


photoinduced charge separation between electron donor and

acceptor materials is the main mechanism of charge carrier

generation in organic photovoltaic devices. However, no exper-

imental evidence has yet been obtained with respect to the

applicability of trannulenes as materials for organic photovoltaic

devices. Here we prove for the first time that trannulenes can in

principle be used as materials in photovoltaic devices that

generate photocurrent under illumination by simulated solar

light.
Results and discussion

The investigation of the properties of trannulenes derived from

C60F18 was strongly limited by the availability of this precursor

fluorinated fullerene. All known trannulenes have been synthe-

sized in quantities less than 10 mg, with the exception of one or

two compounds that were obtained on the 20–30 mg scale.

Recently we developed improved procedures for the preparation

and isolation of C60F18 that make this compound available on

a gram scale.25,26 This allowed us to start from 0.7 g of C60F18 in

the reaction with tris(methoxycarbonyl)methane and 1,8-dia-

zabicyclo[5.4.0]undec-7-ene and obtain 560 mg of emerald-green

trannulene TMCMT (Scheme 1, 54% yield).

The preparation and purification procedure is very facile

(carried out in 6 h) and the yield of trannulene TMCMT is high

compared to the previous best yields of 25–35% for trannu-

lenes,27 making this exotic fullerene-based material available in

quantities sufficient for thorough investigation of its physical

properties and its use in optoelectronic devices. At the same time,

we succeeded in investigating the chemical transformations of

TMCMT and related trannulenes.28

The composition and molecular structure of TMCMT was

proven by 1H, 19F and 13C NMR spectra (Fig. 1). The 1H NMR

spectrum consists of a single resonance at 4.06 ppm due to the

protons of the methoxycarbonyl groups. Two signals at 135.1

and 142.6 ppm with relative integral intensities of 1:4 were

observed in the 19F NMR spectrum. However, there are three

types of symmetrically non-equivalent fluorine atoms in the

trannulene structure that are expected to give three resonances
Scheme 1 Synthesis of TMCMT.

Fig. 1 The (a) 1H NMR, (b) 19F NMR and (c) 1H-decoupled 13C NMR

spectra of TMCMT.
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with integral intensities of 1:2:2. Two out of three signals in the
19F NMR spectra of known trannulenes always have very close

chemical shifts and overlap in some cases, as we observed for

TMCMT.9 The 13C NMR spectrum of TMCMT was very similar

to that reported in literature for another trannulene derived from

C60F18.9 Thus, the obtained NMR data confirmed that TMCMT

has the trannulene structure shown in Scheme 1.

Fullerenes and their derivatives are known as strong electron

acceptors that quench the fluorescence of many organic donor

molecules via photoinduced electron transfer. The trannulene

TMCMT is a specific fullerene derivative that has 15 electron-

withdrawing fluorine atoms attached to the carbon cage that

make it even more electronegative. Therefore, the first reduction

potential of TMCMT lies at �0.08 V vs. saturated calomel

electrode (SCE). This is approx. 0.5 V more positive than the

first reduction potential of C60 (about �0.60 V vs. SCE). This
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Fig. 2 The molecular structures of (a) EH-PDI and (b) PF-BE. The change in the PL intensity of (c) EH-PDI and (d) PF-BE with addition of TMCMT

and (e, f) the corresponding Stern–Volmer plots illustrating the quenching behavior.
electrochemical data suggest that TMCMT is a much more

powerful electron acceptor than pristine fullerene. Indeed, the

LUMO level of TMCMT should lie at ca. �4.8 to �5.1 eV, very

close to the HOMO levels of zinc phthalocyanine (ZnPc,

�5.3 eV)29 and poly(3-hexylthiophene) (P3HT, �5.1 eV),30 two

of the most widely used electron donor materials for small

molecular and polymer solar cells, respectively. The proximity of

the acceptor LUMO and the donor HOMO energy levels might

result in a ground-state charge separation; the resulting salts are

usually not light-sensitive and cannot be applied as photoactive

materials in photovoltaic cells. Such considerations suggest that

conventional donor materials such as ZnPc and P3HT do not fit

well for the combination with TMCMT as electron acceptor in

photovoltaic devices. Some other donor molecules with

lower donor capability (with higher ionization potentials or

deeper-lying HOMO energy levels) have to be found for

this purpose. For instance, some substituted small molecular
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perylene bisimides (such as MPDI or EH-PDI, E(HOMO) ¼
�5.8 eV)31 and polyfluorene polymers (such as PF-BE,

E(HOMO) ¼ �5.5 eV)32 can serve as readily available electron

donor compounds, satisfying the aforementioned electronic

requirements for their use in composites with TMCMT.

To check for the existence of a photoinduced charge separa-

tion between TMCMT and the perylene bisimide EH-PDI or

polyfluorene PF-BE, we carried out photoluminescence (PL)

quenching experiments in solution, finding that the trannulene

was able to quench quite efficiently the PL of both donor

compounds. The decrease in the PL intensity with addition of

TMCMT is a manifestation of the quenching of the excited

donor species (EH-PDI* and PF-BE*) via either an energy or an

electron transfer to the acceptor TMCMT.33

For diffusion-limited quenching, the PL intensity (I) of

EH-PDI or PF-BE should linearly depend on the concentration

of the quencher, which is TMCMT in our case. This follows from
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Fig. 3 The layout of (a) the bulk heterojunction and (b) bilayer cells with (c, d) the corresponding I–V curves. (e, f) The absorption spectra of thin films

comprising pristine materials and their combinations. The photocurrent response spectra of (g) the bulk heterojunction and (h) bilayer photovoltaic

cells.
the Stern–Volmer equitation I0/I ¼ 1 + Ksv[TCTM], where I0 is

the initial PL intensity measured before addition of TMCMT.

However, quenching of the emission of both PF-BE and

EH-PDI by trannulene shows a superlinear behavior in the

Stern–Volmer plots (Fig. 2e,f). Superlinear quenching effects

observed here might be a consequence of the reabsorption of the

emission coming from the PF-BE or EH-PDI by trannulene

TMCMT, which was introduced in successively increased
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amounts into the system. TMCMT has rather intense absorption

bands at 350–500 and at 550–720 nm that overlap significantly

with the emission bands of PF-BE and EH-PDI, providing the

necessary condition for reabsorption (see Fig. S3†).

The observed PL quenching of EH-PDI and PF-BE by

TMCMT can be related to electron transfer or to energy transfer

in these systems.33 We could assume that the PL quenching is at

least in part a result of a photoinduced charge separation
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