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The solid state organization of molecules is an important factor in determining the performance of
organic electronic devices. In bulk heterojunction (BHJ) solar cells, the arrangement of electron
donor and acceptor materials into distinct crystalline phases of ideal size and distribution can lead to
better power conversion efficiencies. The use of fluorenyl hexa-peri-hexabenzocoronene (FHBC) 2 in
this study has highlighted the importance of molecular organization to device performance. FHBC
compounds 6, 8, and 10, functionalized with a series of thlophene dendrons, were synthesized using
Suzuki—Miyaura coupling in high ylelds In UV—vis and 'H NMR spectroscopic studies, all FHBC
derivatives showed self-association in solution. Hexagonal packing of columnar structures was
observed for solid state samples of FHBC 2 and 8 in two-dimensional wide-angle X-ray scattering
experiments. In thin film X-ray experiments, ordered structures were observed in blends of FHBC 2
and fullerene acceptor materials indicating that there is phase separation between the donor and
acceptor materials and that the self-organization of the FHBC material is unaffected. While the large
thiophene dendritic substituent attached to compound 10 broadened its UV —vis absorption profile,
the solid state morphology is altered by the bulky thiophene dendrons. These molecular structure
variations are reflected in the performance characteristics of BHIJ solar cell devices fabricated using
these FHBC compounds as electron donor materials. Power conversion efficiency of 2.5% was
achieved for a device containing compound 10 with [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM) as the acceptor material. This compares favorably with devices fabricated with pure
dendritic thiophene materials and illustrates the positive effect of molecular self-organization on

device performance.

Introduction

There are numerous criteria for the design of molecules
for application in organic electronics. One of the most
important is the charge-carrying properties of the organic
material. For organic solar cells (OSC), the efficient
transport of charges to the electrodes after exciton gen-
eration and charge separation is a key factor in determin-
ing device efficiency.' In bulk heterojunction (BHJ) solar
cells, the electron and hole mobilities depend on the
properties of the individual electron acceptor and donor
materials and the phase separation between the two active
layer components. After exciton formation and migration
to a donor—acceptor interface, charge separation occurs.
Electrons in the active layer move through regions rich in

electron-acceptor material while holes migrate through
the electron donor-rich phase. The active layer morphol-
ogy is also an important determinant of solar cell effi-
ciency. It should consist of a network of interpenetrat-
ing acceptor and donor-rich phases with domain size
ideally in the range of 15 to 20 nm.> The crystallinity
of the domains is also crucial to the overall charge
mobility of the active layer. These two characteristics
are common in both polymer and small molecule-based
BHI solar cells. A well-known example is the combina-
tion of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
C61-butyric acid methyl ester (PCq;BM).* The 7—n
interaction in the P3HT bulk material is essential
for driving both the crystallinity of the P3HT domain
and the phase separation from the PCqBM domain.
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In this study, hexa-peri-hexabenzocoronene (HBC) with
a family of thiophene dendrons attached to its periphery
was investigated as a self-organizing electron donor
component in combination with fullerenes for BHJ solar
cells.

HBC is a planar aromatic molecule consisting of 13
fused six-membered rings.*> It belongs to a family of
polycyclic aromatic hydrocarbons consisting of flat disk-
like cores.® HBC and its derivatives have been shown to
self-assemble into columnar structures giving rise to
ordered morphology in films.”* Mobility of 5 x 1072
em” V! s7! was achieved in organic field effect transis-
tors (OFET) using the self-assembling ability of a dodecyl-
substituted HBC molecule.” There have only been limited
reports on the use of HBC’s in organic solar cells.'’”'?
Currently, most HBC derivatives rely on alkyl chains on
their periphery for solubility, which limits the potential for
further functionalization.*!3~ !> It is also possible that these
peripheral alkyl chains adversely affect charge separation at
the donor—acceptor interface in the bulk heterojunction.
Recently, we reported the synthesis and optoelectronic
properties of highly soluble easily functionalized HBC build-
ing blocks carrying conjugated substituents.'® The primary
challenge in the synthesis of these systems is the incorpora-
tion of conjugated substituents as well as alkyl groups for
solubility. From these studies, the 9,9-dioctylfluorenyl hexa-
peri-hexabenzocoronene (FHBC) moiety has emerged as a
material with excellent solubility and the potential for further
derivatization.'®

Thiophene-based compounds have emerged as one
of the most important classes of materials in the area
of organic electronics over the past decade.'” From
small molecules to polymers, these materials have been
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employed in a range of organic electronic devices,
including organic light emitting diodes (OLED),'8~2°
organic field effect transistors (OFET),?'*** and organic
solar cells (OSC).*?*?* This has been driven by their
outstanding optical, redox, self-organizing, and charge-
transport properties which can be easily tuned by chemical
modification.”***® Recently, three-dimensional oligothio-
phene dendrimers have been revealed as viable hole transport
materials in BHJ solar cells.”’”* The design of these
dendrimers allows creation of monodisperse materials
with well-defined properties in contrast to conjugated poly-
mers whose properties are to some extent chain-length
dependent. These dendrimers can also be easily functionalized
with a variety of dyes, redox-active centers, self-organiz-
ing moieties, or biologically active groups at their cores or
peripheries.

With the benefits of self-organization in FHBCs and
the outstanding tunable properties of thiophene-based
oligomers, we set out to study hybrids containing both of
these components. Here we report the synthesis and
characterization of a series of thiophene dendrons at-
tached to a central FHBC core. Evidence for the self-
assembly of these hybrid materials in solution and in the
solid state was observed. The performance of these novel
FHBC-thiophene hybrids in BHJ solar cells was also
investigated. The studies show good structure—property
correlations and appropriately translate to BHJ solar cell
performance.

Synthesis and Characterization

The synthesis of the FHBC core 1'® and the thiophene
dendrons 4 and 5% have been reported previously. The
iodo substituents on the fluorene rings of FHBC 1 were
removed using transmetalation with butyl lithium and
protonation of the organolithium to give FHBC core 2
(Scheme 1). Suzuki—Miyaura coupling of the FHBC
core 1 with the thiophene pinacol boronate esters
3, 4, and 5 gave, in excellent yields, the FHBC oligothio-
phene (FHBC—OT) hybrids 6, 7, and 9, respectively,
after purification by size exclusion chromatography
(Scheme 1). The TMS groups of compounds 7 and 9 were
removed by treatment with tetrabutylammonium fluor-
ide which produced the desired FHBC—OT hybrids 8 and

(20) Mitschke, U.; Bauerle, P. J. Mater. Chem. 2000, 10, 1471-1507.

(21) Ong,B.S.;Wu, Y.;Li, Y.; Liu, P.; Pan, H. Chem.—Eur. J. 2008, 14,
4766-4778.

(22) Allard, S.; Forster, M.; Souharce, B.; Thiem, H.; Scherf, U. Angew.
Chem., Int. Ed. 2008, 47, 4070-4098.

(23) Handbook of Oligo- and Polythiophenes; Fichou, D., Ed.; Wiley-
VCH: Weinheim, Germany, 1999.

(24) Li, Y.; Zou, Y. Adv. Mater. 2008, 20, 2952-2958.

(25) Roncali, J. Chem. Rev. 1997, 97, 173-205.

(26) Bauerle, P. In Electronic Materials: The Oligomer Approach;
Miillen, K., Wegner, G., Eds.; Wiley-VCH: Weinheim, Germany,
1998; p 105—197.

(27) Kopidakis, N.; Mitchell, W. J.; van de Lagemaat, J.; Ginley, D. S.;
Rumbles, G.; Shaheen, S. E.; Rance, W. L. Appl. Phys. Lett. 2006,
89, 103524.

(28) Ma, C.-Q.; Mena-Osteritz, E.; Debaerdemaeker, T.; Wienk,
M. M.; Janssen, R. A.; Bauerle, P. Angew. Chem., Int. Ed. 2007,
46, 1679-1683.

(29) Ma, C.-Q.; Fonrodona, M.; Schikora, M. C.; Wienk, M. M.;
Janssen, R. A. J.; Bauerle, P. Adv. Funct. Mater. 2008, 18, 3323~
3331.



Article

Chem. Mater., Vol. 22, No. 2, 2010 459

Scheme 1. Synthesis of Fluorenyl Hexa-peri-hexabenzocoronene—Thiophene Hybrids “

[Oct = -CgH47]

¢, 96% [, JpR=TMS

“Conditions: (a) n-BuLi, THF, —78 °C, 15 min, H,O, —78 to 25 °C, 30 min; (b) Pd(PPhs),, Et;NOH (20% w/v aq), toluene, 90 °C, 14 h; (c)

Bu,N*F~-3H,0, THF, 25 °C, 30 min.

10 in near quantitative yield (see Supporting Information
for full details of characterization of all new compounds).
All compounds were highly soluble in organic solvents
and have good film forming properties, which is essential
in the preparation of devices by solution deposition
techniques.

Optoelectronic Properties

The optoelectronic properties of organic materials are
important parameters that determine the applicability of
a material in organic electronic devices. In bulk hetero-
junction solar cells, the UV—vis absorption profile of the
material is very important, as it relates to the quantity of
photons the device can potentially capture. Equally im-
portant are the relative energy levels of the electron donor
and acceptor materials. The energy gap between the
highest occupied molecular orbital (HOMO) of the donor
and the lowest unoccupied molecular orbital (LUMO) of
the acceptor defines the potential output (open circuit
voltage) of the device.® In this study, the HOMO and
LUMO energy levels of the materials were measured from
a combination of UV —vis spectroscopic and electroche-
mical techniques.

The UV —vis spectra of FHBC core 2 and FHBC—OT
hybrids 6,8, and 10 in dichloromethane solution (10™> M)
are shown in Figure 1a. The absorption profiles of FHBC
core 2 and hybrid 6 are very similar with absorption
maxima at 364 and 367 nm, respectively. The UV—vis
spectrum of 8 shows an increase in absorbance between
350 and 450 nm compared with 6. However, no red-shift
was observed either for the maximum absorption wave-
length or the onset absorption wavelength, indicating a
lack of m-conjugation between the thiophene units and

the FHBC core. Increasing the peripheral thiophene
dendron size from 6 thiophene units in compound 8 to
18 thiophene units in compound 10 resulted in an in-
creased absorbance by the FHBC—OT system. The
UV —vis absorption profile of 10 is red-shifted compared
with 6 and 8, with absorption onset at 500 nm. From the
UV—vis data in solution,a HOMO—LUMUO gap of 2.51
eV was obtained from for 10, which agrees well with the
energy gap of the second generation thiophene dendron
9T at 2.67 eV (Figure 1b).”® The fact that the second
generation dendrimer 18T has a more red-shifted absorp-
tion compared with that of the FHBC—OT hybrid 10
again indicates a lack of conjugation through the entire
structure of compound 10 (Figure 1b). The break in
conjugation is probably due to the relative conformation
of the 9,9-dioctylfluorene units in relation to the hexa-
peri-hexabenzocoronene core in compound 10. Despite
this observation, compound 10 has significantly higher
molar absorptivity than either 9T or 18T which will prove
advantageous in solar cell devices (Table 1). The UV—vis
absorption profile of FHBC—OT hybrid 10 was recorded
at a range of concentrations (Figure 1c). The relative
intensities of the absorption bands change with concen-
tration, suggesting a degree of molecular aggregation in
solution. This concentration dependence of UV-—vis
spectra was also observed for compound 8 (see Support-
ing Information). UV—vis absorption of the thin films of
all FHBC derivatives 2, 6, 8, and 10 show a shift in
absorption to longer wavelengths compared with their
corresponding solution spectra (see Supporting In-
formation). For example, the absorption onset of
FHBC—OT hybrid 10 as a thin film is at 550 nm com-
pared with an onset at 500 nm in solution (Figure 1a).
This red-shift in absorption in solid state is indicative of
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Figure 1. (a) UV—visabsorption spectra of FHBC derivatives 2, 6,8, and 10 (10> M in CH,Cl,) and the UV—vis absorption spectrum of a solid film of 10;
(b) UV—vis absorption spectra of FHBC—OT hybrid 10 and thiophene dendron 9T and dendrimer 18T in CH,Cl, solution (10™° M);*® (c) normalized
UV—vis spectra of compound 10 in CH,Cl, solution at various concentrations.

Table 1. Optical and Redox Data of the FHBC Core 2 and HBC-OT Hybrid Compounds

compounds Aabs™ (nm)” e x 10° (cm-L-mol ™ H)? EP[eV] ) Eo [V ESBSe V] HOMO [eV] LUMO [eV]
2 364 2.15 2.87 0.24 0.23 —5.33(—5.28) —2.46
6 367 1.75 2.86 0.32 0.24 —5.34 (—5.37) —2.48
7 367 1.71 2.79 0.31 0.22 —5.32(=5.27) —-2.53
8 368 1.69 2.81 0.31 0.23 —5.33(—5.38) -2.52
9 367 2.17 2.47 0.24 0.22 —5.32(—5.19) -2.85
10 369 1.98 2.51 0.24 0.18 —5.28 (—5.40) -2.77
9T 373 0.38 2.69 0.57 0.51 -5.61 -2.92
18T 392 0.78 2.35 0.46° 0.42¢ —5.52¢ -3.17

“In CH,Cly, 1 x 107> M, 295 K. ? Determined from the onset of absorption. “In CH,Cl,, 1 x 107> M, BuyNPF, (0.1 M), 295 K, scan rate = 100
mV-s~!, versus Fc/Fc ™. 4Determined b3y] differential pulse voltammetry. ¢ Determined from Eyomo = —(Eor™' + 5.10) (eV);! data in brackets measured

by photoelectron spectroscopy in air.*

mV-s~ !, versus Fc/Fc'.

aggregation in the solid state. The aggregation behavior
of these FHBC derivatives will be examined in greater
detail in the following section using NMR spectroscopy
in solution and wide-angle X-ray scattering (WAXS) in
solid state. Apart from increasing the UV —vis absorption
profile, the aggregation of these compounds will have
important effects on their solid state morphology. As
mentioned in the introduction, morphology control in
donor—acceptor blend films is crucial to the charge
separation and charge transport processes that occur
directly after photoexcitation in a bulk heterojunction
solar cell device.

Electrochemical studies for FHBC core 2 and FHBC—
OT hybrids 6, 8, and 10 were performed in dichloro-
methane solution. A summary of the electrochemical data

/Calculated from LUMO = HOMO + E‘g’p‘. £InDMF, 1 x 10~*M, BuyNPF (0.1 M), 295K, scan rate = 100

can be found in Table 1 (see Supporting Information for
cyclic and differential pulse voltammograms). Energy
level diagrams of compounds 2, 6, 8, and 10 derived from
electrochemical and UV —vis absorption data are shown
in Figure 2. The energy level information suggests all four
FHBC derivatives are suitable candidates as electron
donor materials in a bulk heterojunction solar cell with
[6,6]-phenyl-C61-butyric acid methyl ester (PCgq;BM) as
the electron acceptor.' Energy or charge transfer between
a donor and an acceptor material can be observed by
fluorescence quenching studies. The quenching of the
fluorescence of the FHBC derivatives by PCqBM is
another indication of compatibility of the materials for
use in BHJ solar cell devices. In thin films, the fluore-
scence of the FHBC derivatives was completely quenched
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Figure 2. Energy level diagram of FHBC core 2 and FHBC—OT hybrids
6, 8, and 10, thiophene dendrimers 9T and 18T and PCsBM. The data
were derived from CV and UV—vis absor[g)tion data. Note: PC7;BM has a
similar LUMO energy level to PCq;BM. 1,

when blended in a 1:2 weight ratio of FHBC to PC4;BM
(see Supporting Information).

Self-Association Properties and Solid State Morphology

As mentioned in the discussion of the UV —vis absorp-
tion experiments above, aggregation behavior was ob-
served in solution and in the solid state. While many
molecular systems will aggregate in solution given the
appropriate solvation conditions, the ordered associa-
tion of molecules requires correct molecular design. Pla-
nar aromatic systems, like hexa-peri-hexabenzocoronene
(HBC), chiefly rely on w—m stacking as the force for
association. In fact, the poor solubility of unsubstituted
HBC is a consequence of this strong m—sm stacking
association. The fluorenyl HBC derivatives in this study
rely on the 9,9-dioctylfluorene units to impart solubility.
The steric bulk of the 9,9-dioctylfluorene groups limit
extended aggregation compared with unsubstituted
HBC. However, the 2,11-disubstitution arrangement on
the HBC molecule with the fluorenyl groups as in com-
pounds 2, 6, 8, and 10 still allows 7— stacking of the
HBC core. This phenomenon can be directly observed by
NMR spectroscopic studies in solution.

"H NMR spectra of the aromatic region for com-
pounds 2 and 8 at various concentrations are shown in
Figure 3 (see Supporting Information for concentration
dependence studies and fully assigned spectra for com-
pounds 2, 6, 8, and 10). Peak assignments were made
primarily on the basis of the multiplicity of the peaks and
by comparison with spectra of known material. The 'H
NMR spectra of the FHBC core 2 and FHBC—-OT
hybrids 6—10 were found to be concentration dependent.
It is clear that the protons assigned to the HBC core
(H,—4) shift upfield with increasing concentration
(Figure 3). The protons on the fluorene moiety which
are closest to the core (F; and F3) also shift upfield with
increasing concentration. The upfield shift of these pro-
tons is due to a shielding effect caused by staggered m—x
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stacking between FHBC—OT molecules (Figures 3 and
4).332 The fact that the protons on the thiophene moiety
do not show changes in chemical shift as a function of
concentration supports this staggered 7w— stacking model.
An isodesmic model of indefinite stacking can be fitted
to the changes in chemical shift with concentration.*?
Association constants (K) were obtained by fitting the
data to the equation for isodesmic model for stacking
with equal association constants.®* The chemical shift of
the H; proton of the unassociated monomer (0,,0n0) Was
arbitrarily set at 9 ppm while that of the aggregate (0,ggrc)
was arbitrarily set at 8 ppm. Plots of concentration versus
chemical shift for compounds 2, 6, 8, and 10 follow a
similar trend and the data fit well (R* > 0.99, see
Supporting Information for details of the nonlinear
curve fit) with the proposed indefinite stacking model
(Figure 4). It is interesting to note that the increase in
thiophene dendron size does not appear to have an
adverse effect on the proposed r— stacking association
of the HBC core. In fact, there appears to be an increase in
association with increasing dendron size. However, the
significance of this observation is uncertain as the calcu-
lated deviation on the association constant is close
to +£20% (see Supporting Information for nonlinear
curve fit details). In any case, the results in these NMR
studies support the observations made in the UV—vis
spectroscopic studies confirming a self-association beha-
vior in solution.

While the above-discussed NMR results indicate self-
association in solution, X-ray scattering experiments
provide information about the organization and phase
formation in the solid state. Two-dimensional wide-angle
X-ray scattering (2D-WAXS) experiments were per-
formed on thin filaments of compounds 2, 8, and 10.
Filaments of 0.7 mm diameter were prepared by filament
extrusion and mounted vertical toward the 2D detector.
Figure 5a shows a 2D pattern for 2 which is characteristic
for a discotic columnar liquid crystalline phase.***> The
equatorial reflections indicate an orientation of the
columnar stacks along the fiber alignment direction.
A hexagonal columnar arrangement with a unit cell of
pex = 2.48 nm for 2 was determined from the relative
reciprocal spacing of 1:4/3:2 of the scattering intensities.
The distinct meridional reflections in the wide-angle
region are attributed to the cofacial s-stacking distance
of 0.35 nm between individual molecules within the
column. Thereby, the discs are packed with their molec-
ular planes perpendicular to the columnar axis as illu-
strated schematically in Figure 5a. This liquid crystalline
organization remains unchanged over the whole investi-
gated temperature range of —100 to 200 °C, and is in
agreement with the thermal analysis by differential scann-
ing calorimetry (DSC), which did not reveal any phase

(33) Martin, R. B. Chem. Rev. 1996, 96, 3043-3064.
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Figure 3. Concentration dependent '"H NMR spectra of compounds 2 and 8 (CDCl; at 20 °C). Assignment of the spectra was primarily based on the
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Figure 4. Variation in the "H NMR chemical shift of Hy as a function of
concentration for compounds 2, 6, 8, and 10. The equation is derived from
the isodesmic model for stacking with equal association constants.>®

transitions. Similarly, compound 8 showed no transitions in
the DSC scans. The structural analysis for 8 pointed toward a
rectangular columnar organization with unit cell dimensions
of a = 2.56 and b = 1.91 nm. The significantly smaller unit
cell in comparison to the theoretical molecular length (ca. 4.2
nm) is related to only two substituents (low density of the
substitution mantel around the HBC stack) and thus inter-
calation of these substituents between neighboring columns.
A m-stacking distance of 0.35 nm was also determined for 8
from the wide-angle meridional scattering intensity. In strong
contrast to the behavior of FHBC 2, the appearance of
additional meridional reflections for compound 8 is charac-
teristic of a complex helical packing of the molecules within
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the stacks.**! The position of the middle-angle reflection
indicated in Figure 5b is related to an additional period of
1.4 nm between every fourth molecule (1.4 nm/0.35 nm = 4)
along the column possessing identical positional order.
Thereby, the discs are substantially rotated by 45° to each
other, while the aromatic HBC cores are perpendicular to the
columnar axis. The additional meridional intensities at multi-
ple scattering angles are higher order reflections. This kind of
helical arrangement in a so-called plastic phase is in agree-
ment with other discotic molecules bearing bulky substituents
which induce a lateral rotation of neighboring discs.**~%
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Figure 5. Fiber 2D-WAXS patterns of compounds (a) 2 and illustration of the discotic packing, (b) 8 and top view of the helical stack, (c) 10 and its

disordered layer organization. The patterns were recorded at 30 °C.

Typically, such helical organization in liquid crystalline
columnar stacks vanishes at high temperatures, but this
complex arrangement for compound 8 remained unchanged
at 160 °C indicating pronounced stability of the plastic phase
within a broad temperature range. The direct comparison of
the intracolumnar packing between 2 and 8 indicates that the
helical stacking originates from the additional sterically
demanding thiophene dendrons on compound 8. The in-
crease of the steric hindrance by attaching even larger 9T
dendrons for dendrimer 10 resulted in a more disordered
structure in the bulk. The isotropic reflection corresponding
to a distance of 1.8 nm is attributed to the spacing between
lamellar layers which are formed by local phase separation
between the rigid aromatic part and flexible side chains
(Figure 5¢). The molecules within the lamellar structures of
10 are much more disordered compared to the molecules in
the columnar packing of FHBC 2 and 8. These structural
parameters are reflected in the BHJ solar cell performance
characteristics of these materials and will be discussed in the
following section.

The surface morphology of thin films was examined
using tapping mode atomic force microscopy (AFM).
The samples were prepared by spin-coating the material
of interest on silicon substrate (25 mg/mL in chloroben-
zene, 2000 rpm). The tapping mode AFM images of thin
films of blends of compounds 2, 6, 8, and 10 with PC4;BM
(1:2) are shown in Figure 6. Nanoscale phase separation
was observed in all four blend films. The blend of 2 and
PC4BM film gave the largest phase separation with
domain sizes of ~100 nm (Figure 6a). The phase domains
were smaller for blend films of 6, 8, and 10 with PC4;BM,
and smoother film surfaces were observed. These differ-
ences in film morphology have consequences to device
performance and will be discussed in the following sec-
tion. Pristine films of compounds 2, 6, 8, and 10 were also
examined using tapping mode AFM (see Supporting
Information for AFM images). The surface roughness
of films containing compounds 2 and 8 was much higher
than the roughness of the film containing compound 10.

0.0 - —
0.0 0.5 um

d) 10/PC4BM 1:2
1.0 V.

0.0

0.0 05 pm 10

Figure 6. Morphology of blend films on silicon substrate spin-coated
from chlorobenzene as imaged by tapping mode AFM: (a) compound
2/PCqBM (1:2 weight ratio); (b) compound 6/PCqBM (1:2 weight
ratio); (c) compound 8/PCq;BM (1:2 weight ratio); and (d) compound
10/PCq,BM (1:2 weight ratio). The images (1 x 1 um?) display the surface
topography (height in nm).

This is in agreement with the results obtained in the 2D-
WAXS experiments where higher molecular order and
crystallinity was observed for compounds 2 and 8 com-
pared to compound 10 (Figure 5). In addition to the 2D-
WAXS and AFM experiments, X-ray measurements
were obtained for thin films of blends of the donor and
acceptor materials. Thin films of compound 2 and
PC¢BM (1:2) were prepared by spin-coating chloroben-
zene solutions of the blends on top of a PEDOT:PSS
layer. This is the same as the solar cell device fabrication
conditions (vide infra). After brief annealing (120 °C,
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Figure 7. Structures of thiophene dendritic compounds® used as donor materials in BHJ solar cells for comparison with FHBC—OT hybrids.

5min), a distinct reflection appeared which is indicative of
supramolecular order in the blend (see Supporting In-
formation, Figure S28). The reflections correspond to the
hexagonal intercolumnar distance of compound 2 which
was also observed for the neat donor material samples
(see 2D WAXS in Figure 5a). In the thin film, the
molecules are arranged on average in an edge-on fashion
with the columnar axis parallel toward the substrate.
These results indicate that the self-assembly of the FHBC
compounds is not influenced by blending with PC¢BM,
and phase separation between the donor and acceptor
materials has to occur.

Bulk Heterojunction Solar Cells

Given all the photophysical and self-organization stu-
dies presented above, the FHBC derivatives appear ideal
candidates to be employed as the electron donor material
in BHJ solar cells. BHJ solar cells with device structure
ITO/PEDOT:PSS|[FHBC—OT:fullerene (1:2 w/w)|LiF/
Al [ITO, indium tin oxide; PEDOT, poly(3,4-ethylene-
dioxythiophene); PSS, poly(styrenesulfonate)], using the
FHBC—OT hybrids 6, 8, and 10 as electron donors and
fullerene derivatives as electron acceptor, were fabricated
and characterized. Devices with compound 2, using Ca
instead of LiF at the Al cathode, were also fabricated and
tested. The ratio of donor and acceptor materials was
device-optimized at 1:2 and is in line with the fluorescence
quenching studies. The thickness of the photoactive
layers was optimized for each of the donor—acceptor
blends and was typically between 60 and 70 nm. In
general, all devices showed good diode-like behavior in
the dark and photovoltaic effects under simulated AM
1.5G illumination. Table 2 summarizes the device perfor-
mance of the various solar cells and the following char-
acteristic parameters are given: short-circuit currents
(Jse), open-circuit voltages (V,.), fill factors (FF), and
power-conversion efficiencies (7). For comparison, the
PV performance data of the all-thiophene dendron 9T
and the dendrimer 18T-Si are shown in Table 2 and have
been reported previously.?’ The structures of these thio-
phene dendritic materials are shown in Figure 7. Devices
containing 18T could not be fabricated due to the low
solubility of 18T in commonly used solvents. It should
be noted that the device-optimized weight ratio between
donors 9T and 18T-Si and PC¢;BM was 1:4. The difference

Table 2. Device Performance of Bulk Heterojunction Solar Cells (See
Text) with Active Layers Consisting of Dendrimer/Fullerene 1:2 Blends.
Active Layer Thickness Was 60-70 nm and Device Area Was 0.167 cm*

acceptor

JSC”
entry donor (weightratio) (mAcm 2) V. (V) FF 77" (%)

1 2 PCqBM (1:2) 1.87 0.9 0.54 0.9
2 6 PC4BM (1:2) 2.73 0.9 044 1.1
3 8 PCqBM (1:2) 291 1.0 042 12
4 10 PC¢BM (1:2) 3.33 1.0 044 1.5
5 10 PC;BM (1:2) 6.37 1.0 038 2.5
6 91 PCq BM (1:4) 1.42 1.0 031 0.5
7 I8T-Si’ PCqBM (1:4) 2.39 0.9 035 0.8

“Determined by convoluting the spectral response with the AM 1.5G
spectrum (100 mW cm™2). [’;7 = Js X Voo x FF. “Cawas used instead of
LiF for this device.  From ref 29.

in device-optimized weight ratio between the FHBC and
thiophene dendron-based devices can be related to the
morphology of the device films. In the case of the thiophene
dendrons 9T and 18T-Si, more PC¢BM is required for
optimal phase separation, leading to an interpenetrating
network morphology required for efficient device operation.
On the other hand, there is clear phase-separation between
the donor and acceptor domains in FHBC/PCq,BM (1:2
w/w) blends as observed in AFM experiments (Figure 6).
The current density to voltage and external quantum effi-
ciency curves for the BHJ devices are shown in Figure 8.
High open-circuit voltages (Vo) of 0.9—1.0 V were
observed for all compound combinations. The V. of a
BHJ solar cell device depends primarily on the energy gap
between donor HOMO and acceptor LUMO of the
materials. Energy gaps of 1.2—1.3 eV, derived from
Figure 2, are in agreement with the V. values measured
for the devices. These V. values are also comparable to
that of pure thiophene dendrimers 9T and 18T-Si recently
reported® and are considerably better than the typical
Voo of PZHT:PCq;BM BHJ solar cells (0.55—0.65 V).° A
clear trend was observed for the short-circuit currents
(Jo) of the series of devices. The value of Jy. increased
with the broadening of the optical absorption from the
zero generation dendrimer 6 to the second generation
dendrimer 10. The short circuit current J. of a compound
10 based device (Table 2, entry 4) is much higher than that
of the corresponding thiophene dendron 9T (entry 6) and
dendrimer 18T-Si (entry 7). This is due to the much higher

(50) Ma, W.; Yang, C.; Gong, X.; Lee, K.; Heeger, A. J. Adv. Funct.
Mater. 2005, 15, 1617-1622.
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Figure 8. (a) J—V curves and (b) EQE spectra of various active layer blends based devices.

absorption of 10 over 350—450 nm originating from the
FHBC core (Figure 1b). In this study, the best fill factor
(FF) of 0.54 was observed for the device containing the
FHBC core 2. A good FF indicates efficient as well as
balanced charge transport within the active layer of the
device. The ordered assembly of compound 2 in the solid
state, as demonstrated by 2D-WAXS (Figure 5a), will
almost certainly facilitate charge transport. The FF for
the device containing 10 (entry 4) is higher than the 9T
and 18T-Si devices (entry 6 and 7). This can be rationa-
lized by the better charge carrier transport within the
active layer induced by ordered assembly of the FHBC
core moiety. The value of J,. was also improved signifi-
cantly by the use of PC;BM instead of PCqBM
(compare entries 4 and 5 in Table 2).>' PC;;BM has
increased optical absorption compared to PCsBM and
has been shown to improve light harvesting in organic
solar cells.”! External quantum efficiency (EQE) spectra
show the photocurrent response of the devices at wave-
lengths from 350 to 850 nm (Figure 8b). A maximum EQE
of 50% was obtained for devices with PC¢;BM at around
400 nm. The maximum EQE of the device containing the
FHBC—OT hybrid 10 and PC;;BM was extended to 470
nm. A power conversion efficiency of 2.5% was achieved
for the device with minimal optimization in the active
layer thickness, donor—acceptor ratio, and morphology.

In summary, the addition of the FHBC core to the
thiophene dendrimers has improved the performance of
the material in BHJ solar cells. The FHBC core increased
the photocurrent generated from the solar cells by ab-
sorbing more strongly over 350—450 nm compared to the
pure thiophene dendrimers (Figures 1b and 8b). In addi-
tion, the self-assembling properties of the FHBC core
drives the formation of ordered morphology in solid
state. The 2D-WAXS experiments showed self-assembly
of the FHBC material into ordered structures (Figure 5)
while tapping mode AFM studies indicate nanoscale
phase separation between the donor and acceptor do-
mains in blend films (Figure 6). Ordered structures were
also observed in X-ray measurements on blend films. This
indicates the ordered structures in the donor FHBC
domain are unaffected in their blends with PC¢;BM and

(51) Wienk, M. M.; Kroon, J. M.; Verhees, W. J. H.; Knol, J.;
Hummelen, J. C.; van Hal, P. A.; Janssen, R. A. J. Angew. Chem.,
Int. Ed. 2003, 42, 3371-3375.

phase separation between the donor and acceptor materi-
als has occurred. The combination of nanoscale donor—
acceptor phase separation and the formation of ordered
structures within these domains are important to
charge separation and transport in the active layer of
the solar cells after photoexcitation. Studies are now in
progress to examine the charge mobility in these BHJ
solar cell devices using the photoinduced charge extrac-
tion by a linearly increasing voltage (photo-CELIV)
technique.>>>?

Conclusions

The design of novel materials for organic solar cell
applications is currently a topic of great interest. While
it is important to maximize the harvesting of sunlight
by broadening the absorption profile of organic materi-
als, it is also essential that the light energy absorbed by
the material is efficiently converted into electric current.
An interpenetrating network of donor and acceptor
materials with domain size of 15—20 nm is thought to
be ideal for charge separation and charge transport after
photoexcitation in a bulk heterojunction (BHJ) solar
cell device.” Molecular organization within the donor
and acceptor domains is also important for charge
transport. In this study, fluorenyl hexa-peri-hexabenzo-
coronene (FHBC) was employed as the scaffold for
molecular organization. FHBC derivatives with various
dendritic thiophene substituents have been shown to self-
associate into ordered structures in solution and in solid
state. BHJ solar cell devices fabricated with these com-
pounds as electron donor materials show good perfor-
mance achieving power conversion efficiency of 2.5%. In
addition, a comparison of devices based on the FHBC
derivatives and pure dendritic thiophene materials
showed the positive effect of self-organization on device
performance.
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