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Abstract: Fullerene-based liquid crystalline materials have
both the excellent optical and electrical properties of fullerene
and the self-organization and external-field-responsive proper-
ties of liquid crystals (LCs). Herein, we demonstrate a new
family of thermotropic [60]fullerene supramolecular LCs with
hierarchical structures. The [60]fullerene dyads undergo self-
organization driven by m—m interactions to form triple-layer
two-dimensional (2D) fullerene crystals sandwiched between
layers of alkyl chains. The lamellar packing of 2D crystals
gives rise to the formation of supramolecular LCs. This design
strategy should be applicable to other molecules and lead to an
enlarged family of 2D crystals and supramolecular liquid
crystals.

The discovery of graphene and other two-dimensional (2D)
crystals has shown that 2D crystals can be stable at room
temperature.'! The covalent bonds between the atoms in
these 2D crystals are key, holding the atoms in the crystal
lattice and suppressing thermal fluctuations.”! Herein, we
report that m—m interactions, which are considered as weak
intermolecular forces comparable to hydrogen-bond interac-
tions,”! can also drive the formation of 2D crystals in
a properly designed system of fullerene derivatives. Further-
more, the lamellar packing of 2D crystals forms a new family
of thermotropic supramolecular liquid crystals (LCs) with
hierarchical structures.
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The structure of the [60]fullerene derivatives used herein
is shown in Figure 1a. A typical molecule from these dyads
consists of a rigid [60]fullerene, a gallic ester segment
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Figure 1. a) Molecular structure of fullerene dyads 1-4. b) The AFM
image of 2D crystals formed by dyad 1. c) The height profile at the
cross-section indicated in (b).

substituted with three long alkyl chains as the soft part, and
a multi-methylene unit as a flexible spacer connecting the two
segments. Detailed synthetic routes and characterization of
the samples can be found in Figures S1-S3 in the Supporting
Information. The design strategy here is to introduce a soft
group onto fullerene (considered as the rigid component) so
the molecules will self-organize to form supramolecules as
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a result of m—m interactions between fullerenes and phase
separation between the rigid and the soft parts. The soft
groups form continuous lamellar layers above and below the
fullerene layers to form 2D crystals. In other words, the dyad
molecules form a sandwiched structure with the fullerene
units in the middle layer, which is similar to the lamellar phase
separation of block copolymers.™

Compounds 1-3 can form 2D crystals upon evaporation of
solvent from their corresponding dilute solutions. In contrast,
4 does not form 2D crystals under these conditions. Figur-
es 1b and c show the AFM image and corresponding height
profile for the crystals formed by sample 1. The corresponding
images for samples 2 and 3 can be found in Figures S4 and S5.
Free-standing flat crystals are clearly evident with a lateral
size of several microns and a layer thickness of 5-6 nm. As the
crystal thickness along the c axis is only several nanometers
and a few molecules thick and much smaller than the length of
the crystal along the ab plane (several microns), they can be
regarded as 2D crystals.!)

The formation of 2D crystals is further confirmed by TEM
measurements. Figure 2a shows the bright-field image of 2.
The layers with different shades of gray from light to dark
indicate different layers of 2D crystals. The selected area
electron diffraction pattern from a monolayer film of
2D crystals is shown in the inset in Figure 2 a (the assignment
of the diffraction spots can be found in Figure S6). The
diffraction spot pattern indicates that the fullerenes are
packed in a quadrate motif in the crystal lattice with distance
to adjacent fullerenes of approximately 1.01 nm, measured by
comparing the pattern with the diffraction spots obtained
from a standard sample (TICI). This value is same as the
distance between adjacent fullerenes in typical [60]fullerene
crystals (1.00 nm),F! indicating that the driving force for the
formation of 2D crystals is m-minteractions between ful-
lerenes. This assignment is supported by the red shift of bands
in the UV/Vis absorption spectra of the dyads’ film compared
to the corresponding bands in the spectra recorded from the
solution (Figure S7). The tilting experiments also reveal the
face-centered orthorhombic packing of fullerenes in the
subunit cell with a=b=1.43 nm and ¢'=1.7 nm (Figure S8).

A bulk sample of 2 was sheared, microtomed, and directly
imaged by TEM to reveal the structures along the ¢ direction
(perpendicular to the 2D crystal plane). As shown in Fig-
ure 2b, well-ordered lamellar structures were observed with
an average distance between the layers of approximately
5 nm, in agreement with the results obtained from AFM. The
fullerene-rich part is dark in color as a result of its high
electron density, whereas the gray part corresponds to the
alkyl chains. The width of the dark line is about 2-3 nm,
corresponding to the fullerene layer thickness along the
¢’ axis in the 2D crystals with a sandwich structure. This
distance is larger than that measured in a double-layer
packing structure (ca. 2.0 nm) which was reported in some
fullerene derivative-containing self-assembled supramole-
cules.! The layer thickness demonstrates the triple-layer
packing structure of fullerenes along the caxis in the
2D crystals, which is confirmed by tilting electron diffraction
experiments and density measurements (see the Supporting
Information).
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Figure 2. TEM images of the 2D crystals formed by dyad 2. a) Bright-
field image of 2D crystals measured perpendicular to the layers. Inset:
electron diffraction pattern from selected monolayer 2D crystals (white
circle). b) Bright-field cross-section image of microtomed layer-by-layer
stacked 2D crystals.

Interestingly, stacking of 2D crystals in the bulk forms
LCs at room temperature and at higher temperatures. Fig-
ure 3a shows the thermotropic phase behavior of dyads 1-4
measured by differential scanning calorimetry (DSC; see
Figure S9 for curves). Dyads 1-3 can form liquid crystalline
phases with particular liquid crystalline textures observed by
polarized optical microscopy (POM; Figure 3b for dyad 2,
Figures S10 and S11 for others). The fact that dyad 4 cannot
form a liquid crystalline phase indicates that the formation of
2D crystals is critical to the subsequent formation of a ther-
motropic LC. For sample 1-3, the first transition below room
temperature corresponds to the melting of alkyl chains
(crystal to LC phase transition), with the second transition
corresponding to the LC to isotropic transition. The enthal-
pies for the LC to isotropic transition of samples are very
similar (ca. 8.0 kJmol™) despite different alkyl-chain lengths.
This coincides well with our previous observation that the
driving force for the formation of 2D crystals is m—m inter-
actions between fullerenes.

The packing structure of dyad molecules 1-3 in the LC
state is studied by small-angle X-ray scattering (SAXS). The
SAXS data for sample 2 is presented in Figure 3¢, with the
corresponding Miller indices (k& k [) given in parentheses on
top of the peak. The SAXS data for the other samples are
presented in Figure S12 and S13. All three samples show
similar diffraction patterns but different peak positions
because of different lamella thicknesses. The first peak (at
20 =1.54°, corresponding to a d spacing of 5.73 nm) and the
accompanying higher order peaks up to (0 0 7) suggest that
there is a well-ordered lamella structure in the LC state. The
measured d spacing indicates the distance between 2D crys-
tals and is in good agreement with the data obtained from
AFM and TEM measurements. Wide-angle X-ray diffraction
(WAXD; Figure S14) reveals there is another set of peaks
which follows the diffraction rules for a face-centered
orthorhombic structure (all odd or even numbers of indices).
This result further demonstrates the triple-layer crystalline
packing of fullerenes in the 2D crystals when combining the
results from electron diffraction experiments. The indices
denoted using a ' symbol indicate the Miller indices along the
¢’ axis in the subunit of 2D fullerene crystals. The assignment
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Figure 3. The bulk properties of dyads 1-4. a) Thermotropic phase behavior of 1-4. Deep

red = crystalline phase; green=liquid-crystalline phase; yellow=isotropic phase. The numbers
within the plot indicate temperature (°C), with transition enthalpies (k] mol™") given in square
brackets. b) POM image of 2 at room temperature. c) The full SAXS spectrum of 2 at 30°C.

d) 2D WAXD pattern of the sheared bulk sample of 2. The incident X-ray beam is perpendicular

to the shear direction and parallel to the 2D crystal planes.

of these peaks is confirmed by the
2D WAXD from sheared samples (Figure 3d
and Figure S15). In Figure 3d, where the
incident beam is parallel to the LC smectic
and 2D crystal planes, the strong arcs at the
equator indicate the well-ordered lamella
structure of the LCs. At the meridian
position, the inner arcs can be assigned to
the diffraction resulting from 2D fullerene
subunit crystals. Note, even in the sheared
sample, only 2D crystals which have ful-
lerenes at the suitable position (i.e. the
diffraction plane parallel to the incident
beam) can give the corresponding diffraction
peaks. This is why the signals at meridian are
much weaker compared to the equator.

When the incident beam is perpendicular
to the lamella layer (along the c axis), no
diffraction spot or arc is detected, but instead circles are
detected by 2D WAXD (Figure S15). On the other hand,
electron diffraction from stacked lamellae of 2D crystals gives
different sets of quadrate diffraction spots from correspond-
ing 2D crystals. The results suggest that there is no correlation
between different 2D crystals, that is, the isotropic molten
alkyl-chain layers make the 2D crystals stack freely.

The molecular packing of dyad 2 in the supramolecular
LCs with hierarchical structure is illustrated in Figure 4. The
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LC lattice belongs to the orthogonal
crystal system with

a=b=143nm, ¢=5.73nm, and six
molecules in a unit cell (Figure 4a
and b). The packing of lamellae forms
the supramolecular LCs (Figure 4c¢).
Within the LC lamella, the crystalline
fullerene layers form the 2D crystals
along the abplane, sandwiched
between the alkyl-chain double layers,
with a triple-layer face-centered ortho-
rhombic subunit cell structure (a=>b=
1.43 nm and ¢’ =1.72 nm, ¢’ is the z axis
of the subunit of 2D fullerene crystals,
and is parallel to the c axis of the liquid-
crystal lattice). Considering only the
fullerene balls, the fullerenes in the
second layer are positioned at the top of
the holes formed by the quadrate
packing of fullerenes in the first layer.
For fullerenes in the middle layer, the
flexible spacers penetrate from the
quadrate-packing holes so the alkyl
chains are in the soft part of the layer.
This type of structure has not been
previously reported. The packing struc-
ture explains why the fullerenes choose
in-plane quadrate packing but not hex-
agonal packing, because the diameter
of the holes formed by the quadrate

Cg%_:

Perspective view

Figure 4. Representation of molecular packing of dyad 2 into 2D crystals and LCs, with the
alkyl chains omitted for clarity. a) The triple-layer fullerene packing in a LC lattice observed
from different aspects. b) The triple-layer subunit fullerene 2D crystals in the LC lattices.

c) The supramolecular LCs formed by the free stacking of 2D crystals.

packing (0.41 nm) is much larger than hexagonal packing
(0.15 nm), thus the flexible spacer can penetrate from the
middle layer. This is supported by the fact that dyad 4 cannot
form 2D crystals as a result of its shorter flexible spacer
length.

These are the first reported thermotropic LCs formed by
2D crystals. By definition, these LCs are smectic LCs, but with
long-range positional order of the fullerene moieties within
the lamella. The LCs belong to the family of supramolecular
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fullerene LCs"”! with hierarchical structure, where the dyad
molecules self-organize to form triple-layer 2D crystals and
the free lamella packing of 2D crystals forms supramolecular
LCs. In this regard, these are supramolecular liquid crystals
formed by 2D crystals.

The formation method of these thermotropic liquid
crystals is somewhat like the inorganic platelets formed
lyotropic LCs,®! where the crystalline montmorillonite
platelets were dispersed in water and formed a nematic
phase at concentrations higher than a critical volume
predicted by Onsager.® Gabriel et al. reported long-range
positional lamellar order for their aqueous solid-acid platelets
which formed lyotropic LCs, together with long-range
2D atomic positional order within the platelets.’) Recently,
aqueous solutions of graphene oxide were also shown to have
lyotropic LC properties, where a graphene monolayer can be
considered as a large 2D crystal.””! In our case, the alkyl chains
are in a molten state and act like solvent molecules to disperse
the triple-layer 2D crystals. As a result of the covalent linkage
of alkyl chains with the fullerenes, they form soft lamellar
layers sandwiching the triple-layer 2D crystals. It should be
noted that there is no correlation between 2D crystals at
different LC lamellae because of the free motion of the alkyl
chains. This is critical for the formation of LC phases as it
destroys the positional ordering between lamellae and
hinders the formation of crystals.

The principle outlined herein should be applicable to
design and obtain other types of supramolecular LCs with
hierarchical structures formed from the self-organization of
2D crystals. As fullerenes are part of the LC mesogen, these
supramolecular LCs have a high fullerene content. Conse-
quently, the LCs should display the excellent optoelectronic
properties of fullerenes and at the same time the liquid
crystalline nature should give rise to external stimuli
responsive properties.
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