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Abstract: The installation of three structural features into a
fullerene molecule, a conical shape, a polar iron-ferrocene
complex, and long alkyl chains, allowed dipolar molecules 1 and
2 to undergo microphase separation and to form a three-
dimensional lattice in a crystalline and a thermotropic liquid
crystalline phase. The key feature is a tetrameric octupole-like
aggregate, in which four dipoles are arranged supramolecularly
to cancel the molecular polarity, forming a sphere. In addition to
this lattice formation mechanism, the molecules incorporate
noteworthy features, such as redox active C60/ferrocene and
luminescent cyclophenacene.

Despite their potential use in organic electronics and photonics,1

thermotropic three-dimensional (3D) supramolecular arrays of
mesogenic molecules are rare mesophases.2 To construct a 3D liquid
crystalline (LC) lattice that includes nanoscale aggregates that
consist of several molecules (e.g., see Figure 1), effort has been
expended toward designing a cone or crown-like molecules in which
substituted aromatics serves as the apex of the molecular cone and
allows the cone to aggregate as a spherical core through either
hydrogen bonding or ionic interactions among the apexes.3 A
conical molecular shape is not sufficient to obtain a 3D fullerene
liquid crystalline lattice, as, for example, seen in the shuttlecock-
shaped pentaorgano[60]fullerenes that only form 1D columnar
mesophases, 2D lamellar mesophases,4 or bilayer membranes.5,6

Herein, we report that conical iron fullerene complexes 1 (n ) C12)
and 2 (C18) bearing a dipolar ferrocene apex (bucky ferrocene) unit
form a 3D tetragonal thermotropic liquid crystalline lattice (Figure
1). The key finding is that the dipole created by the added ferrocene
moiety is canceled locally7 as described in Figure 1, through the
formation of a tetrameric supramolecular complex that has an
octupolar character. Other features that probably contribute to the
formation of the 3D lattice include the following: the conical shape
of the molecule, the resulting spherical shape of the tetramer (see
Figure 2c), the incompatibility (insolubility) of the fullerene and
alkane, and the CH-π interaction that endows additional stabiliza-
tion of the apex-apex aggregation (Figure 2d), as has been found
previously in a single crystal of a bucky ferrocene (Fe(C60Me5)Cp,
where Cp ) C5H5).

8

The molecules were synthesized using a combination of the
synthetic methods developed for bucky ferrocenes and bow-tie
molecules,6 and the 3D tetragonal crystals and liquid crystals were
characterized using differential scanning calorimetry (DSC), polar-
ized optical microscopy (POM), small-angle X-ray diffraction
(SAXD), and single crystal X-ray analyses.

The 3D tetragonal crystalline lattice (Figure 2a) was first revealed
using single crystal X-ray analysis for a yellow rectangular crystal
of 1, which was obtained through slow diffusion of methanol vapor
into a 2-methyltetrahydrofuran solution of 1. The diffraction at -153
°C exhibited a large tetragonal unit cell with a volume of 64.11
nm3 (space group ) I41/a, No. 88), in which six fullerene
aggregates, each consisting of four molecules, are literally floating
in amorphous (highly disordered) aliphatic chains (Figure 2a, 2b;
see Supporting Information for larger pictures). We could identify
a cubic octupole-like structure in the tetrameric aggregate that
canceled the molecular dipole within the aggregate (Figures 1 and
2c). The aggregate is also stabilized by a series of C-H/π and
π-π interactions. The fullerene’s centroid-to-centroid distance is
0.98 nm, which is slightly shorter than that in a C60 crystal (fcc,
1.00 nm).9

On heating to 55 °C, the crystal of 1 changed into a liquid crystal,
and we observed an increase in the unit cell volume without an
associated change in the overall molecular and supramolecular
arrangement.10 A DSC analysis of compound 1 showed a single
mesophase over a wide temperature range (Tcr-lc at 55 °C and Tlc-iso

at 230 °C, Figure 3a). The birefringence and fluidity of this phase
were deduced from the POM study (Figure 3b). The 3D tetragonal
lattice was determined using SAXD at 195 °C, which showed a
sharp high-intensity (101) reflection and a number of low-intensity
peaks at higher angles from the (103), (112), (004), (002), (202)
reflections (Figure 3c and Table S2).3c,11 Melting of the alkyl chains
increased by 12%: the crystalline lattice volume was 64.11 nm3 at
-153 °C, and the liquid crystalline lattice volume was 71.99 nm3

at 195 °C (Figure S7 and Table S4). Compound 2, bearing C18

aliphatic chains, was liquid crystalline over a wider temperature
range than was compound 1, from room temperature to 186 °C,
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Figure 1. A schematic illustration of dipolar conical molecules 1 and 2
and the formation of an octupole-like aggregate and a 3D lattice in the
crystalline and LC lattices.
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and exhibited a 3D tetragonal thermotropic lattice with a larger
volume of 74.62 nm3 (at 170 °C).

A unique feature of mesogens 1 and 2 among the known 3D-
lattice-forming mesogens1-3,11,12 is their functional properties.
Thus, compound 1 is redox active, undergoing reversible oxidation
(0.17 V, Fc/Fc+) and reduction (-2.16 V), as shown by cyclic

voltammetry. The central cyclophenacene part (colored gray in
Figure 1)13 is of additional interest for its photo- and electrolumi-
nescence. Compound 1 shows an emission occurring at 480-700
nm on excitation at 366 nm with a quantum yield of Φsol ) 0.01
in cyclohexane and Φfilm ) 0.01 for a cast film (absolute
measurement).14

In summary, we have achieved the microphase separation of
supramolecular aggregates into a 3D crystalline or liquid crystalline
lattice. The formation of a supramolecular octupole is the key
element of the structural ordering, which will provide new insight
for the design of nanoscale 3D lattice structures in crystals and in
liquid crystals. The unique combination of redox activity and
photophysical properties in the conical iron fullerene complexes is
another feature of the present system that can be exploited in future
material applications.
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Figure 2. Single-crystal X-ray structure of 1 (C12) at -153 °C. Key to
color codes: red ) Fe (centroid of the fullerene is denoted by the red ball);
gray ) C; sky blue ) Si; white ) H; and yellow ) reference carbon atoms
to highlight the proximity of atoms. The C12 chains were completely
disordered and could not be identified, while the fullerene tetramers could
be unambiguously identified. (a) The tetragonal crystal lattice in a unit cell
(space-filling model for fullerene). (b) A slice viewed along the b-axis
(space-filling model for bucky ferrocene). (c) The tetrameric aggregate
viewed along the c-axis (space-filling model for bucky ferrocene). (d) A
close-up view of two molecules along the c-axis. Neighboring carbon-carbon
(3.39 Å) and carbon-proton (2.66-2.81 Å) distances are denoted by the
green lines. The fullerene centroid-to-centroid distance is 9.82 Å.

Figure 3. Properties of compound 1. (a) Thermal properties determined
using DSC on the second heating process. (b) SAXD at 195 °C. (b) POM
texture at 220 °C observed under a crossed polarizer.
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