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Abstract: Star-shaped oligophenylenevinylene (OPV) meso-
gens are shape-persistent and possess formally large void
space. A mesogen with three styrene repeating units packs
densely in a columnar helical arrangement. Attachment of one
fullerene through a short spacer results in an exceptional
increase of the mesophase stability. X-ray scattering and
modeling evidence a triple-helical arrangement in which the
fullerene perfectly fills the void space between the arms of the
star mesogen.

I n all kinds of materials, the control of morphology is decisive
for their mechanical or electronic performance. Nature is
a perfect example in this respect, where the position of
functional units is precisely controlled by self-assembly
processes, for example, in the photosynthetic apparatus,
enzymes, or transport proteins. Also in artificial materials
a high degree of complexity and its control has been achieved.
Some recent examples are complex liquid-crystalline (LC)
materials forming polygonal cylinder phases,!! shape-persis-
tent macrocycles with void space along the columns, or LCs
containing nanoparticles, such as fullerene,** or magnetic
clusters.”] Earlier studies investigated the self-assembly of
fullerene—oligophenylenevinylene dimers in lamellar and
columnar structures and their photophysical properties.®”]
Fullerene—phthalocyanine! or fullerene—porphyrine dyads!”’
with laterally attached fullerenes have recently been shown to
aggregate in highly ordered columnar structures which may
be of interest for photovoltaic applications.

Herein we combine non-conventional oligophenylenevi-
nylene star-mesogens, known to stack in columnar phases,'”!
with fullerene Cy, attached in the center of the star by a short
spacer. The self-assembly process of these non-conventional
mesogens is essentially based on nanosegregation of their
core scaffold from the peripheral aliphatic chains and the
optimization of space-filling. In contrast to semi-flexible star-
mesogens for which the packing can be optimized by folding
the molecules to E-shaped or cone-shaped conformers," the
shape-persistent OPV stars maintain their overall star-mor-
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phology and exhibit large void space between their arms.
Herein we highlight the unique self-assembly of OPV-star
1 and star-OPV-fullerene hybrids 2¢, in which the void is
perfectly filled by non-mesomorphic fullerene guests
(Figure 1). These guests facilitate the space filling and
stacking in columnar structures and consequently increase
the mesophase stability by more than 70°C compared to the
parent mesogen 1.
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Figure 1. OPV stars and fullerene—OPV hybrid stars.

The synthesis of the target OPV—fullerene hybrids has to
be planned carefully, especially for derivatives with three
fullerenes attached to one star. A fully convergent route, in
which the fullerene—~OPV arm undergoes a threefold Wittig—
Horner coupling in the final step, as used for many stilbenoid
dendrimers,'” is not compatible with fullerene chemistry
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since the nucleophile will not only attack the aldehyde but
also the fullerene derivative.'”) The coupling of fullerene by
a Prato reaction in the final step,”” after a convergent
synthesis of the stilbenoid star with spacer to avoid protect-
ing-group chemistry, has been discarded, since several cou-
plings with the same fullerene may result. Therefore, we
decided to follow a tried-and-tested strategy.l! First the
stilbenoid scaffold was prepared by a convergent route using
the allyl group to protect the point of spacer connection;
subsequently the protecting group was cleaved and the
fullerene with spacer was attached by an esterification
reaction. Scheme 1 summarizes the synthesis of the target
compounds 1-3. The key intermediate is arm 6, which was
obtained by the coupling of phosphonate 4 with aldehyde § in
a good over all yield of 68%. This protected arm was then
converted into non-Cs;-symmetric 2a with phosphonate 8 and
into star 3a by threefold coupling with trisphosphonate 10.
The protecting groups had to be carefully cleaved and the
final esterification reaction with fullerene derivative 110
afforded the target compounds 2¢ and 3c¢. The last step
appeared to be challenging with yields between 52-64 % per
esterification step. The parent star without fullerene was
obtained by a threefold Wittig—Horner reaction of trisalde-
hyde 90" with phosphonate 4. The identity and purity of all
the target compounds are demonstrated by standard analyt-
ical methods (see Supporting Information).

The thermotropic properties of the star-shaped com-
pounds 1, 2¢, 3¢ and the mixture M3 (1:3¢ =2:1) were studied
by polarized optical microscopy (POM), differential scanning
calorimetry (DSC), and X-ray scattering (Table 1). All
materials, except 3¢, self-assemble in liquid-crystalline
phases with broad temperature ranges and transform at low
temperature to LC glasses. Pseudo-focal conic textures point
to columnar phases and X-ray scattering evidences hexagonal
symmetry (see Figure 2, Figure 3 and Supporting Informa-
tion). It has to be stressed that the stability of the mesophase
increases by more than 70°C upon attachment of one
fullerene in 2¢. Fullerene is a spherical building block and
has, among others, been incorporated in LC phases by
coupling to mesogenic dendrons of various generations.'!
Nanosegregation of the different building blocks has been
proposed as a self-assembly mechanism. In all cases, inde-
pendent of the liquid-crystal structure, the clearing temper-
atures, and thus the mesophase stabilities decreased com-
pared to the fullerene free materi-
als. Consequently, the enormous
increase in the clearing temperature
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Scheme 1. Synthesis of the target structures. DCC = Dicyclohexylcarbo-
diimide, DIBALH = Diisobutylaluminiumhydrid, DPTS = 4-(Dimetylami-
no)pyridinium 4-toluenesulfonate.

SAXS) and modelled using Materials Studio (Force field
Compass). Figure 2 shows the 2D X-ray pattern at 25°C
obtained using an extruded fiber for which the columns are

Table 1: Thermotropic properties and X-ray data of star-mesogens.

of the star-mesogen 2¢ and mixture Compound 'I;ransition temp;]([?]nset) a [A] (T/°C) c [Al®! Oxray (Oexp) [gcm
M3 compared to compound 1 shows [Cl/AH [ mol ]
that not only nanosegregation but 1 Col, 205.5/2.4 | 61.5 (25) 43.6 0.99 (0.98)
other factors improve the packing 2¢ Col, 280.5/2.9 | 56.1 (25) 102.6 1.00 (>0.99)
and consequently the intermolecu- 3¢ Cr=>300 decomp. - -
M3 (1:3¢c=2:1) Col, 275 119 56.0 (30) 101.7 1.01 ()

lar interactions in the columnar

phase.

To understand this surprising
behavior, the packing of parent
star-mesogen 1 was investigated by
wide-, middle-, and small-angle X-
ray scattering (WAXS, MAXS, and  temperature is 254°C.
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[a] All compounds decompose slowly when kept in their isotropic liquid for a prolonged time

Col, =columnar hexagonal LC phase, Cr=crystalline phase, | =isotropic liquid. [b] ¢ parameter
calculated based on the meridional diffuse signals. [c] X-ray density calculated with N=32 (1) and

N =48 (2c, 3¢c) molecules in the unit cell at room temperature. The experimental values at 22°C were
obtained by the buoyancy method using water/methanol mixtures (for details see Supporting
Information). [d] Clearing temperature observed in POM and as peak of DSC (broad signal); the onset
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Figure 2. Stilbene star mesogen 1. X-ray diffraction pattern A) WAXS,
B) MAXS. Inset: X-ray diffraction simulation. C) Integrated intensity
along the equator of the diffraction pattern showing the reflections
indexed according to the hexagonal symmetry. Chi scan between

260 =3.3-4.0° showing the intensity of the diffuse set of four meridional
signals. D) The peaks at approximately 0° and 180° correspond to the
20 reflection. Modeling of the columnar phase—helical packing with
short correlation length highlighted for one arm (orange); center of
mesogens (green), one complete molecule (additional arms in yellow);
side view (E), top view (F).
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Figure 3. Star-mesogen 2c. A) X-ray diffraction pattern (MAXS) at
25°C with X-ray simulation based on the triple helical packing of the
core. B) WAXS pattern at 25°C. C) Integration of the pattern along the
equator (theta scan) and D) chi-scan between 26 =4.6-5.8°. E) Aggre-
gate of three mesogens omitting the CH, groups for clarity. F) Model
of the triple-helical stacking of the core building block.
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oriented along the fiber axis. In addition to the principle
reflections at the equator (hkO) indicating the hexagonal
symmetry, a halo corresponds to an average distance of 4.6 A.
Further intensities related to a m—m distance are not observed.
However, four diffuse signals, left and right of the meridian in
the small-angle region of the pattern, clearly indicate
a correlation along the column direction (Figure 2B,D).
Assuming that the diffuse signals are positioned at the hkl
layer line, the ¢ parameter is deduced to be 43.6 A. If the
molecules co-facially stack with a typically small n— distance
of, for example, 3.4 A, then only 13 mesogens (43.6 A/3.4 A)
could assemble in the column, resulting in a density of less
than 0.40 gcm . The minimum value for the density at 22°C
has been experimentally obtained to be 0.98 gcm * (Table 1),
thus the cell must contain at least 32 molecules and co-planar
stacking is not feasible. Since the packing of star mesogens
can be optimized by helical self-assembly,'”) it is reasonable to
assume a helical packing also occurs here. Modeling of the
phase at a density of 0.99 gcm ™, that is, 32 mesogens in the
unit cell (for details see Supporting Information), reveals, that
the packing and nanosegregation of aromatic and aliphatic
parts of this large number of molecules is possible by helical
assembly and lateral translational displacement of the molec-
ular centers from the columnar axis to avoid steric repulsion
along the stacking direction (Figure 2E,F). Further, it is
evident that the stilbenoid scaffold is conformationally
deformed from the idealistic planar Cs;-symmetric structure
leading to an increase of torsional energy. However, this
increase is much less than the gain in attractive intermolec-
ular, non-bonding interaction (electrostatic and van der Waals
interaction, see Supporting Information), presumably
because the anharmonic potential curve for rotation of the
benzene rings out of the plane of the double bond is very
flat."™® The correlation of the helical assembly within the
hexagonal phase, estimated from the half-width at half
maximum, is low and amounts approximately to only 4-5
repeating units (helical pitches).'”) The inset of the X-ray
pattern shows a simulated X-ray pattern for a fiber and is in
good agreement with the experimental data.

The high mesophase stability of star compound 2¢
indicates that the fullerene increases the intermolecular
interaction and the order in the system. Indeed X-ray
diffraction reveals three unusual strong reflections at small
angles indicating a rather high order of the columnar phase
(Figure 3 A-C). Again, a set of diffuse signals at the meridian
shows a correlation along the column axis (d=234.2A)
indicating a helical arrangement. The correlation length
increases by a factor of two (10 repeating units) compared
to star 1. Apparently the fullerene attached by the short
spacer must fill one of the three cavities of the stilbenoid star.
In an aggregate of three mesogens, the fullerenes occupy all
three cavities (Figure 3 E; orange, red, and blue molecules).
An optimal dense packing of the fullerenes along the column
is achieved by helical stacking. The helical pitch of 2¢ is
102.6 A which is three times the dvalue and contains
48 mesogens. The distance of the planes normal to the axis
of the helix, in which the molecular building blocks are
positioned on average, amounts to 2.14 A (102.60 A/48) for
the stilbenoid scaffold and 6.42 A for the fullerenes. Thus,
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fullerenes with a diameter of approximately 10 A must
interdigitate along the column as shown in Figure 3F.
Owing to the space-filling by the fullerene, the distance
between the planes normal to the axis of the helix along the
column is greater than for star 1 (43.60 A32=136 A). Since
the single molecules (1, 2¢) are decorated on the periphery
with the same number, that is, with nine dodecyloxy chains, an
arbitrary columnar unit of 10 A length contains 66 dodecy-
loxy chains in the case of compound 1 and only 42 chains for
compound 2c¢. Therefore, the hexagonal parameter a for the
fullerene derivative 2 ¢ decreases by more than 5 A compared
to compound 1 (Table 1).

Modeling and simulation of the X-ray pattern of the
phase, in which the reflections of the first two layer lines are
extinct, point to a triple helix. The simulation pattern of such
a triple helix of the mesogen cores is in a good agreement with
the experimental data (Figure 3A (inset)). Thus fullerene
guests occupy the cavities of such star mesogens. They
segregate in their own compartments and optimize their
intermolecular interaction by a dense helical packing. This
model is further supported by the fact that mixture M3
(star Listar 3¢=2:1), in which star 3¢ contains a fullerene at
each arm, forms a mesophase with a stability similar to that of
neat compound 2¢ with a clearing temperature at 275°C
(POM). Note that the neat compound 3¢ is not liquid
crystalline—it melts at temperatures above 300°C under
decomposition. The X-ray experiments of the mixture give
almost identical cell parameters to star 2¢ (Table 1). Thus
a similar model for the mixture can be envisaged in which the
fullerenes fill the void in the three cavities. Along the columns
one molecule 3¢ is flanked by two stars 1 which results in an
assembly which is very much related to the model of the
trimer of compound 2¢. The lower order revealed by the
more-diffuse and less-intense X-ray signals along the meri-
dian indicate that the ideal stacking 1/3¢/1 is not perfectly
realized, because of either an imperfect mixture or natural
occurring defects (see Supporting Information).

The photophysical properties of 1, 2¢, 3¢ in solution and 1,
2¢ in thin solid films have been studied by UV/Vis- and
fluorescence spectroscopy (Figure 4). All compounds show an
absorption maximum in CHCl; at 400 nm and the fullerene
derivatives have additional absorption maxima at 255 nm,
327 nm, and a shoulder at 470 nm (Figure 4, arrow). With the
increasing fullerene content these fullerene features increase
as expected for compound 3e¢. The fluorescence spectrum
shows a strong emission at 468 nm of the stilbenoid star,
which is efficiently quenched to only 10% of that of star
1 when fullerene is attached in 2¢. The emission is even more
efficiently extinguished in compound 3¢ with three fullerenes
because all the OPV units always have a fullerene in their
vicinity. In contrast to the fluorescence spectra in solution, the
emission is quantitatively quenched in the solid state, which is
naturally explained by the packing of the fullerene triple
helix. In the solid state the OPV arms are always side by side
to fullerene aggregates, thus an effective charge transfer may
occur.®™ These results are promising with respect to
a possible application in organic photovoltaic materials.

In summary, a fullerene attached by a short spacer to
a star-shaped mesogen as in compound 2¢ enormously
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Figure 4. Absorption spectra (solid lines) from bottom to top: com-
pound 1, 2¢, and 3¢ in CHCl;. Emission spectra (dashed lines) from
bottom to top: compound 2¢, 3¢ (magnified by a factor of 10) and
1 in CHCl;, and emission of thin solid films (dotted lines) of 1 and 2¢
(no intensity). The arrow indicates the shoulder at 470 nm in the
absorption of 3c. For colored version see Supporting Information.
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increases the mesophase stability compared to the parent
stilbenoid star 1. The neat star 1 assembles in a dense helical
arrangement with 32 mesogens placed along 43.6 A by rota-
tional and positional displaced molecules from the center of
the column and conformational deformations to avoid steric
crowding and optimize space filling. In the hybrid derivative
2¢ and the mixture between 3¢ and 1, fullerene fills a great
portion of the void space between the arms and facilitates the
columnar stacking. The systems optimize the packing of
fullerenes by the arrangement in a triple helix. Such highly
ordered, columnar donor (stilbenoid scaffold)—acceptor (full-
erene) assemblies are interesting materials for organic
electronics and especially photovoltaic applications if they
can be oriented at surfaces. Therefore, synthetic work is in
progress to lower the clearing temperatures of these hybrid
materials to produce liquid-crystal cells with highly oriented
material using alignment layers.

Keywords: columnar phases - donor—acceptor systems -
fullerenes - helical packing - liquid crystals
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