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Introduction

Organic semiconductors are key components of numerous
electronic and optoelectronic devices for a wide range of ap-
plications, such as light-emitting diodes, photovoltaic cells
and organic thin-film transistors (TFTs). Thus the search for
new organic materials that serve this purpose is of consider-
able current interest.[1–6] To date most efforts have been de-
voted to the development of organic semiconductors with p-
type characteristics, whereas n-channel materials came into
the focus of research more recently. So far the performance
of organic p-type semiconductors outmatches the known n-
type materials by far.[5,7] Nevertheless, the availability of
both kinds of semiconducting materials is necessary for the
fabrication of complementary integrated circuits, bipolar
transistors or organic p/n junctions.[1–6, 8] Therefore the devel-
opment of organic n-channel materials with both high mobi-
lity and, in particular, good stability in air remains a chal-
lenge.

Most single-molecule organic semiconductors are com-
posed of extended p-conjugated systems. The incorporation
of heteroatoms into the aromatic framework of polycyclic
aromatic hydrocarbons (PAHs) is a commonly used method-
ology to improve their charge-carrier characteristics for ap-
plications in organic electronics.[9,10] The current strategy to
obtain air-stable n-type semiconductors is to reduce the or-
bital energies of their lowest unoccupied molecular orbitals

(LUMOs) by introducing strong electron-withdrawing sub-
stituents onto the p-conjugated system. This reduces their
susceptibility to oxidation and the ease of electron injection
from air-stable, high-workfunction contacts.[6,10–12]

Several years ago, we developed an efficient, metal-in-
duced synthesis of 4,9-diamino-3,10-perylenequinone di-ACHTUNGTRENNUNGimine (DPDI) by oxidative coupling of two 1,8-diamino-
naphthalene units.[13,14] This functionalised perylene may be
converted into a tetraazaperopyrene (TAPP) and a range of
derivatives, which are potentially interesting materials for
the application in organic electronic devices. The prepara-
tion of these materials is accomplished by treating DPDI
with triethyl orthoformate in the presence of catalytic
amounts of formic acid yielding the parent compound
TAPP[15,16] or with carboxylic acid chlorides or anhydrides
leading to the formation of the corresponding 2,9-disubsti-
tuted derivatives.

Here we present a detailed study of the optical and redox
properties of new 2,9-perfluoroalkyl-substituted tetraazaper-
opyrenes. Perfluorinated alkyl groups have proven to act as
qualified electron-withdrawing groups to significantly lower
the LUMO energies and improve the ability of a material to
act as an n-channel organic semiconductor. In addition to
this, perfluorinated alkyl groups seem to have a positive, so
far not completely understood, packing effect that leads to
a significant increase of the air stability of organic n-channel
semiconductors.[10,11a–b, 17, 18] Furthermore, for the first time,
we were able to functionalise TAPPs by core substitution,
opening up new possibilities of controlling the optical and
redox properties of this class of functional dyes and thus
widening the scope of applications. In the course of this
work, we investigated the performance of the compounds
presented herein as organic semiconductors in n-channel
thin-film transistors (TFTs) and their integration into organ-
ic electronic circuits. To the best of our knowledge, this is
the first time that tetraazaperopyrenes have been employed
in organic transistors.
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Results and Discussion

Synthesis of 2,9-bisperfluoroalkyl-1,3,8,10-tetraazaperopyr-
enes and their core-chlorinated derivatives : The synthesis of
2,9-bisperfluoroalkyl-1,3,8,10-tetraazaperopyrene (1–5) was
achieved by reacting DPDI either with the corresponding
carboxylic acid chloride or anhydride (2.5 mol equiv) in the
presence of triethylamine in THF (Scheme 1). Purification

was accomplished by sublimation at 440 8C in a weak stream
of nitrogen. Reaction of compounds 1–4 with dichloroiso-
cyanuric acid (DIC) in concentrated sulphuric acid led to
the fourfold substitution of the tetraazaperopyrene core,
yielding the 2,9-bisperfluoroalkyl-4,7,11,14-tetrachloro-
1,3,8,10-tetraazaperopyrenes 6–9, respectively (Scheme 1),
which were purified by recrystallisation from THF. All com-
pounds were fully characterised by elemental analysis, high-
resolution mass spectrometry and 1H, 13C and 19F NMR
spectroscopy.

Whereas the study of the properties of previously de-
scribed TAPP derivatives was often limited by their lack of
solubility in common organic solvents,[15,20] compounds 2–5
were found to be sufficiently soluble in polar organic sol-
vents for the study of their redox chemistry and photophy-
sics. Moreover, the introduction of additional substituents at
the TAPP core led to a drastic increase of solubility, enhanc-
ing the viable concentration for example, in THF from
about 10�6

m up to approximately 10�2
m.

Crystal structures : Crystals of compound 3 suitable for X-
ray diffraction were grown by sublimation at 440 8C in a hori-
zontal glass tube in a weak stream of nitrogen. Crystals of
the core-substituted derivatives 7 and 8 suitable for X-ray
diffraction were grown from chlorobenzene and THF, re-
spectively. All three compounds crystallise in the triclinic
space group P1̄ and the solid-state structures show crystallo-
graphic Ci molecular symmetry. Their molecular structures
are determined by the almost planar tetraazaperopyrene
core with nearly identical bond lengths and angles and the
two perfluoroalkyl substituents pointing in opposite direc-

tions above and below the tetraazaperopyrene core. The
chlorinated derivatives possess a slightly more twisted struc-
ture than compound 3, which is probably caused by steric re-
pulsion of the chlorine substituents (Table 1). As an exam-
ple, the top and side view of 3 are shown in Figure 1 along
with selected bond lengths.

The intermolecular packing pattern of all compounds is
characterised by a slip-stacked face-to-face arrangement
(Figure 2) with a short interplanar distance of 3.37–3.51 �.
We note that for the core-substituted derivatives 7 and 8 the
interplanar distance between neighbouring molecules within
a column is smaller (3.37 �) than in the case of derivative 3
(3.51 �). Both values are still in good accordance with the
range of 3.34–3.55 � previously established for perylene
bisimides.[19]

Characteristics as chromophores and fluorophores : All of
the 2,9-bisperfluoroalkyl substituted derivatives 1–5 are
yellow in the solid state as well as in solution. With the ex-
ception of compound 1, the solubility of these derivatives
(2–5) is significantly greater than that of their non-fluorinat-

Scheme 1. Synthesis of the 2,9-bis-perfluoroalkyl-substituted TAPP deriv-
atives 1–5 and their corresponding core-chlorinated derivatives 6–9.

Table 1. Selected details of crystal structures of compounds 3, 7 and 8.

3 7 8

crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
p–p plane distance [�] 3.51 3.37 3.38
torsion angle[a] �0.4(4) �1.4(5) �1.4(3)
torsion angle (DFT)[b] �0.30 �0.30 �0.29

[a] Torsion angle between the two connected naphthalene units C3-C4-
C10’-C9’. [b] Calculated at the B3PW91/6-31 g ACHTUNGTRENNUNG(d,p) level of theory.

Figure 1. Molecular structure of 3 : top view (top) and side view
(bottom). Thermal ellipsoids were drawn at the 50% probability level.
Principal bond lengths [�]: C23�C21 1.526(3), C21�N1 1.329(3), C1�N1
1.350(3), C7�N2 1.348(3), C1�C2 1.426(3), C2�C3 1.354(3), C3�C4
1.435(3), C4�C5 1.425(3), C4�C10’ 1.416(3), C5�C6 1.424(3), C6�C7
1.411(3), C7�C8 1.425(3), C8�C9 1.351(3), C9�C10 1.445(3).
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ed analogues, which allowed a systematic study of their opti-
cal properties in THF. As observed for the UV/Vis absorp-
tion spectra of the previously published TAPP derivatives
recorded in concentrated acids,[15,20] the UV/Vis absorption
spectra of compounds 1–5 recorded in neat THF are almost
superimposable. They display a characteristic visible absorp-
tion band with a maximum at 436 nm (log e= 4.50–4.80,
Table 2). The band is characterised by a strong vibrational
progression of about 1450 cm�1, typical for p* !

p transitions
in polycondensed aromatics and, in particular, for perylene
derivatives. The absence of a significant effect of the sub-
stituents in the 2- and 9-positions on the absorption spectra

indicates that their influence on the HOMO–LUMO gap of
the tetraazaperopyrene core is negligible; we attribute this
result to the fact that the frontier orbitals of the TAPPs ex-
hibit a nodal plane running along their long molecular axis
and therefore passing through the carbon atoms C2 and
C9.[15,20]

As expected, the emission spectra image the mirror sym-
metry of the absorbance spectra with Stokes shifts of about
10 nm (Figure 3 top). The fluorescence spectra of com-
pounds 1–5 recorded in THF are characterised by an emis-
sion band with a maximum at 446 nm with the characteristic
vibrational progression (Table 2). The perfluoroalkyl sub-
stituents have a remarkable effect on the emission charac-
teristics of the TAPPs: Whilst the luminescence quantum
yields of the previously known TAPP derivatives in organic
solvents did not exceed 0.01, the corresponding values of
the 2,9-bisperfluoroalkyl-substituted TAPPs in THF are sig-
nificantly increased, ranging from 0.30 (1) to 0.50 (2–5). This
remarkable enhancement is probably due to the reduced
tendency to form aggregates in solution.

Figure 2. Packing of the molecules of 8 in the crystal form showing the
slip-stacked face-to-face arrangement from two different views.

Table 2. p* !

p Transition lmax [nm] and vibrational progression Dn

[cm�1] in the absorption and emission spectra recorded in THF.

lmax [nm]ACHTUNGTRENNUNG(log e)
DnACHTUNGTRENNUNG[cm�1]

lem [nm]
(Stokes Shift)

fem t

[ns]

1 436 (–[a]), 1454 445 ( 9) 0.30 2.53
2 436 (4.50) 1401 446 (10) 0.53 2.37
3 436 (4.70) 1454 448 (12) 0.51 2.44
4 436 (4.74) 1454 445 ( 9) 0.53 2.49
5 436 (4.80) 1454 445 ( 9) 0.55 2.51
6 469 (4.80) 1457 479 (10) 0.78 2.38
7 469 (4.91) 1509 480 (13) 0.80 2.33
8 469 (4.89) 1405 479 (10) 0.78 2.34
9 468 (4.77) 1412 479 (11) 0.81 2.34

[a] Compound was not completely dissolved.

Figure 3. Top: normalised UV/Vis absorption (solid line) and emission
(dashed line) spectra of compound 3 ; bottom: normalised UV/Vis ab-
sorption (solid line) and emission (dotted line) spectra of compound 8 re-
corded in THF.
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On the other hand, substitution of the tetraazaperopyrene
core leads to a drastic change of the absorption properties,
because this affects the frontier orbitals to a different
degree (vide infra). In this case, the HOMO–LUMO gap is
significantly altered. The core-substituted derivatives 6–9
are yellow to red in the solid state and their colour in solu-
tion is strongly dependent on the concentration, ranging
from bright yellow to deep orange to red. As for the com-
pounds discussed above, the UV/Vis absorption spectra of
derivatives 6–9 in THF are almost superimposable. Com-
pared to 1–5, their absorption band is significantly shifted to
greater wavelengths, displaying a maximum at 469 nm
(log e=4.70–4.90; Table 2) as well as a strong vibrational
progression of about 1400 cm�1 (Figure 3 bottom).

As in the case of 1–5, the emission spectra of 6–9 show
the characteristic mirror image of the absorption spectra
(Figure 3 bottom) with Stokes shifts of about 10 nm and
a maximum at 479 nm with the characteristic vibrational
progression (Table 2). The introduction of the chlorine sub-
stituents not only leads to a significant bathochromic shift of
the absorption and emission bands, but also results in an in-
crease of the luminescence quantum yields (FEm(2)=0.50
compared to FEm(7)= 0.80; Table 2).

Electronic structures of the TAPP derivatives: For the de-
termination of the predominant type of charge carriers in an
organic material as well as for their stability in typical or-
ganic semiconductors, the knowledge of the relative HOMO
and LUMO energetic positions is crucial. In the case of or-
ganic n-type materials, in which the charge transport occurs
predominantly by hopping through low-lying LUMOs, ener-
gies of less than �3.8 eV are required for an efficient elec-
tron injection into the semiconductor according to the litera-
ture.[11e, 17,21] Furthermore, the lower the LUMO energy, the
lower is the bias required for injection of the charge carriers
and the less susceptible are the electrons to trapping.

The electronic properties of the new TAPP derivatives
were experimentally characterised by cyclic voltammetry
(CV) and UV/Vis absorption spectroscopy (vide supra). Fur-
thermore, DFT calculations were performed to investigate
the frontier molecular orbital energies. The ground-state ge-
ometries of all TAPP derivatives were optimised at the
B3PW91/6-31 g ACHTUNGTRENNUNG(d,p) level of theory, followed by frequency
analyses to verify the energy minima. In general, the opti-
mised structures were in good agreement with the metric
parameters of the crystallographically characterised TAPP
derivatives.

The calculated (gas-phase) LUMO energies as well as the
data derived from cyclic voltammetry[22] are summarised in
Table 3. The cyclic voltammograms of the non-chlorinated
TAPP derivative 5 (Figure 4 a) and of the chlorinated conge-
ner 8 (Figure 4 b), recorded in THF, illustrate the influence
of the core substitution on the redox behaviour of tetraaza-
peropyrenes. In all cases, the experimentally determined
values (CV) and the orbital energies calculated by DFT are
in excellent agreement, indicating that the chosen computa-
tional method is suitable for the prediction of the electronic

properties of TAPP derivatives. As already discussed above,
it is not possible to change the HOMO–LUMO gap of these
compounds significantly by variation of the substituents in
the 2- and 9-positions, owing to the fact that their frontier
orbitals exhibit a nodal plane that runs through the substi-
tuted carbon atoms.[20] However, the frontier molecular orbi-
tal energies themselves are influenced, as illustrated by com-

Table 3. Cyclovoltammetric data, LUMO energies and electron affinities
for compounds 1–9.

ERed1

[V][a]
ERed2

[V][a]
ELUMO

[eV][b]
ELUMO

[eV][c]
EA
[eV][c]

1 – – – �3.66 2.46
2 �0.53 �0.95 �3.72 �3.68 2.51
3 �0.53 �0.96 �3.72 �3.70 2.53
4 �0.50 �0.92 �3.72 �3.71 2.55
5 �0.53 �0.96 �3.72 �3.72 2.57
6 �0.22 �0.61 �4.02 �4.11 3.01
7 �0.22 �0.62 �4.03 �4.14 3.05
8 �0.18 �0.59 �4.06 �4.14 3.07
9 �0.21 �0.61 �4.03 �4.14 3.08

[a] Measured against SCE in THF. [b] Determined according to literature
methods using Fc/Fc+ as an internal standard (EHOMO(Fc) =�4.8 eV).[22]

[c] Calculated at the B3PW91/6-31 g ACHTUNGTRENNUNG(d,p) level of theory.

Figure 4. Cyclic voltammogram of a) 5 and b) 8 recorded in THF (sweep
rate 50 mV s�1; supporting electrolyte Bu4NPF6, reference SCE).
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parison of the experimentally determined LUMO energy of
4 (�3.72 eV) with the corresponding value of its non-fluori-
nated analogue 2,9-di-n-butyl-TAPP[23] (�3.38 eV). As ex-
pected, the introduction of electron-withdrawing groups
leads to a significant lowering of the LUMO energies which
for the 2,9-perfluoroalkyl-substituted TAPP derivatives
come close to the range that is desirable for organic n-chan-
nel TFTs (vide supra).

In the same way as the LUMO energies were lowered,
the calculated electron affinities (EAs) increased by chang-
ing the substituent from alkyl to perfluoroalkyl (for exam-
ple: 2,9-di-n-butyl-TAPP: 2.37 eV; 4 : 2.55 eV). EAs serve as
a second indicator determining the suitability of an organic
material as an organic semiconductor. Chao et al. have re-
cently elucidated the correlation between ambient stability
of known n-type semiconductors and the adiabatic electron
affinity of the organic molecule and derived a threshold
value of 2.8 eV to provide the stability of the radical anion
species against ambient oxidants, such as water and
oxygen.[24] The EAs of the derivatives discussed herein
(Table 3) were calculated by optimising the structure of the
anionic species, using the previously optimised geometry of
the neutral species as a starting point and taking the differ-
ence of the total energies of both species. It is evident that
the influence of the electron-withdrawing perfluoroalkyl
groups is too small to lead to a sufficient increase of the
EAs as well as a sufficient decrease of the LUMO energies
for the application of these molecules as organic n-type sem-
iconducting materials. However, the introduction of addi-
tional electron-withdrawing groups, such as the four chlorine
substituents in 6–9, led to a further decrease of the LUMO
energies as well as a sufficient increase of the EAs
(Table 3). For all four chlorinated derivatives 6–9 the
LUMO energies and EAs lie in the above-mentioned target
area for potential n-type organic semiconductors.

Electron mobility of the TAPPs in thin-film transistors : The
potential of the TAPPs for transistor applications was evalu-
ated in bottom-gate, top-contact TFTs and complementary
circuits. In one type of TFT, the substrate was a doped Si
wafer (also serving as the gate electrode) and the gate di-ACHTUNGTRENNUNGelectric a combination of 100 nm thick SiO2 (grown by ther-
mal oxidation), 8 nm thick AlOx (deposited by atomic layer

deposition), and a 1.7 nm thick self-assembled monolayer
(SAM) of tetradecylphosphonic acid. We note that high-
quality aliphatic SAMs often enhance the morphology of
the organic semiconductor layer, and since alkylphosphonic
acids form high-quality SAMs on AlOx but not on SiO2,

[25]

the SiO2 layer was first covered with AlOx. In the second
type of TFT, the substrate was either Si or glass, the gate
electrode 20 nm thick Al (deposited by evaporation through
a shadow mask), and the gate dielectric a combination of
3.6 nm thick AlOx (grown by plasma oxidation) and
a 1.7 nm thick SAM of tetradecylphosphonic acid. A 20–
30 nm thick layer of the corresponding TAPP derivative was
vacuum-deposited onto the gate dielectric, and Au source/
drain contacts were deposited on top of the semiconductor
by evaporation through a shadow mask. All measurements
were carried out in air.

In n-channel TFTs, a positive gate-source voltage induces
accumulation of electrons in the semiconductor near the di-
electric interface and thereby a positive drain current. The
TFT parameters electron mobility (mn), on/off current ratio
(Ion/Ioff), threshold voltage (Vth) and subthreshold swing (SS)
were extracted from the current–voltage characteristics.[26]

The mobility was determined in the saturation regime.
All TFTs exclusively display n-channel characteristics and

can be operated in air. The TFT parameters are summarised
in Table 4. For each compound, the optimum substrate tem-
perature was independently determined. The best perfor-
mance was obtained with the heptafluoropropyl-substituted
core-chlorinated derivative 8 deposited onto substrates held
at a temperature of 90 8C. In this case an electron mobility
of 0.14 cm2 V�1 s�1 was measured for TFTs on Si substrates
with a thick SiO2/AlOx/SAM gate dielectric, and an electron
mobility of 0.035 cm2 V�1 s�1 for TFTs on glass substrates
with a thin AlOx/SAM gate dielectric (see Figure 5). Shelf-
life tests indicate that TFTs based on 8 have excellent stabil-
ity in air even over periods of 3–4 months.

It is interesting to note, that for both the core-substituted
TAPPs (7–9) and the derivatives without core substituents
(2–5), the maximum electron mobility was measured for the
molecules with the heptafluoropropyl substituents (3 and 8).
A similar observation was recently reported by Schmidt
et al. for perylene tetracarboxylic diimides (PTCDIs) with
fluoroalkyl substituents ranging in length from two to five

Table 4. Summary of the transistor parameters electron field-effect mobility (mn), on/off current ratio (Ion/Ioff), threshold voltage (Vth) and subthreshold
swing (SS) measured in ambient air.

TFTs with thick SiO2/AlOx/SAM gate dielectric TFTs with thin AlOx/SAM gate dielectric
mn [cm2 V�1 s�1] Ion/Ioff, Vth [V] SS [V decade�1] T [8C][a] mn [cm2 V�1 s�1] Ion/Ioff, Vth [V] SS [V decade�1] T [8C][a]

1 0.04 106 29 1.6 70 0.01 102 2.2 0.28 70
2 0.03 105 32 3.0 70 0.01 104 2.0 0.26 70
3 0.05 105 29 2.0 100 0.03 103 2.1 0.27 100
4 0.01 104 34 2.3 70 0.03 103 1.6 0.20 100
5 0.002 104 36 3.3 90 0.005 103 1.9 0.37 100
6 0.01 104 22 2.6 70 0.001 103 1.2 0.42 70
7 0.01 105 25 2.4 70 0.015 104 1.7 0.25 70
8 0.14 106 22 2.0 90 0.035 105 1.7 0.25 90
9 0.005 105 20 3.6 100 0.005 103 1.2 0.31 100

[a] Substrate temperature during semiconductor deposition.
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carbon atoms, which exhibited a maximum mobility (mn =

1.2 cm2 V�1 s�1 in air) for molecules with heptafluoropropyl
substituents connected to the nitrogen atoms of the PTCDI
core through a methylene bridge.[11e]

Comparing the two compounds with the optimum fluo-
roalkyl chain length, 3 (without core substitution) and 8
(with core substitution), it can be seen that the core chlori-
nation provides a higher electron mobility. Since the effi-
ciency of the charge-carrier transport in organic semicon-
ductors is in part determined by the arrangement of the
molecules in the solid state,[27] it is reasonable to consider
the parameters obtained from the X-ray analysis of the crys-
tallised compounds (Table 1). The results show that the in-
terplanar distance between neighbouring molecules in the
solid-state structures is slightly smaller in the case of 8
(3.38 �) compared to 3 (3.51 �). A smaller intermolecular
distance, as in the case of 8 compared with 3, generally
leads to better overlap of the p orbitals and thereby to
larger carrier mobility.[28]

Organic complementary circuits : By integrating n- and p-
channel TFTs on the same substrate, complementary circuits
can be implemented. Compared with unipolar circuits, in
which all TFTs conduct the same carrier type, complementa-
ry circuits provide several advantages, including larger gain
and smaller static power consumption. The schematic repre-
sentation, a photograph and the transfer characteristics of
a complementary inverter with an n-channel TFT based on
compound 8 and a p-channel TFT based on dinaphtho-[2,3-
b:2’,3’-f]thieno ACHTUNGTRENNUNG[3,2-b]thiophene (DNTT)[29] fabricated on
a glass substrate and patterned using shadow masks are

shown in Figure 6. The inverter has a small-signal gain of
about 370 and a static power consumption of about 100 pW.

Figure 7 shows the schematic representation, a photograph
and the measured propagation delay per stage as a function
of supply voltage of a five-stage complementary ring oscilla-
tor fabricated on a glass substrate using n-channel TFTs
based on 8 and p-channel TFTs based on DNTT; the TFTs
have a channel length of 20 mm.[30] For comparison, the stage
delay of a ring oscillator based on the same layout, but fab-
ricated using hexadecafluorocopperphthalocyanine
(F16CuPc) as the semiconductor for the n-channel TFTs is
also shown. Compared with F16CuPc, compound 8 provides

Figure 5. Current–voltage characteristics of TFTs with a vacuum-deposited layer of 8 as the semiconductor. Top: the substrate is a heavily doped Si
wafer and the gate dielectric is SiO2/AlOx/SAM with a total thickness of 110 nm; bottom: the substrate is glass and the gate dielectric is AlOx/SAM with
a total thickness of 5.3 nm.

Figure 6. Schematic representation, photograph and transfer characteris-
tics of a complementary inverter with an n-channel TFT based on 8 and
a p-channel TFT based on DNTT.
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larger electron mobility (0.035 instead of 0.027 cm2 V�1 s�1)
and thus faster circuit speed.[30] Table 5 provides a literature
summary of all air-stable organic complementary ring oscil-
lators and their performance characteristics reported to
date.

Conclusion

In this paper we have presented the synthesis and character-
isation of a range of 2,9-perfluoroalkyl-substituted tetraaza-
peropyrene derivatives (1–5) and their fourfold core-chlori-
nated congeners (6–9). The optical and electrochemical data
demonstrate the drastic influence on the properties that can
be achieved by core substitution of TAPPs. In the course of
this work we have, for the first time, investigated the perfor-
mance of TAPP derivatives in organic thin-film transistors.
Thereby, we were able to obtain high-performance n-chan-
nel transistors with a field-effect mobility of up to

0.14 cm2 V�1 s�1, an on/off current ratio of >106 and, above
all, remarkable long-term stabilities under ambient condi-
tions of the devices based on compound 8. These promising
results as well as the newly acquired ability to change the
substitution pattern of the tetraazaperopyrene not exclusive-
ly in the 2- and 9-positions, but also on the central aromatic
core, encouraged us to further enhance and improve the
properties of this class of compounds with regard to their
application as n-type organic semiconductors. Such work is
currently under way in our laboratory.

Experimental Section

The syntheses of the 2,9-perfluoroalkyl-substituted tetraazaperopyrenes
were performed under dried argon in standard (Schlenk) glassware which

was flame dried with a Bunsen burner
prior to use. Solvents were dried ac-
cording to standard procedures and sa-
turated with argon. Solids were sepa-
rated from suspensions by centrifuga-
tion, thus avoiding filtration proce-
dures. The centrifuge employed was
a Rotina 48 (Hettich Zentrifugen,
Tuttlingen, Germany) which was
equipped with a specially designed
Schlenk tube rotor.

The 1H and 13C NMR spectra were re-
corded by using Bruker AVANCE 400
and 600II+ spectrometers equipped
with variable-temperature units. Ele-
mental analyses were carried out in
the Microanalytical Laboratory of the
Chemistry Department at the Univer-
sity of Heidelberg. 4,9-Diamino-3,10-
perylenequinone diimine (DPDI) was
synthesised as reported previously.[13]

Dichloroisocyuanuric acid was sup-
plied by BASF SE. All other starting
materials were obtained commercially
and used without further purification.

General procedure A for the prepara-
tion of the 2,9-disubstituted 1,3,8,10-
tetraazaperopyrene (TAPP) deriva-

tives: Triethylamine (0.4 mL, 2.8 mmol) and the corresponding acid chlo-
ride or the acid anhydride (2.5 mmol) were added to a suspension of 4,9-
diaminoperylene-quinone-3,10-diimine (DPDI; 310 mg, 1 mmol)[13] in
THF (30 mL), and the mixture was heated to reflux for 72 h. The mixture
was allowed to cool to room temperature. The resulting suspension was
filtered, washed several times with acetone, ethanol and finally pentane
(200 mL). The brown solids were purified by sublimation at 440 8C in a ni-
trogen stream.

Preparation of 2,9-bis(trifluoromethyl)-1,3,8,10-tetraazaperopyrene (1):
Synthesised according to general procedure A. Acid anhydride: trifluoro-
acetic anhydride; yield: 280 mg (0.6 mmol; 60 %) of 1 as yellow needles;
1H NMR (399.89 MHz, D2SO4, 300 K): d =10.44 (d, 3JHH = 9.8 Hz, 4 H;
C3H), 9.09 ppm (d, 3JHH =9.1 Hz, 4H; C2H); 13C NMR (150.90 MHz,
[D1]TFA, 295 K): d=154.5 (C1), 150.8 (q, 2JCF = 41.0 Hz, C21), 139.8
(C3H), 132.3 (C4), 129.8 (C2H), 122.9 (C5), 120.7 (q, 1JCF = 275.3 Hz, CF3),
117.8 ppm (C6); 19F NMR (376.27 MHz, D2SO4, 295 K) d =�66.97 ppm
(s, 6F; CF3); HRMS (EI): m/z calcd for C24H8F6N4: 466.0653; found:
466.0645; elemental analysis calcd (%) for C24H8F6N4: C 61.81, H 1.73, N
12.01; found: C 61.97, H 1.85, N 12.04.

Preparation of 2,9-bis(pentafluoroethyl)-1,3,8,10-tetraazaperopyrene (2):
Synthesised according to general procedure A. Acid anhydride: penta-

Figure 7. Schematic representation, photograph and signal propagation
delay as a function of supply voltage of a 5-stage complementary ring os-
cillator with n-channel TFTs based on 8 and p-channel TFTs based on
DNTT. The TFTs have a channel length of 20 mm. For comparison, the
signal delay of a ring oscillator with n-channel TFTs based on hexadeca-
fluorocopperphthalocyanine (F16CuPc) is also shown.

Table 5. Literature summary of the circuit parameters of air-stable organic complementary ring oscillators re-
ported to date.

n-Channel TFT
semiconductor

n-Channel
TFT mobilityACHTUNGTRENNUNG[cm2/Vs]

Ring oscillator
operating
voltage [V]

Maximum
inverter
small-signal
gain

Minimum
ring oscillator
signal delay
[ms per stage]

Reference

F16CuPc 0.004 100 7 38 [31a]
F16CuPc 0.02 100 4 10 [31b]
F16CuPc 0.002 8–40 6 8 [31c]
F16CuPc 0.02 1.5–3.5 100 2000 [8a]
PTCDI derivative 0.02 100 n/a 45 [31d]
PTCDI derivative 0.001 12 6 740 [31e]
F16CuPc 0.01 1.5–3 40 4500 [31f]
F16CuPc 0.03 1–3 400 1700 [30]
P(NDI2OD-T2) 0.4 20–100 30 2 [31g]
PTVPhI-Eh 0.27 80–160 60 8.3 [31h]
n/a 0.03 40 30 384 [31i]
P(NDI2OD-T2) 0.007 0.2–1.5 18 520 [31j]
F16CuPc 0.02 2 44 110 000 [31k]
PTCDI derivative 0.003 100 6 1500 [31l]
F16CuPc n/a 1–3 30 5600 [31m]
TAPP derivative 0.035 3–4 370 1400 this work
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fluoropropionic anhydride; yield: 360 mg (0.6 mmol; 60 %) of 2 as yellow
needles; 1H NMR (600.13 MHz, D2SO4, 295 K): d=10.71 (d, 3JHH =

10.3 Hz, 4H; C3H), 9.35 ppm (d, 3JHH =9.1 Hz, 4H; C2H); 13C NMR
(150.90 MHz, [D1]TFA, 295 K): d=154.4 (C1), 150.8 (t, 2JCF =28.7 Hz,
C21), 140.0 (C3H), 132.4 (C4), 129.8 (C2H), 122.8 (C5), 118.0 ppm (C6);
19F NMR (376.27 MHz, D2SO4, 295 K) d=�81.6 (m, 6F; CF3),
�117.4 ppm (m, 4F; CF2); HRMS (FAB+): m/z calcd for C26H9F10N4:
567.0668; found: 567.0664; elemental analysis calcd (%) for C26H8F10N4:
C 55.14, H 1.42, N 9.89; found C 55.27, H 1.72, N 9.90.

Preparation of 2,9-bis(heptafluoropropyl)-1,3,8,10-tetraazaperopyrene
(3): Synthesised according to general procedure A. Acid anhydride: hep-
tafluorobutyric anhydride; yield: 350 mg (0.5 mmol; 53 %) of 3 as yellow
needles; 1H NMR (600.13 MHz, D2SO4, 295 K): d=10.70 (d, 3JHH =

10.1 Hz, 4H; C3H), 9.36 ppm (d, 3JHH =9.0 Hz, 4H; C2H); 13C NMR
(150.90 MHz, [D1]TFA, 295 K): d=154.5 (C1), 150.9 (t, 2JCF =29.5 Hz,
C21), 139.9 (C3H), 132.4 (C4), 129.9 (C2H), 122.9 (C5), 118.0 ppm (C6);
19F NMR (376.27 MHz, D2SO4, 295 K) d =�79.7 (t, 3JFF =9.1 Hz, 6 F;
CF3), �114.6 (m, 4 F; CF2), �124.2 ppm (m, 4F; CF2); HRMS (FAB+):
m/z calcd for C28H9F14N4: 667.0604; found: 667.0611; elemental analysis
calcd (%) for C28H8F14N4: C 50.47, H 1.21, N 8.41; found: C 50.28, H
1.36, N 8.30.

Preparation of 2,9-bis(nonafluorobutyl)-1,3,8,10-tetraazaperopyrene (4):
Synthesised according to general procedure A. Acid chloride: perfluoro-
pentanoyl chloride; yield: 398 mg (0.5 mmol; 52%) of 4 as yellow nee-
dles; 1H NMR (600.13 MHz, D2SO4, 295 K): d=10.70 (d, 3JHH =10.2 Hz,
4H; C3H), 9.37 ppm (d, 3JHH =8.4 Hz, 4H; C2H); 13C NMR (150.90 MHz,
[D1]TFA, 295 K): d= 154.5 (C1), 151.1 (t, 2JCF = 28.8 Hz, C21), 139.9
(C3H), 132.4 (C4), 129.9 (C2H), 122.9 (C5), 118.0 ppm (C6); 19F NMR
(376.27 MHz, D2SO4, 295 K) d =�81.2 (t, 3JFF = 9.3 Hz, 6 F; CF3), �113.9
(m, 4F; CF2), �120.5 (m, 4F; CF2), �125.5 ppm (m, 4 F; CF2); HRMS
(FAB+): m/z calcd for C30H9F18N4: 767.0540; found: 767.0537; elemental
analysis calcd (%) for C30H8F18N4: C 47.02, H 1.05, N 7.31; found C 47.23,
H 1.32, N 7.48.

Preparation of 2,9-bis(tridecafluorohexanoyl)-1,3,8,10-tetraazaperopyrene
(5): Synthesised according to general procedure A. Acid chloride: tride-
cafluorohexanoyl chloride; yield: 398 mg (0.5 mmol; 52%) of 5 as yellow
needles; 1H NMR (600.13 MHz, D2SO4, 295 K): d=10.71 (d, 3JHH =

10.2 Hz, 4H; C3H), 9.37 ppm (d, 3JHH =8.2 Hz, 4H; C2H); 13C NMR
(150.90 MHz, [D1]TFA, 295 K): d=154.4 (C1), 151.1 (t, 2JCF =29.9 Hz,
C21), 139.9 (C3H), 132.4 (C4), 129.9 (C2H), 122.9 (C5), 117.9 ppm (C6);
19F NMR (376.27 MHz, D2SO4, 295 K)=�81.3 (t, 3JFF =9.8 Hz, 6F; CF3),
�113.7 (m, 4F; CF2), �119.5 (m, 4F; CF2), �121.4 (m, 4F; CF2), �123.0
(m, 4 F; CF2), �126.5 ppm (m, 4F; CF2); HRMS (FAB+): m/z calcd for
C34H9F26N4: 967.0412; found: 967.0430; elemental analysis calcd (%) for
C34H8F26N4: C 42.26, H 0.83, N 5.80; found: C 42.26, H 0.95, N 5.93.

General procedure B for the chlorination of the 2,9-disubstituted TAPP
derivatives : Dichloroisocyanuric acid (280 mg, 1.41 mmol) was added to
a solution of the 2,9-disubstituted TAPP derivative (0.25 mmol) in con-
centrated sulphuric acid (20 mL) and the mixture was stirred at 85 8C for
72 h in the dark. The mixture was allowed to cool to room temperature
and then poured in ice water. The resulting precipitate was filtered off
and extracted several times with dichloromethane. The solvent was
evaporated in vacuum and the resulting red solid recrystallised from
THF.

Preparation of 2,9-bis(trifluoromethyl)-4,7,11,14-tetrachloro-1,3,8,10-tet-
raazaperopyrene (6): Synthesised according to general procedure B.
Yield: 85 mg (0.14 mmol; 56 %) of 6 as orange needles; 1H NMR
(399.89 MHz, CDCl3, 295 K): d=9.95 ppm (s, 4 H; C3H); 13C NMR
(150.90 MHz, [D8]THF, 295 K): d =159.0 (q, 2JCF = 40.5 Hz, C21), 152.9
(C1), 136.2 (C2Cl), 133.7 (C3H), 128.4 (C4), 120.5 (C5), 119.4
(C6),116.3 ppm (q, 1JCF =286.4 Hz, CF3); 19F NMR (376.27 MHz, CDCl3,
295 K) d=�68.42 ppm (s, 6F; CF3); HRMS (EI+): m/z calcd for
C24H4

35Cl2
37Cl2F6N4:605.9035; found: 605.9010; m/z calcd for

C24H4
35Cl3

37ClF6N4: 603.9065; found: 603.9037; m/z calcd for
C24H4

35Cl4F6N4: 601.9094; found: 601.9111; elemental analysis calcd (%)
for C24H4F6Cl4N4 : C 47.72, H 0.67, N 9.27; found: C 47.32, H 1.02, N
9.45.

Preparation of 2,9-bis(pentafluoroethyl)-4,7,11,14-tetrachloro-1,3,8,10-tet-
raazaperopyrene (7): Synthesised according to general procedure B.
Yield: 155 mg (0.22 mmol; 87 %) of 7 as orange needles; 1H NMR
(600.13 MHz, CDCl3, 295 K): d= 9.95 ppm (s, 4H; CH); 13C NMR
(150.90 MHz, [D8]THF, 295 K): d =156.4–153.4 (m, C21), 152.9 (C1), 136.2
(C2Cl), 133.7 (C3H), 128.4 (C4), 120.5 (C5), 119.4 ppm (C6); 19F NMR
(376.27 MHz, CDCl3, 295 K) d=�81.4 (s, 6F; CF3), �114.9 ppm (s, 4 F;
CF2); HRMS (EI+) m/z calcd for C26H4

35Cl2
37Cl2F10N4: 705.8971; found:

705.8959; m/z calcd for C26H4
35Cl3

37ClF10N4: 703.9001; found: 703.8972;
m/z calcd for C26H4

35Cl4F10N4: 701.9030; found: 701.8984; elemental anal-
ysis calcd (%) for C26H4F10Cl4N4 : C 44.35, H 0.57, N 7.96; found: C
44.21, H 0.57, N 7.96.

Preparation of 2,9-bis(heptafluoropropyl)-4,7,11,14-tetrachloro-1,3,8,10-
tetraazaperopyrene (8): Synthesised according to general procedure B.
Yield: 137 mg (0.17 mmol; 68 %) of 8 as orange needles; 1H NMR
(399.89 MHz, [D8]THF, 295 K): d=10.47 ppm (s, 4 H; C3H); 13C NMR
(150.90 MHz, [D8]THF, 295 K): d=155.5 (t, 2JCF =25.0 Hz, C21), 152.8
(C1), 136.2 (C2Cl), 133.8 (C3H), 128.5 (C4), 120.5 (C5), 119.4 ppm (C6);
19F NMR (376.27 MHz, [D8]THF, 295 K): d=�80.9 (t, 3JFF = 9.2 Hz, 6 F;
CF3), �113.6 (q, 3JFF =9.1 Hz, 4 F; CF2), �126.0 ppm (m, 4 F; CF2);
HRMS (EI): m/z calcd for C28H4

35Cl2
37Cl2F14N4: 805.8908; found:

805.8933; m/z calcd for C28H4
35Cl3

37ClF14N4: 803.8937; found: 803.8978;
m/z calcd for C28H4

35Cl4F14N4: 801.8967; found: 801.8957; elemental anal-
ysis calcd (%) for C28H4F14Cl4N4: C 41.82, H 0.50, N 6.97; found: C 41.56,
H 0.95, N 6.94.

Preparation of 2,9-bis(nonafluorobutyl)-4,7,11,14-tetrachloro-1,3,8,10-tet-
raazaperopyrene (9): Synthesised according to general procedure B.
Yield: 99 mg (0.11 mmol; 44%) of 9 as red needles; 1H NMR
(600.13 MHz, [D8]THF, 295 K): d= 10.43 ppm (s, 4H; CH); 13C NMR
(150.90 MHz, [D8]THF, 295 K): d =155.8 (m, C21), 152.8 (C1), 136.2
(C2Cl), 133.8 (C3H), 128.5 (C4), 120.5 (C5), 119.4 ppm (C6); 19F NMR
(376.27 MHz, [D8]THF, 295 K) d =�81.8 (m, 6 F; CF3), �112.8 (m, 4 F;
CF2), �122.2 (m, 4 F; CF2), �125.9 ppm (m, 4F; CF2); HRMS (FAB+):
m/z calcd for C30H5

35Cl2
37Cl2F18N4: 906.8922; found: 906.8961; m/z calcd

for C30H5
35Cl3

37ClF18N4: 904.8951; found: 904.8951; m/z calcd for
C30H5

35Cl4F18N4: 902.8981; found: 902.8964; elemental analysis calcd (%)
for C30H4F18Cl4N4: C 39.85, H 0.45, N 6.20; found: C 39.67, H 1.50, N
6.24.

Photophysical measurements : The UV/Vis absorption spectra were re-
corded on a Cary 5000 UV/Vis/NIR spectrophotometer and were base-
line and solvent corrected. Emission spectra were recorded on a Varian
Cary Eclipse Spectrophotometer and standard corrections were applied
to all spectra. Fluorescence lifetimes were determined on a Fluotime 100
Fluorescence Lifetime System equipped with a PDL 800-D picosecond
pulsed Laser unit. The goodness of fit was assessed by minimising the re-
duced chi-squared function (c2) and visual inspection of the weighted re-
siduals. Fluorescence spectra and luminescence quantum yields (Fem)
were measured on a Varian Cary Eclipse Spectrophotometer. Lumines-
cence quantum yields (Fem) were determined in optically dilute solutions
(O.D. <0.05 at excitation wavelength) and compared to reference emit-
ters by using Equation (1),[32] in which A is the absorbance at the excita-
tion wavelength (l), I is the intensity of the excitation light at the excita-
tion wavelength (l), n is the refractive index of the solvent, D is the inte-
grated intensity of the luminescence and F is the quantum yield. The
subscripts r and x refer to the reference and the sample, respectively. All
quantum yields were performed at identical excitation wavelength for the
sample and the reference, canceling the I(lr)/I(lx) term in the equation.

Fx ¼ Fr
Ar lrð Þ
Ax lxð Þ

� �
Ir lrð Þ
Ix lxð Þ

� �
n2

x

n2
r

� �
Dx

Dr

� �
ð1Þ

For determining the quantum yields of the discussed samples in THF,
either a degassed solution of perylene (F=0.94)[33] in cyclohexane (1–5)
or an aqueous solution (0.1 m NaOH) of fluorescein (F =0.87; 6–9) was
used. The solvents for spectroscopic studies were of spectroscopic grade
and used as received.

Cyclic voltammetry : Cyclic voltammetry was performed with a standard
commercial electrochemical analyser in a three electrode single-compo-
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nent cell under argon. A platinum disk was used as the working elec-
trode, a platinum wire as the counter electrode and a saturated calomel
electrode as the reference electrode. All potentials were internally refer-
enced to ferrocene. THF was used as solvent that was dried over Na/K
and degassed prior to measurement. The supporting electrolyte was 0.1m

tetrabutylammonium hexafluorophosphate. The measurements were car-
ried out under exclusion of air and moisture.

Computational details : The DFT-B3PW91 functional has been employed
to model the systems in this work with a 6–31 g ACHTUNGTRENNUNG(d,p) basis set for all
atoms.[34] All the calculations have been carried out with the GAUSSI-
AN03 program package.[35] Every optimisation was followed by a frequen-
cy analysis to verify the energy minima. Electron affinities were deter-
mined by optimising the structure of the anionic species, using the previ-
ously optimised geometry of the neutral species as input and taking the
difference of the total energies of both species.

X-ray crystal structure determinations : Crystal data and details of the
structure determinations are listed in Table 6. Full shells of intensity data
were collected at low temperature (100 K) with a Bruker AXS Smart
1000 CCD diffractometer (MoKa radiation, graphite monochromator, l=

0.71073 �). Data were corrected for air and detector absorption, Lorentz
and polarisation effects;[36] absorption by the crystal was treated numeri-
cally or with a semiempirical multiscan method.[37–39] The structures were
solved by conventional direct methods[40, 41] or by the charge flip proce-
dure[42] and refined by full-matrix least-squares methods based on F2

against all unique reflections.[41, 43] All non-hydrogen atoms were given
anisotropic displacement parameters. Hydrogen atoms were generally
placed at calculated positions and refined with a riding model. When jus-
tified by the quality of the data the positions of some hydrogen atoms
(compound 3) were taken from difference Fourier syntheses and refined.
Crystals of compound 8 were twinned. Data were collected from a speci-
men with 0.84:0.16 twin fractions. Only singles and composites that in-
cluded the larger domain were used for refinement.

CCDC-844501 (3), CCDC-844502 (7) and CCDC-844503 (8) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Table 6. Details of the crystal structure determinations of 3, 7 and 8.

3 7 8

formula C28H8F14N4 C26H4Cl4F10N4 C28H4Cl4F14N4

Mr 666.38 704.13 804.15
crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
a [�] 4.905(2) 4.945(3) 4.949(3)
b [�] 9.603(5) 9.477(6) 9.876(6)
c [�] 13.345(7) 13.060(8) 13.664(7)
a [8] 110.800(8) 82.158(8) 102.988(9)
b [8] 91.275(15) 81.684(9) 95.324(11)
g [8] 101.904(11) 87.061(17) 91.551(9)
V [�3] 571.8(5) 599.6(6) 647.2(6)
Z 1 1 1
F000 330 346 394
1calcd [Mg m�3] 1.935 1.950 2.063
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.197 0.602 0.593
max/min transmission 0.8623/0.7806 1.0000/0.7986 0.74633/0.65680
q range [8] 2.3– 27.9 2.2–27.1 2.1–32.0
index ranges �6�h�6 �6�h�6 �7�h�7

�12�k�11 �11�k�12 �14�k�14
0� l�17 0� l�16 0� l�20

reflections measured 11120 10314 25 622
unique [Rint] 2727 [0.0452] 2633 [0.0526] 4169 [0.0545]
observed [I�2s(I)] 1739 1902 3171
parameters refined 220 199 226
GooF on F2 1.006 1.028 1.063
R indices [F>4s(F)] R(F), wR(F2) 0.0457, 0.1063 0.0515, 0.1306 0.0532, 0.1303
R indices (all data) R(F), wR(F2) 0.0897, 0.1263 0.0804, 0.1445 0.0731, 0.1377
largest residual peaks [e ��3] 0.423, �0.306 0.530, �0.518 0.705, �0.660
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SI.1 Synthesis and Analytical Data of 2,9-di-n-butyl-1,3,8,10-tetraaza 

peropyrene 

 

To a suspension of 310 mg (1 mmol) 4,9-diaminoperylene-

quinone-3,10-diimine (DPDI)[SI1] in 30 ml THF 0.4 ml 

(2.8 mmol) triethylamine and 0.3 ml (2.5 mmol) of pentanoyl 

chloride were added, and the mixture was heated to reflux for 72 h. The mixture was allowed 

to cool to room temperature. The resulting suspension was filtered, washed several times with 

acetone, ethanol and finally pentane (200 ml). The brown solids were purified by sublimation 

at 440 °C in a nitrogen stream. 

 
1H NMR (399.89 MHz, [D1]TFA, 300 K):  = 10.42 (d, 4H, 3J = 9.5 Hz, C3H), 9.11 ppm (d, 

4H, 3J = 9.5 Hz, C2H), 3.67 ppm, (t, 6H, 3JHH = 7.9 Hz, CH2), 2.16 (quint, 4H, 3JHH = 7.4 Hz, 

CH2), 1.60 (sext, 4H, 3JHH = 7.4 Hz, CH2), 1.02 (t, 6H, 3JHH = 7.3 Hz, CH3); 
13C NMR 

(150.90 MHz, [D1]TFA, 295 K):  = 166.6 (C21), 153.6 (C1), 140.5 (C3), 131.9 (C4H), 128.0 

(C2H), 122.7 (C5), 116.1 (C6), 38.2 (CH2), 33.1 (CH2), 24.3 (CH2), 14.0 (CH3); HRMS 

(FAB+) m/z calcd for C30H27N4: 443.2236; found: 443.2257; elemental analysis calcd (%) for 

C30H26N4: C 81.42, H 5.92, N 12.66; found: C 81.73, H 6.00, N 12.43. 

Cyclic voltammetry data measured in THF: Ered1 = -0.84 V; Ered2 = -1.23 V. 

ELUMO(CV)[SI2] = - 3.38 V. 

EA (calculated at the B3PW91/6-31g(d,p) level of theory) = 2.37 V. 
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