtained
from the small-angle diffraction intensities of a powder pattern (color
scale at the bottom); dotted ellipses at the right top indicate the
position of the aromatic cores in the elongated cylinder sides which
have a slightly increased electron density; the organization of the
molecules is indicated at the left top; d) snapshot of molecular
dynamics simulation; colors: blue/purple=perfluorinated end groups
(RF), green=biphenyl, turquoise=diol groups, red=aliphatic chains
(for details, see the Supporting Information); e) sketch of the organ-
ization of the molecules in the mesophase.

Figure 3. Stretching of the regular hexagonal cylinders (1-1-1) of a
Colhex phase either along a diagonal or along the normal of two
opposite sides gives two distinct cylinder phases with a c2mm lattice.
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This giant-hexagonal cylinder phase is the largest poly-
gonal cylinder phase achieved with this type of molecules, and
more generally it represents a new tiling pattern in soft-matter
systems. The unique feature is that the hexagons are stretched
normal to a side, rather than along a diagonal as in some
amphiphiles with nonbranched and shorter side chains (2-1-1
hexagons; Figure 3).[8b,12] It would be a challenge to realize
this 2-2-1 hexagon motif in other fields of nanoscale engineer-
ing, for example, as two-dimensional nets by structural DNA
nanotechnology,[13] as metal–organic networks,[14] or as self-
assembled grids on surfaces.[15]

When the temperature is increased, the giant-hexagonal
cylinders undergo an intriguing process of anisotropic swel-
ling at a constrained perimeter. As shown in Figure 4a, with
rising temperature the ratio of lattice parameters a/b (black
circles) increases steeply until it reaches close to 1.358, the

theoretical value for the maximum area ab of 2-2-1 hexagons
of a given perimeter (see the Supporting Information). Thus,
the increased chain coiling at elevated temperatures leads to
an expansion of the stretched hexagons along the short axis,
compensated by shrinkage along the long axis (Figure 4b).
Beyond this limiting a/b value the volume inside the cylinders
would start to decrease again. For this reason an increase in
a/b value beyond 1.358 is impossible, and further increasing
the volume of the lateral chains at higher temperature leads to
the collapse of the cylinders and the transition to a lamellar
structure, as the short sides of the hexagons give way

(Figure 4b). Concomitant with the increase in the a/b ratio
is an overall reduction in the area of the unit cell ab, and thus a
tightening of the column circumference (Figure 4a, blue
circles). The latter is assumed to arise from a reduction of the
order of the biphenyl cores in the cylinder walls. At elevated
temperature there is an increased contribution of biphenyl
units tilted away from their preferred orientation perpendic-
ular to the column axis, leading to a reduction of the
circumference of the cylinders. The fact that the layer spacing
of the lamellar phase (d = 4.3 nm) is approximately half the
a parameter of the centered rectangular phase is in line with
the proposed mode of phase transition.

In the two lamellar phases adjacent to the polygonal
cylinder phases (LamSm and LamN) the biphenyl cores remain
parallel to the layer planes before the layers become
disordered in the LamIso phase (Figure 4b)[8d,e] and finally
disappear in the isotropic liquid. As the mean direction of the
aromatic cores does not fundamentally change during the
transition from the Colrec/c2mm phase to the LamSm phase at
89 8C (DH = 0.4 kJmol�1), there is also no significant change
in the texture at this phase transition (Figure 4c); only an
increase in the birefringence is seen.[16] The birefringence
reaches its maximum immediately after the phase transition
to the LamSm phase, and upon further heating it decreases
again owing to the reduction of the order within the layers on
rising temperature (LamN, LamIso phases; Figure 4c).

In summary, the Colrec/c2mm phase of compound 1
represents a novel type of complex superstructure obtained
by soft-matter self-assembly of appropriately designed low-
molecular-weight tectons. It is a new tiling pattern and the
first example of a liquid-crystalline core–shell structure
embedded in a honeycomb cylinder morphology. In this
structure each of the four incompatible molecular moieties is
segregated into its own subspace, leading to this unique and
complex four-compartment soft-matter structure.
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