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A new class of self-assembling hexa-peri-hexbenzocoronene (HBC)—fullerene hybrid materials has been synthesized and characterized.
Photoluminescence experiments indicate that energy transfer processes can be tuned in these donor—acceptor systems by varying the length and
nature of the linker group. In preliminary device testing, ambipolar charge transport behavior is observed in organic field effect transistors, while
single active component organic photovoltaic devices consisting of these materials achieved a maximum external quantum efficiency of 30%.

The arrangement of electron donor (D) and electron
acceptor (A) materials in heterojunction organic photo-
voltaic (OPV) devices is a determining factor in device
performance. One approach is to use block copolymers
to achieve nanoscale morphology. In these systems, D and
A blocks are covalently linked and the blocks phase
separate according to the size of the D and A blocks.
Several groups have demonstrated this concept,> > and
the benchmark for the power conversion efficiency of these
OPV devicesisat 1.7%.* Small molecule or oligomeric D—A
materials are also potential candidates in single component
OPV devices. Several examples of donor—acceptor dyad
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molecules have been tested in OPV devices.® ™ The best
oligomeric system, with efficiency up to 1.5%, showed
assembly of nanoscale D—A morphology containing highly
ordered domains*>*3
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Scheme 1. Synthesis of Fullerene—Hexa-peri-hexabenzocoronene—Fullerene Triads 1 and 2
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Hexa-peri-hexabenzocoronene (HBC) is a planar aro-
matic molecule and has been shown to self-assemble into
columnar*~1" and nanotube*® structures in solution and
in solid state. Recently, we reported the synthesis and
optoel ectronic properties of a highly soluble functional HBC
building block carrying conjugated substituents.>®~?* The
9,9-dioctylfluorenyl hexa-peri-hexabenzocoronene (FHBC)
moiety has emerged as a material with excellent solubility
and the potential for further derivatization. In this study, we
report the synthesis, characterization, and device properties
of a series of FHBC—fullerene D—A materials. By taking
advantage of the self-assembling properties of the FHBC
core, there is potential to achieve an ordered D—A morphol-
ogy that is beneficial for OPV device performance.
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The gtrategy for the synthesis of the ambipolar hexa-peri-
hexabenzocoronene—fullerene materialsis based on the highly
soluble FHBC core unit. In all cases, the fullerene moieties are
connected to the FHBC derivatives in the last step of the
synthesis sequence through the well-known 1,3-dipolar cy-
cloaddition of azomethine ylidsto the fullerene (Schemes 1 and
2). Oneinteresting observation isthat initial attempts to connect
the FHBC boronic acid pinacol ester derivative 4 and fullerene
derivative 5 using palladium-catalyzed carbon—carbon bond
formation proved unsuccessful (Scheme 1). Very few examples
of palladium-catalyzed coupling involving fullerene derivatives
can be found in the literature.®2® The experimental observa-
tions in this sudy suggest the fullerene derivatives are easly
reduced by paladium(0) species. This redox reection probably
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Table 1. Thermal, Optical, and Redox Data of the FHBC—Fullerene Compounds

Aabs™ (nm)

solution® film

compounds T (°C)* Ty (°C) Eoo™ (V) HOMO (eV)F  Ep (V)  LUMO (eVY  E, (eV)¥
1 385 129 370 (2.7) 372 ~5.47 ~1.00 ~3.80 1.67
420 (0.9 (—5.41)
2 359 125 370 (2.2) 372 ~5.31 ~1.00 ~3.80 151
419 (0.6) (—5.39)
3 406 127 365(2.6) 372 ~5.34 ~1.06 -3.74 1.60
(—5.38)

@ Degradation temperature (Tgeg) Observed from TGA corresponding to 5% weight loss at 10 °C/min under nitrogen flow. ® Glass transition temperature
STQ) from DSC at 10 °C/min under nitrogen flow. ¢ Measured in o-dichlorobenzene solution and extinction coefficient ( x 10° M~ cm™) in brackets.
Cyclic voltammograms measured in o-dichlorobenzene, 1 x 10° M, BuyNPF (0.1 M), 295 K, scan rate = 100 mV s, versus Fc/Fc*. © Determined from
Eromo = —(Eo®™ + 4.80) (eV), datain brackets measured by photoelectron spectroscopy in air.2%3°  Determined from E yyo = — (Eet®™ + 4.80) (eV).

9 Energy gap (Eg) = LUMO — HOMO.

maintains the Pd speciesin the Pd(11) sate, and consequently, the
Pd catdys is deactivated. Further studies will be reguired to
ascertain the mechanism of this catalyst desctivation.

The synthesis of FHBC—fullerene hybrids 1 was achieved
by first coupling the FHBC boronic acid pinacol ester derivative
4 with 7-bromofluorene-2-carboxal dehyde 6 (Scheme 1). Con-
densation of aldehydes 7 with N- methylglycine gave the
azomethine ylid intermediate which reacted with Cy to give
FHBC—fullerene hybrid 1. The FHBC—fullerene derivative 2,
with a flexible tetragthylene glycol linker between the FHBC
and fullerene moieties, was similarly obtained (Scheme 1).
Starting from the monosubstituted FHBC boronic acid pinacol
ester derivative 10, FHBC—fullerene dyad 3 was obtained in
good yield after coupling with adehyde 6 followed by 1,3-
dipolar cycloaddition to Cgy (Scheme 2). Typically, an excess
of Cg Was added to the 1,3-dipolar cycloaddition reactions in
order to drive the reaction to completion. The relatively low
molecular weight Cgo can be easily separated from the desired
products by size exclusion chromatography. The identity and
purity of al new compounds were verified by a range of
standard analytica techniques (see Supporting Information).

All three FHBC—fullerene hybrid materiads 1, 2, and 3
showed good therma stability in thermal gravimetric analysis
(TGA) experiments (Table 1). In differential scanning calorim-
etry (DSC) experiments, a weak transition at around 125 °C
was observed for the three compounds and can be assigned to
the rearrangement of the akyl side chains on the fluorene
moieties (Table 1). All three FHBC—fullerene compounds have
their absorption maximum at ~370 nm and can be assigned to
the absorption band of the FHBC unit (Figure 1). The solution
PL spectra of the compounds (10~ M in o-dichlorobenzene)
were recorded using 370 nm excitation (Figure 1). Therelative
PL intensities observed are in agreement with the different
spatial separation between the donor FHBC and acceptor
fullerene unitsin compounds 1, 2, and 3. For compound 1, two
fullerene units are separated from the HBC core by two fluorene
units and showed very weak fluorescence from the HBC unit.
On the other hand, compound 2 has a tetra(ethylene glycol)
linker between the HBC and the fullerene, while compound 3
has a four-fluorene spacer. In these cases, the emission from
the HBC unit is relatively strong compared with that of
compound 1 at the same solution concentration. Time-resolved
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Figure 1. UV —vis absorption and photoluminescence (PL) spectra
of FHBC—fullerene compounds in o-dichlorobenzene solution.

Spectroscopic experiments are now in progress to determine the
energy transfer mechanisms involved. Photoluminescence was
not observed in solid state samples of the compounds (films
with 50 nm thickness). This indicates close packing of the
FHBC—fullerene molecules in the solid state with quenching
of the FHBC fluorescence by the fullerene moaieties. In
electrochemica experiments, the FHBC—fullerene compounds
showed reversible reductions typical of fullerene derivatives
(Table 1). The oxidation of these materids closely matches that
of the parent FHBC compound (see Supporting Information
for cyclic voltammograms).

From previous studies, it is well-known that the FHBC
moiety aggregates strongly in solution and assembles into
ordered structures in the solid state.?®?* Similar behavior was
also observed for the ambipolar FHBC—fullerene hybrid
materials. In solution NMR spectroscopic studies, the
resonances assigned to the FHBC protons shift significantly
upfield with increasing concentration of the hybrid materials.
Figure 2 shows the concentration-dependent *H NMR
spectrum of compound 3 (see Supporting Information for
H NMR spectrum of 1 and 2). Protons on the periphery of
cyclic aromatic systems usually appear downfield because
of the ring current effect. The upfield shift of the FHBC
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Figure 2. '"H NMR spectrum of FHBC—fullerene dyad 3 at various
concentrations in CDCls.

proton resonances with increasing concentration is indicative
of m—sr stacking of the FHBC core. Interestingly, thereislittle
change in the resonances belonging to protons of the fluorene
and fullerene units on these hybrid compounds. This suggests
agtrong t— interaction of the FHBC cores with the peripheral
fullerene units arranged in a staggered manner. The solid-state
structure of the FHBC—fullerene compounds were examined
using X-ray diffraction experiments. Films of the compounds
were deposited onto ultrathin silicon substrate, and two-
dimensional X-ray scattering patterns were recorded (see
Supporting Information). The two-dimensional wide-angle
X-ray scattering (2D-WAXS) was carried out at SAXSWAXS
beamline in the Australian Synchrotron with wavenumber of
0.62A. The scattering patterns revealed that the 7—sr stacking
distances for compounds 1, 2, and 3 are 0.351, 0.358, and 0.341
nm, respectively. This is consistent with our previous reports
on FHBC materiads.®* The minor variations in 7—ax stacking
distance is probably a result of the steric hindrance of the
different fullerene substituents in the three compounds.

The charge transport properties of the FHBC—fullerene
hybrid compounds were examined by incorporating these
materialsinto organic field effect transistors (OFET). Bottom
gate bottom contact OFETs were fabricated by depositing
the organic semiconductor from o-dichlorobenzene solution
by spin coating onto a lithographically patterned substrate
(see Supporting Information for details). A summary of
charge mobility values for the OFET devices is presented
in Table 2 (see Supporting Information for current—voltage
data). It is clear that the OFET devices show ambipolar
behavior with reasonable hole (1ne) and electron (teectron)
mobilities that are comparable to those of a HBC—fullerene
system previous reported.** More importantly, the hole and
electron mobilities in each of the devices containing com-
pounds 1, 2, and 3 are well balanced.

Given such encouraging OFET data, a preliminary attempt
was made to use these ambipolar materials as the single active
component in heterojunction organic photovoltaic (OPV)
devices. OPV deviceswith the structure ITOJPEDOT:PSSlactive
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Table 2. OFET and OPV Device Performance

OFET OPV*
MHnoles MHelectron, JSC7
cm?/(Vs) cm?/(Vs) mA/cm? V.,V FF 15, %
1 21x107 47x107" 0.80 0.90 0.21 0.15
2 44x107 0.7x1077 0.37 0.78 0.22 0.06

3 384x10°% 20x10°" 0.87 0.80 031 0.22
2 The data shown are average values over several devices.

layer|TiO/Al [ITO, indium tin oxide; PEDOT:PSS, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)] were fabricated
and characterized. The active layer of FHBC—fullerene hybrid
materia was deposited from o-dichlorobenzene solution by spin
coating giving films of ~50 nm. TiOx layers were introduced
by following literature procedures.3* In genera, al devices
showed good diode-like behavior in the dark and photovoltaic
effects under smulated AM 1.5 G illumination. Table 2
summarizes the device performance of the various solar cells,
and the following characteristic parameters are given: short-
circuit currents (Jg), open-circuit voltages (Vyo), fill factors (FF),
and power conversion efficiencies (7). The current density to
voltage curves and externa quantum efficiency (EQE) spectra
of selected devices can be found in Supporting Information.
Although the power conversion efficiencies of these devices
are rather modest, a maximum EQE of 30% was recorded for
the device containing compound 3 at 390 nm. Thisvalueisan
order of magitude higher than that reported for a previous
HBC—fullerene system.™* Given the thickness of the active
layers (~50 nm) and the short wavelength absorption of these
materias, there is potentia for improvement in this class of
materials. One of the major loss mechanisms in efficiency is
thought to be charge recombination, particularly for FHBC—
fullerene derivative 1. Time-resolved spectroscopic studies are
currently underway to ascertain the rates of charge separation
and recombination in these systems. In addition, our group is
actively pursuing further structural variationsin these FHBC—
fullerene systems in order to improve spectra absorption as
well as solid state D—A morphology.
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