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Recently, there has been a surge in the efforts directed to the
development of all-organic solar cells.1 Basically, two types of such
solar cells have been envisaged: (1)p-n double layer cells, in
which two layers ofp- andn-type materials are deposited on top
of each other;2 and (2) bulk heterojunction cells, in which thep-type
andn-type materials are blended, so as to form a bicontinuous phase
to allow charge transport to both electrodes.3 The most well-known
of these latter types of cells are based on a polymericp-type
material, such as MDMO-PPV and bucky-ball derivatives. The
success of these devices4 hinges on many aspects, including proper
energetics betweenp-type andn-type material, excellent light-ab-
sorbing properties of thep-type material, and an appropriately small
degree of phase separation to obtain a bicontinuous phase. Lim-
itations include (a) phase separation of then-type material,
which requires high amounts of the bucky-ball derivatives (∼80
wt %) to obtain the optimal bicontinuous phase, (b) limited vis-
ible light absorption by C60 derivatives,5 and (c) the fact that the
ball-shape of the bucky ball that allows charge transport in nearly
all directions with equal probability is intrinsically linked to its
optical absorption properties and is therefore hard to improve
systematically.

The present paper presents preliminary data of a new approach,
in which the shape of then-type material that yields the amorphous
properties6 is decoupled from its optoelectronic properties, thus
allowing a systematic improvement of the latter. This approach uses
the nondirectionality available via tetrahedral cores, such as those
of tetraphenyl methane. We present the first steady-state and tran-
sient optical and ground-state electrochemical properties of a novel
n-type material,1,7,8 together with morphology and transient charge
carrier studies of films of polymericp-type materials and1.

Figure 1 presents relevant optical properties of this material in
CHCl3 solution. Basically, both the absorption (0.7µM) and
fluorescence (0.7µM) are nearly identical to those of a model
compound,N-phenyl-N′-(2-ethylhexyl)naphthalenediimide (2). In-
terestingly, at higher concentration (7µM), the excitation spectrum
of 1 shows the formation of ground state complexes that give rise
to complex fluorescence withλmax ∼ 470 nm, which is absent at
lower concentrations. Such ground state complex formation is also
evident from absorption spectra at higher concentrations. This
complex formation is likely advantageous for charge transport, as
it indicatesπ-π interactions between adjacent molecules of1.

The Franck-Condon excited state of1 rapidly (<1 ps)9 decays
to a long-lived triplet state (τ ) 859 ns), the absorption of which

is presented in Figure 2. This spectrum closely resembles triplet
absorption spectra ofN,N′-dialkylnaphthalenediimides.10

The fully reversible electron-accepting properties of aromatic
diimides11 (for 1, Ered

1 ) -1.23 V andEred
2 ) -1.72 V vs Fc/Fc+

in CHCl3) and a long-lived triplet state open the way to effective
quenching of their excited states by electron donors, such as
MDMO-PPV, and for the quenching of the excited states of such
donors. The latter process occurs effectively in solution, which
prompted us to study it in thin films of 50% MDMO-PPV and
50% of1 (percentages by weight) spin-coated from chlorobenzene.
The results of this quenching study are depicted in Figure 3 and
show that1 quenches the fluorescence of MDMO-PPV by 99%
in film. This is linked to the near-homogeneity of the resulting films
spin-coated from chlorobenzene, as observed in bright-field trans-
mission electron microscopy (BF-TEM). A 50/50 wt % mixture
of MDMO-PPV and1 spin-coated from CHCl3 does only yield
∼70% fluorescence quenching and clearly displays inhomogeneous
pocket formation at∼50 nm scale (Figure 4, left). Only upon spin-
coating from chlorobenzene films are formed that show homogene-
ity on this scale (Figure 4, right), as also required for successful
blends of MDMO-PPV and C60 derivatives.3a Even better observa-
tions were made for quenching of poly-(3-hexylthiophene) [P3HT]
(50/50 wt %), anotherp-type polymer frequently used for all-organic
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Figure 1. Structure and optical properties of1.

Figure 2. Transient absorption spectrum and decay of the T1 state of1.
(a) Transient absorption spectra 40 ns after the excitation pulse (λexc ) 355
nm). (b) Decay profile of the transient at 480 nm.
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optoelectronic studies;12 upon spin-coating from CHCl3 and chlo-
robenzene, near-complete quenching of P3HT fluorescence by1
was observed.

This prompted us to directly study the formation of transient
charge carriers and their lifetimes in films of polymericp-type
materials and1. This can be accomplished via flash photolysis time-
resolved microwave conductivity measurements (FP-TRMC).13

FP-TRMC probes the amount and mobility of charge carriers
formed upon excitation with a short laser pulse (pulse fwhm) 4
ns;λexc ) 500 nm) via the time-resolved absorption of microwaves
that are passed through the irradiated sample. As an example of
the versatility of our approach, we present in Figure 5 the change
in conductance observed for a mixture of1 with P3HT.

As obvious from Figure 5, pulsed excitation leads to near-
instantaneous, highly efficient formation of long-lived charge
carriers, with lifetimes in the order of tens of microseconds. Using
3 MeV electron pulses, a maximum one-dimensional mobility of
0.03 cm2/V‚s was measured,14 which is very high for an amorphous
material and displays effective charge transfer between adjacent
molecules of1. In other words, by use of a tetrahedral framework,

the nondirectionality required for optimal charge separation in a
film and for charge transport through a film can be obtained. This
approach can be optimized by variation of the aromatic diimides
or othern-type materials with more extendedπ-systems. This can
be done without compromising the nondirectionality that is essential
for amorphous blends, while yielding layers with an absorption
spectrum that overlaps better with the solar emission spectrum. As
such, this approach adds significant flexibility to the construction
of amorphous blends ofn-type andp-type materials for optoelec-
tronic devices, such as all-organic solar cells. Further studies with
a variety of tetrahedraln-type materials in combination with a
variety ofp-type polymers are currently ongoing in our laboratories.
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Figure 3. Fluorescence quenching of MDMO-PPV by1 in a thin film.
(a) Fluorescence of pure MDMO-PPV film, and (b) 50/50 wt % mixture
of MDMO-PPV and1, spin-coated from chlorobenzene.

Figure 4. BF-TEM images show the detailed morphology of thin films
containing mixtures of MDMO-PPV and1, spin-coated from chloroform
(left) and chlorobenzene (right), respectively.

Figure 5. Change in conductivity,∆G, obtained from FP-TRMC
measurements (λexc ) 500 nm, intensity) 28 µJ/cm2 per pulse) for films
of (a) pure P3HT and (b) 1:1 mixture of P3HT and1.
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