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Core-Brominated Tetraazaperopyrenes as n-Channel 
Semiconductors for Organic Complementary Circuits 
on Flexible Substrates
 Organic thin-fi lm transistors (TFTs) are prepared by vacuum deposition and 
solution shearing of 2,9-bis(perfl uoroalkyl)-substituted tetraazaperopyrenes 
(TAPPs) with bromine substituents at the aromatic core. The TAPP deriva-
tives are synthesized by reacting known unsubstituted TAPPs with bromine 
in fuming sulphuric acid, and their electrochemical properties are studied 
in detail by cyclic voltammetry and modelled with density functional theory 
(DFT) methods. Lowest unoccupied molecular orbital (LUMO) energies and 
electron affi nities indicate that the core-brominated TAPPs should exhibit 
n-channel semiconducting properties. Current-voltage characteristics of the 
TFTs established electron mobilities of up to   μ   n   =  0.032 cm 2  V  − 1  s  − 1  for a 
derivative which was subsequently processed in the fabrication of a comple-
mentary ring oscillator on a fl exible plastic substrate (PEN). 
  1. Introduction 

 In recent years polycyclic aromatic hydrocarbons have found 
application as semiconducting materials, for example in light-
emitting diodes, solar cells or thin-fi lm transistors (TFTs). [  1  ]  
Apart from polymeric organic semiconductors, small molecules 
such as acene or rylene derivatives have been widely studied in 
organic TFTs. [  2  ]  While numerous p-channel semiconducting 
materials with high hole mobilities are known, the development 
of air-stable n-channel semiconducting materials that possess 
suffi ciently high electron mobilities remains a challenge. Incor-
poration of electron-withdrawing substituents such as halogen 
atoms or perfl uorinated alkyl groups, leading to lower lowest 
unoccupied molecular orbital (LUMO) energies and increased 
electron affi nities, are common strategies to improve material 
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stability and electron mobility under 
ambient conditions. [  3  ]  High electron affi n-
ities and low-lying LUMO energy levels 
facilitate the injection of electrons and 
lead to air-stable radical anionic species. [  4  ]  

 We reported very recently on the syn-
thesis of 2,9-bis(perfl uoroalkyl)-substi-
tuted tetraazaperopyrenes (TAPPs) and 
their tetrachlorinated analogs [  5  ]  which 
displayed n–channel semiconducting 
behaviour. Organic thin-fi lm transistors 
fabricated with these TAPPs as semicon-
ducting material could be operated under 
ambient conditions and displayed excel-
lent long-term stability. [  5  ]  This class of 
compounds remains otherwise entirely 
unexplored to date. 
 In order to further investigate the semiconducting proper-
ties of tetraazaperopyrenes, we now report the synthesis of the 
analogous core-brominated tetraazaperopyrenes, along with 
their crystal structures and electrochemistry. These materials 
also show n-channel semiconducting properties in organic 
fi eld-effect transistors fabricated by vacuum deposition or by 
solution-based processing methods. In addition to individual 
TFTs with good performance and stability, we also demonstrate 
the fabrication of a complementary ring oscillator on a fl exible 
substrate (PEN) using a brominated TAPP derivative for the 
n-channel TFTs.  

  2. Results and Discussion 

  2.1. Synthesis of the Core-Brominated 2,9-bis(Perfl uoroalkyl)-
Substituted Tetraazaperopyrenes (TAPPs) 

 The synthetic route to core-brominated tetraazaperopyrenes is 
depicted in  Scheme    1  . By reacting the 2,9-bis(perfl uoroalkyl)-
substituted tetraazaperopyrenes [  5  ]  with a large excess of 
bromine in fuming sulphuric acid (20% SO 3 ) the fourfold 
brominated species were selectively obtained in good yields. 
All brominated TAPP congeners are bright orange solids that 
are soluble in common polar organic solvents like THF. It is 
remarkable that even though a large excess of bromine is used 
only four bromine substituents are introduced at the aromatic 
core. We attribute this reactivity to the different size of the 
orbital coeffi cients at the peropyrene core in strong acids such 
im Adv. Funct. Mater. 2013, 23, 3866–3874
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     Scheme  1 .     Synthetic route to fourfold core-brominated TAPP-derivatives.  

     Figure  1 .     Top view (top) and side view (bottom) of compound  3 . Thermal ellipsoids are drawn 
at the 50% probability level. Selected bond lengths [Å]: C(21)-C(23) 1.527(5); N(1)-C(21) 
1.327(5); N(1)-C(1) 1.353(5), N(2)-C(7) 1.342(5), C(1)-C(6) 1.416(5), C(1)-C(2) 1.442(5), C(2)-
C(3) 1.355(5), C(3)-C(4) 1.437(5), C(4)-C(5) 1.434(5), C(4)-C(10)’ 1.418(5), C(5)-C(6) 1.418(5), 
Br(1)-C(2) 1.873(3).  

   Table  1.     Crystallographic data of compounds  2  and  3 . 
as sulphuric acid. The theoretically modelled 
molecular frontier orbitals of protonated 
TAPP have been published earlier. [  6  ]  Since 
the orbital coeffi cients at the 4,7,11,14-posi-
tions (ortho positions) are much larger than 
the ones at the 5,6,12,13-positions (bay posi-
tions), an electrophilic attack is much more 
likely to take place in the ortho positions. 
All compounds were fully characterized by 
NMR, high resolution mass spectrometry and 
elemental analysis (see Experimental Section 
for synthetic details and full characterization 
data). We note that as previously observed for 
the core-chlorinated derivatives, core-bromi-
nation increases the solubility of the TAPPs. 
This is consistent with analogous observa-
tions for perylene diimide derivatives. [  7  ]    

  2.2. Crystal Structures 

 Single crystals of compounds  2  and  3 , that 
were suitable for X-ray diffraction, were grown 
by sublimation at 370  ° C in a horizontal glass 
tube in a weak stream of nitrogen. Both crys-
tallise in the triclinic crystal system with the 
 P 1;  space group and the solid-state struc-
tures display crystallographic  C  i  molecular 
symmetry. As an example, the molecular 
structure of  3  is shown in  Figure    1  . The mol-
ecules are characterized by the nearly planar 
peropyrene core and the perfl uoroalkyl-chains 
that point to opposite directions with respect 
to the aromatic plane. The bond lengths and 
angles of the aromatic core are nearly iden-
tical in both structures. In comparison to the 
known 2,9–bis(perfl uoroalkyl)-TAPPs with 
no or chlorine substituents at the core, [  5  ]  the 
brominated congeners exhibit a slightly more 
pronounced torsion of the peropyrene core 
(approx. 2.2 °  to 2.4 ° , see  Table    1  ). The larger 
van der Waals radius of the bromine atoms 
might lead to this torsion in order to satisfy 
the steric demand of the four core substitu-
ents in the solid state. The relatively small 
twist and the similar bond lengths and angles 
of the peropyrene core can be attributed to the 
completely conjugated, rigid aromatic system. 
As an example, the molecular structure of  3  is 
 2 3

crystal system triclinic triclinic

space group  P 1;  P 1;

 π – π -plane distance 3.38 Å 3.39 Å

packing density 2.310 g cm  − 3 2.409 g cm  − 3 

torsion angle a)  + 2.2(7) °  + 2.4(6) ° 

    a) Torsion angle between the naphthalene units C3-C4-C10 ′ -C9 ′ .   
shown in Figure  1 .   
 The packing pattern of both compounds is characterized 

by a slip-stacked face-to-face arrangement of the molecules 
( Figure    2  ) that is quite similar to the one observed for  N,N  ′ –
bis(heptafl uorobutyl)3,4:9,10-perylene diimide. [  3b  ]  Within the 
parallel stacks the molecules of TAPP  2  and  3  are displaced 
with respect to one another along the two perpendicular pseudo 
C 2  molecular axes along the cell axis  a  in a way which mini-
mizes steric repulsion due to the perfl uorinated side chains 
and bromine atoms. The perpendicular distance between the 
3867wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 3866–3874
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     Figure  2 .     Packing pattern of tetraazaperopyrene  2  in the solid state.  

   Table  2.     Cyclovoltammetric data and LUMO energies derived thereof, 
calculated LUMO energies and electron affi nities. 

 E Red1  a)  
[V]

E Red2  a)  
[V]

E LUMO(CV)  b)  
[eV]

E LUMO(DFT)  c)  
[eV]

EA d)  
[eV]

 1  − 0.18  − 0.56  − 4.03  − 4.08 3.33

 2  − 0.17  − 0.55  − 4.04  − 4.09 3.37

 3  − 0.18  − 0.56  − 4.04  − 4.10 3.40

 4  − 0.18  − 0.58  − 4.05  − 4.11 3.42

 5  − 0.18  − 0.56  − 4.03  − 4.12 3.43

    a) Measured against SCE in THF;  b) Determined according to literature methods 
using Fc/Fc  +   as an internal standard (E HOMO (Fc)  =   − 4.8 eV); [  10  ]   c) Calculated at the 
B3PW91/6-31g(d,p) level of theory;  d) Calculated at the B3PW91/6-311 + (g,d) level 
of theory.   
planes of two neighbouring molecules is 3.38 Å and 3.39 Å, 
respectively. It has been proposed that the self-segregation of 
densely packed fl uorocarbon chains from the aromatic cores 
provides a kinetic barrier to the diffusion of ambient oxidants 
which has been proven advantageous for TFT applications. [  3a,b  ]  
The stability under ambient conditions may result from such a 
structural arrangement combined with the hydrophobic effect 
resulting from the combination of close packing and perfl uoro-
alkyl chains.  

 The substitution of hydrogen atoms by bromine leads to a 
decrease of the intramolecular distance between neighbouring 
molecules, as the distance between two C 3 F 7 -tetraazapero-
pyrene-derivatives with no core substituents was previously 
reported to be 3.51 Å. [  5  ]  This decrease may in part be due to 
the slippage of neighbouring parallel oriented molecules along 
both principal molecular axes, in contrast to the unidimen-
sional displacement along the long molecular axis observed 
in the packing of the reference compound. The former leads 
to a reduction in contact area between the adjacent aromatic 
planes and thus reduction in possible repulsive interactions. 
A consequence is the observed contraction of the inter-plane 
distance. 
68 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 This observation is also in good agreement with the theory 
that a lower number of C-H contacts in polycyclic aromatic 
hydrocarbons leads to more graphite-like, closely packed struc-
tures. [  8  ]  From a crystallographic point of view, the interplanar 
distance and the signifi cant  π -overlap should be benefi cial for 
charge transport within an organic layer that is built up of these 
tetraazaperopyrene derivatives.  

  2.3. Cyclic Voltammetry and Theoretical Modelling 

 The highest occupied molecular orbital (HOMO) and LUMO 
energies of an organic molecule are key parameters deter-
mining whether holes or electrons will predominantly be trans-
ported in a thin-fi lm transistor, which has been fabricated with 
this organic material. In the case of n-type semiconductors 
LUMO energies below approximately  − 3.7 eV are thought to be 
benefi cial in order to obtain air-stable electric devices that can 
be operated under ambient conditions. [  9  ]  Furthermore, energet-
ically low-lying LUMO levels facilitate electron injection from 
high-workfunction noble metal contacts like gold. [  4a  ]  

 In a fi rst step, the frontier orbital molecular energies and elec-
tron affi nities were modelled by DFT using the B3PW91 func-
tional and a 6-31g(d,p) basis set (and a 6-311 + g(d,p) basis set 
to model the adiabatic electron affi nities (EA)). The optimized 
structures were in good agreement with the metric parameters 
established from the crystal structures of  2  and  3  (see Sup-
porting Information). The calculated HOMO and LUMO ener-
gies are summarized in  Table    2  . In order to substantiate the 
results from these calculations, the electrochemical properties 
of the tetraazaperopyrenes  1 – 5  were studied with cyclic voltam-
metry (CV). The cyclic voltammograms display two reversible 
reduction waves that correspond to the sequential formation of 
the mono- and dianion ( Figure    3  a). By using ferrocene as an 
internal standard, a correlation between the reduction poten-
tials of the perylene derivatives and their LUMO energies was 
feasible (Table  2 ). [  10  ]    

 Due to the fact that the carbon atoms 2 and 9 lie in a nodal 
plane of the frontier molecular orbitals of 2,9-bis-substituted 
tetraazaperopyrenes (Figure  3 b), [  5  ,  11  ]  the increasing chain 
length of the perfl uoroalkyl substituents does not signifi cantly 
infl uence the electrochemical properties of the derivatives  1 – 5 . 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3866–3874
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     Figure  4 .     Schematic drawing of a bottom-gate, top-contact organic thin-
fi lm transistor composed of a gate electrode on a substrate, an insulating 
dielectric, the organic semiconductor thin-fi lm as well as source and drain 
electrodes.  

        Figure  3 .     a) Cyclic voltammogramm of  1  (recorded in THF, sweep rate 
50 mV/s, supporting electrolyte  n Bu 4 NPF 6 ). b) Visualized molecular fron-
tier orbitals, HOMO (top) and LUMO (bottom), of compound  3 .  
 The fi rst and second reduction potentials are more posi-
tive than  − 0.66 V vs. SCE, indicating that the core-brominated 
TAPP derivatives should be stable against H 2 O reduction. [  3a  ,  12  ]  
The LUMO energies that can be derived from the cyclovol-
tammetric data are smaller than  − 4.0 eV, and the fi gures that 
were obtained from DFT calculations are in very good agree-
ment with these values (Table  2 ). This shows that the chosen 
computational method is well-suited for the prediction of the 
electronic properties of tetraazaperopyrenes. Additionally, 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3866–3874
electron affi nities of about 3.4 eV were calculated for the 
tetraazaperopyrenes  1 – 5 . The low LUMO energies as well 
as the high electron affi nities clearly indicate that the four-
fold core-brominated tetraazaperopyrenes should possess 
n–channel semiconducting properties.  

  2.4. Fabrication of Organic Transistors 

 Given the fact that the electrochemical data of all tetraazapero-
pyrene derivatives  1 – 5  render them potential n-channel semi-
conducting materials, their electrical properties were studied in 
thin-fi lm transistors with a bottom-gate, top-contact architec-
ture ( Figure    4  ). Electron mobilities (  μ   n ), on/off current ratios 
( I  on / I  off ), threshold voltages ( V  th ) and subthreshold swings (SS) 
were extracted from the current-voltage characteristics. [  13  ]  The 
electron mobilities were determined in the saturation regime.  

  2.4.1. TFTs Fabricated by Vacuum Deposition of the Organic 
Semiconductor 

 For TFTs operating with a thick gate dielectric a doped silicon 
wafer was used as substrate which also served as the gate elec-
trode. The gate dielectric was a combination of SiO 2  (thickness: 
100 nm), AlO  x   (thickness: 8 nm) and a tetradecylphosphonic 
acid self-assembled monolayer (SAM, thickness: 1.7 nm). For 
TFTs with thin gate dielectric, Al (thickness: 20 nm) was depos-
ited onto a doped silicon substrate. The gate dielectric was a 
combination of AlO  x   (thickness: 3.6 nm) and a tetradecylphos-
phonic acid SAM (thickness: 1.7 nm). 

 All TFTs exclusively display n-channel semiconducting prop-
erties. They operated in air without encapsulation and showed 
excellent stability under ambient conditions. The electrical 
parameters measured on TFTs with a vacuum-deposited semi-
conducting layer are summarized in  Table    3  . The optimum 
substrate temperature was individually determined for each 
compound.  

 The best performance of   μ   n   =  0.032 cm 2 /V s was measured 
for compound  3 , which contains two heptafl uoropropyl substit-
uents at the 2 and 9 position. The observation that heptafl uoro-
propyl substituents provide optimum TFT performance has 
also been made previously in our group for the unsubstituted 
and the core-chlorinated tetraazaperopyrenes [  5  ]  as well as for 
2,6-dichloro-substituted naphthalene diimides. [  14  ]  The current-
voltage characteristics of TFTs with compound  3  deposited 
in vacuum having either a thick or a thin gate dielectric are 
3869wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  3.     Summary of the electrical parameters measured in air of TFTs that were fabricated by vacuum deposition of the tetraazaperopyrenes  1 – 5 . 

 

 

  T  sub  

[ ° C]

TFTs with thick SiO 2 /AlO  x  /SAM gate dielectric TFTs with thin AlO  x  /SAM gate dielectric

  μ   n  [cm 2 /Vs]  I  on / I  off  V  th  [V] SS [V decade  − 1 ]   μ   n  [cm 2 /Vs]  I  on / I  off  V  th  [V] SS [V decade  − 1 ]

 1 80 0.0004 5  ×  10 3 17 5.3 0.000016 5  ×  10 2 0.6 1.1

 2 90 0.028 10 5 13 2.2 0.004 10 4 0.8 0.2

 3 70 0.032 5  ×  10 5 18 1.8 0.032 5  ×  10 4 0.9 0.24

 4 90 0.007 3  ×  10 5 11 2.2 0.003 5  ×  10 3 0.8 0.32

 5 100 0.003 5  ×  10 3 18 3.5 no fi eld-effect    
depicted in  Figure    5  . The thin gate dielectric has the advantage 
that the transistors can be operated with lower voltages.  

 As compound  3  is the derivative that exhibits the largest 
electron mobilities in TFTs, its long-term air stability was 
monitored. After storing TFTs in ambient air (relative humidity 
 ≈ 40%) for 200 days, an electron mobility of 0.02 cm 2 /V s was 
measured, i.e., the electron mobility of TFTs based on com-
pound  3  is relatively stable during prolonged air exposure.  

  2.4.2. Organic Transistors Based on Solution-Deposited 
Semiconductors 

 Since the core-brominated tetraazaperopyrenes displayed 
good solubility in polar organic solvents we investigated their 
behaviour and performance in organic thin-fi lm transistors 
with semiconducting layers that were processed from the 
liquid phase. In fi rst attempts, spin coating and drop casting 
experiments were carried out with the brominated TAPPs in 
THF (concentration 5 mg/mL). For TFTs that were fabricated 
via spin coating on a 100 nm SiO 2  dielectric, only small elec-
tron mobilities of approx. 10  − 8  cm 2 /V s were measured for 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  5 .     Current-voltage characteristics of TFTs with a vacuum-deposited 
gate dielectric (100 nm SiO 2   +  8 nm AlO  x    +  SAM). Bottom: thin gate dielec
compound  2  and  4 . TFTs that were fabricated via drop casting 
showed charge carrier mobilities of approx. 10  − 5  cm 2 /V s for 
compound  3  and  4 . These low values might be attributed to the 
low level of crystallinity and order of the organic layer that is 
generated by these two methods. [  15  ]  Consequently, as a third 
method, solution shearing [  16  ]  was applied to deposit the organic 
semiconductor layer onto the Si substrate. Solution shearing is 
a suitable method for generating highly crystalline and ordered 
thin-fi lms on planar substrates. Organic semiconductor layers 
that have been fabricated by shearing are characterized by larger 
crystal domains that are aligned along the shearing direction. 
Such a morphology has been reported to be benefi cial for TFT 
performance and devices that have been processed via shearing 
exhibit higher charge-carrier mobilities than devices that have 
been fabricated via other solution-based methods. [  16  ]  

 Since tetraazaperopyrene  3  displayed the highest elec-
tron mobilities in thin-fi lm transistors fabricated via vacuum 
deposition of the organic semiconductor, solution shearing 
experiments were exclusively carried out with compound  3 . A 
highly doped n-type Si (100) wafer with a 100 nm SiO 2  layer, 
that served as gate dielectric, was used as the substrate. The 
mbH & Co. KGaA, Weinheim

layer of  3  as the semiconductor fabricated on silicon substrates. Top: thick 
tric (3.6 nm AlO  x    +  1.7 nm SAM).  

Adv. Funct. Mater. 2013, 23, 3866–3874



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

   Table  4.     Summary of the mean electrical properties of OTFTs of solu-
tion-sheared TAPP  3  with regard to the shearing direction per six devices 
each. 

 parallel to shearing direction perpendicular to shearing direction

  μ   [cm 2 /Vs] 0.011  ±  0.002 0.0006  ±  0.0004

 I  on / I  off 3.0  ×  10 4 2.0  ×  10 3 

 V  th  [V] 1.6  ±  0.2 1.8  ±  0.5
shearing tool was obtained by treating a silicon wafer with octa-
decyltriethoxysilane (OTES) as described in the literature to be 
highly de-wetting. [  17  ]  For solution shearing, a solution of 2 mg/
mL of compound  3  in  ortho -dichlorobenzene was prepared and 
pre-heated to 100  ° C. The Si wafer and the shearing tool were 
pre-heated to 130  ° C prior to use and a shearing velocity of 
0.08 mm/s was employed. The thin-fi lm deposition as well as 
all measurements of the electrical properties were carried out 
in air. 

 A shearing angle of 0 °  did not lead to a closed crystalline 
layer, but for shearing angles of 15 °  and 30 °  closed layers with 
optical anisotropy could be observed under a cross-polarized 
light microscope (see Supporting Information). However, 
the highest electron mobilities were measured for thin-fi lms 
deposited with 15 °  angle and a strong anisotropy in effective 
charge carrier mobility with respect to the shearing direc-
tion was observed. Transistors that were measured parallel 
to the shearing direction showed electron mobilities of up to 
0.013 cm 2 /V s whereas transistors that were measured per-
pendicular to the shearing direction only showed values of 
0.0006 cm 2 /V s. The mean TFT parameters measured parallel 
and perpendicular to the shearing direction are summarized in 
 Table    4  .  Figure    6   shows the output and transfer characteristics 
of a TFT that was fabricated by solution shearing of compound 
 3  in parallel orientation with regard of the shearing direction.   

 Comparison of the data listed in Table  3  and  4  reveals that 
the effective electron mobility and the on/off ratio of the solu-
tion-deposited TFTs, with the current fl owing parallel to the 
shearing direction, are only slightly smaller (0.013 cm 2 /V s, 
3  ×  10   4 ) than those of the TFTs with the vacuum-deposited 
semiconductor (0.032 cm 2 /Vs , 5  ×  10   5 ). It is also interesting 
to note that the threshold voltage of the solution-processed 
TFTs is much closer to zero (1–2 V) than that of the vacuum-
deposited TFTs (18 V). It is diffi cult to say, however, whether 
this difference in threshold voltage is related to the different 
semiconductor deposition methods (solution shearing vs. 
© 2013 WILEY-VCH Verlag Gm

     Figure  6 .     Output and transfer characteristics of a TFT of TAPP  3  in paralle
regard to the shearing direction.  

Adv. Funct. Mater. 2013, 23, 3866–3874
vacuum deposition) or to the different gate dielectrics (SiO 2  
without SAM modifi cation for the solution-sheared TFTs vs. 
SiO 2  + AlO x  + SAM for the vacuum-deposited TFTs). Solution 
shearing is therefore a versatile method to rapidly produce 
large-area thin-fi lms of TAPP  3  from solution with appreciable 
electron mobility in air.   

  2.5. Complementary Inverters and Ring Oscillators 

 We fabricated complementary inverters as well as 5-stage com-
plementary ring oscillators on fl exible plastic substrates, using 
compound  3  as the semiconductor for the n-channel TFTs 
and dinaphtho-[2,3-b:2′,3′–f ]thieno[3,2–b]thiophene (DNTT) [  18  ]  
as the semiconductor for the p-channel TFTs. The fabrication 
process for the complementary inverters and ring oscillators is 
identical to that described previously, [  5  ]  except for the substrate 
which is PEN rather than glass. 

 Polyethylene naphthalate (PEN, thickness: 125  μ m) was 
used as the substrate. Al (thickness: 20 nm) was deposited by 
thermal evaporation through a shadow mask to defi ne the pat-
terned gate electrodes. The gate dielectric was a combination of 
AlO  x   (thickness: 3.6 nm) and a tetradecylphosphonic acid SAM 
(thickness: 1.7 nm). The tetraazaperopyrene derivative  3  (for 
the n-channel TFTs) and DNTT (for the p-channel TFTs) were 
vacuum-deposited onto the gate dielectric to form organic sem-
iconductor layers with a thickness of 25 to 30 nm. As the last 
step, the Au source and drain contacts were deposited on top 
of the semiconducting layer by thermal evaporation in vacuum 
through a shadow mask. All electrical measurements were car-
ried out in air. 

 The static transfer characteristics of an inverter are shown in 
 Figure    7   and a representative output signal of a ring oscillator is 
shown in  Figure    8  , along with the signal propagation delay per 
stage as a function of supply voltage measured on ring oscilla-
tors based on TFTs with channel lengths of 20 and 30  μ m. Also 
shown in Figure  8  is a comparison with literature data of the 
stage delay of fl exible organic complementary ring oscillators. [  19  ]  
For supply voltages between 0.5 and 4 V, our ring oscillators 
based on tetraazaperopyrene derivative  3  and a channel length 
of 20  μ m provide the shortest stage delay reported thus far for 
such ring oscillators. For supply voltages between 5 and 20 V, 
the best dynamic performance for fl exible organic complemen-
tary ring oscillators is that reported by Smaal et al., who used 
Polyera ActivInk N3300 as the n-channel semiconductor and 
bH & Co. KGaA, Wein

l orientation with 
implemented TFTs with a channel length of 
5  μ m. [  19h  ]      

  3. Conclusion 

 In summary we have presented a straight-
forward synthesis that selectively leads to 
fourfold core-brominated tetraazaperopyrene 
derivatives. Since these novel core-brominated 
TAPPs possess low LUMO energy levels and 
high electron affi nities, their semiconducting 
properties were studied in organic thin-
fi lm transistors that were fabricated both by 
3871wileyonlinelibrary.comheim
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     Figure  7 .     Static characteristics of fl exible organic complementary inverters based on compound  3  as the n-channel semiconductor. Left: photograph 
of the substrate. Center: circuit schematic of a complementary inverter. Right: inverter transfer characteristics.  

     Figure  8 .     Dynamic performance of fl exible organic complementary ring oscillators based on compound  3  as the n-channel semiconductor. Left: output 
signal (channel length: 20  μ m, supply voltage: 3 V). Center: stage delay as a function of supply voltage. Right: literature comparison. [  19  ]   
vacuum deposition of the organic layer as well as solution pro-
cessing. All fi ve compounds exhibit n-channel semiconducting 
properties and the highest electron mobility of 0.032 cm 2 /V s 
was found for compound  3 . With compound  3 , 5-stage comple-
mentary ring oscillators were fabricated on fl exible plastic (PEN) 
substrates. In addition to vacuum deposition, solution shearing 
of compound  3  was employed as a faster and simpler processing 
method. The highest electron mobility was measured parallel 
to the shearing direction with  μ  n   =  0.013 cm 2 /V s. The bromi-
nated TAPP derivatives have displayed remarkable stability under 
ambient conditions over periods of over 6 months. In particular, 
they offer an entry into the systematic development of derivatives 
generated by catalytic C-C and C-X- coupling to be developed in 
future studies. 

 Bromine substitution has been studied for other families 
of organic semiconductors. Jones et al. [  20a  ]  reported that the 
fi eld-effect mobilities of n-channel TFTs based on dioctyl-
dibromo-perylene tetracarboxylic diimide (PTCDI-Br 2 -(C 8 H 17 ) 2 ) 
are much smaller than those obtained with the unsubstituted 
parent compound (PTCDI-(C 8 H 17 ) 2 ) or the dicyano-substituted 
derivative (PTCDI-(CN) 2 -(C 8 H 17 ) 2 ). This might suggest that bro-
mine substitution is detrimental, but there are too many dif-
ferences between the molecules studied by Jones et al. [  20a  ]  and 
those studied here to allow a meaningful comparison (dioctyl-
PTCDI vs. bis(perfl uorobutyl)-TAPP, ortho vs. bay position, 
dibromo vs. tetrabromo substitution). Schmidt et al. [  3b  ]  reported 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
that bis(heptafl uorobutyl)-tetrabromo-perylene tetracarboxylic 
diimide (PTCDI-Br 2 -(CH 2 C 3 F 7 ) 2 ) gives smaller electron mobili-
ties than compounds with tetrafl uoro or tetrachloro substitu-
tion or without core substitution. Again, there is an important 
difference (ortho vs. bay position) that prevents a meaningful 
comparison. Finally, Usta et al. [  20b  ]  compared dioctyl- and 
bis(heptafl uorobutyl)-anthracene-dicarboximide derivatives with 
dibromo and dicyano substitution and without substitution and 
found the best performance for dicyano substitution. Finally 
we would like to note that the electron mobilities reported in 
previous studies on bromo-substituted semiconductors [  3b  ,  20a  ,  20b  ]  
are smaller than the electron mobility which we have measured 
for the TAPP derivative  3  (0.032 cm 2 /V s).  

  4. Experimental Section 
  Materials and Methods : The 2,9-bis(perfl uoroalkyl)-1,3,8,10-

tetraazaperopyrenes were synthesized as reported previously. [  5  ]  Bromine 
and fuming sulphuric acid (20% SO 3 ) were purchased from Aldrich and 
used as received.  1 H and  13 C NMR spectra were recorded on a Bruker 
Avance III spectrometer and  19 F NMR spectra on a Bruker Avance II 
spectrometer at 295K. FAB mass spectra were obtained from a JEOL 
JMS-700 and MALDI mass spectra from a Bruker apex-Qe FT-ICR 
spectrometer. Elemental analyses were carried out in the Microanalytical 
Laboratory at the Chemistry Department at the University of Heidelberg 
on a vario MICRO cube from Elementar. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3866–3874
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  Synthesis: General Procedure for the Preparation of Fourfold Core-
Brominated TAPP-Derivatives : 2.00 mmol of the corresponding 
2,9-bis(perfl uoroalkyl)-1,3,8,10-tetraazaperopyrene were dissolved in 
75 mL fuming sulphuric acid. 100 mg (0.40 mmol) iodine and 3 mL 
(60.00 mmol) bromine were added. The reaction mixture was heated 
to 80  ° C for 10 h, cooled to room temperature and poured on ice. The 
resulting precipitate was collected by fi ltration and washed thoroughly 
with aqueous sodium hydroxide, water, methanol and pentane and 
dried in vacuo. The obtained solid was sublimed in vacuo for further 
purifi cation to give a bright orange solid. 

  2,9-Bis(trifl uoromethyl)-4,7,11,14-tetrabromo-1,3,8,10-tetraazaperopyrene 
( 1 ) : Synthesized according to the general bromination procedure 
described above. Starting material: 935 mg 2,9-bis(trifl uoromethyl)-
1,3,8,10-tetraazaperopyrene. Yield: 803 mg (1.02 mmol, 51%).  1 H NMR 
(600.13 MHz, d 8 -THF,  δ ): 10.67 (s, 4H, C 3 H).  13 C NMR (150.92 MHz, 
d 8 -THF,  δ ): 157.8 (q,   2   J  CF   =  41.0 Hz, C 21 ), 152.4 (C 1 ), 136.2 (C 3 ), 127.4 
(C 2 ), 125.9 (C 4 ), 119.9 (C 5 ), 118.0 (C 6 ), 115.1 (q,  1  J CF    =  286.0 Hz, CF 3 ). 
 19 F NMR (376.27 MHz, d 8 -THF,  δ ):  − 68.76 (s, 6F, CF 3 ). HR-MS (FAB  +  , 
 m/z ) calcd. for C 24 H 5  79 Br 2  81 Br 2 F 6 N 4 : 782.7111; found: 782.7130. Anal. 
calcd. for C 24 H 4 Br 4 F 6 N 4 : C 36.87 H 0.52 N 7.17; found: C 37.06 H 0.76 
N 7.29. 

  2,9-Bis(pentafl uoroethyl)-4,7,11,14-tetrabromo-1,3,8,10-tetraazaperopyrene 
( 2 ) : Synthesized according to the general bromination procedure 
described above. Starting material: 1.13 g 2,9-bis(pentafl uoroethyl)-
1,3,8,10-tetraazaperopyrene. Yield: 1.32 g (1.50 mmol, 75%).  1 H NMR 
(600.13 MHz, d 8 -THF,  δ ): 10.68 (s, 4H, C 3 H).  13 C NMR (150.92 MHz, 
d 8 -THF,  δ ): 155.6 (C 21 ), 152.3 (C 1 ), 136.2 (C 3 ), 127.5 (C 2 ), 125.9 (C 4 ), 
119.9 (C 5 ), 117.7 (C 6 ). Perfl uorinated alkyl carbon signals were not 
resolved from underground noise.  19 F NMR (376.27 MHz, d 8 -THF,  δ ): 
 − 82.32 (m, 6F, CF 3 ),  − 115.24 (m, 4F, CF 2 ). HR-MS (FAB  +  ,  m/z ) calcd. 
for C 26 H 5  79 Br 2  81 Br 2 F 10 N 4 : 882.7047; found: 882.7031. Anal, calcd. for 
C 26 H 4 Br 4 F 10 N 4 : C 35.41 H 0.46 N 6.35; found: C 35.18 H 0.68 N 6.30. 

  2,9-Bis(heptafl uoropropyl)-4,7,11,14-tetrabromo-1,3,8,10-tetraazaperopyrene 
( 3 ) : Synthesized according to the general bromination procedure 
described above. Starting material: 1.31 g 2,9-bis(heptafl uoropropyl)-
1,3,8,10-tetraazaperopyrene. Yield: 1.59 g (1.62 mmol, 81%).  1 H NMR 
(600.13 MHz, d 8 -THF,  δ ): 10.68 (s, 4H, C 3 H).  13 C NMR (150.92 MHz, 
d 8 -THF,  δ ): 152.3 (C 1 ), 136.2 (C 3 ), 127.5 (C 2 ), 126.0 (C 4 ), 119.9 (C 5 ), 
117.7 (C 6 ). Perfl uorinated alkyl carbon signals and C 21  were not resolved 
from underground noise.  19 F NMR (376.27 MHz, d 8 -THF,  δ ):  − 80.93 
(t, 6F,  3  J FF    =  9.1 Hz, CF 3 ),  − 113.60 (m, 4F, CF 2 ),  − 125.98 (m, 4F, CF 2 ). 
HR-MS (FAB  +  ,  m/z ) calcd. for C 28 H 5  79 Br 2  81 Br 2 F 14 N 4 : 982.6983; found: 
982.6973. Anal. calcd. for C 28 H 4 Br 4 F 14 N 4 : C 34.25 H 0.41 N 5.71; found: 
C 34.37 H 0.62 N 5.69. 

  2,9-Bis(nonafl uorobutyl)-4,7,11,14-tetrabromo-1,3,8,10-tetraazaperopyrene 
( 4 ) : Synthesized according to the general bromination procedure 
described above. Starting material: 1.53 g 2,9-bis(nonafl uorobutyl)-
1,3,8,10-tetraazaperopyrene. Yield: 1.48 g (1.36 mmol, 69%).  1 H NMR 
(600.13 MHz, d 8 -THF,  δ ): 10.65 (s, 4H, C 3 H).  13 C NMR (150.92 MHz, 
d 8 -THF,  δ ): 153.6 (C 1 ), 137.6 (C 3 ), 128.8 (C 2 ), 127.2 (C 4 ), 121.2 (C 5 ), 
119.0 (C 6 ). Perfl uorinated alkyl carbon signals and C 21  were not resolved 
from underground noise.  19 F NMR (376.27 MHz, d 8 -THF,  δ ):  − 81.77 (t, 
6F,  3  J FF    =  10.0 Hz, CF 3 ),  − 112.79 (m, 4F, CF 2 ),  − 122.19 (m, 4F, CF 2 ), 
–125.87 (m, 4F, CF 2 ). HR-MS (MALDI  +  ,  m/z ) calcd. for C 30 H 5  81 Br 4 F 18 N 4 : 
1086.6872; found: 1086.6842. Anal. calcd. for C 30 H 4 Br 4 F 18 N 4 : C 33.30 H 
0.37 N 5.18; found: C 33.72 H 0.60 N 5.32. 

  2,9-Bis(tridecafl uorohexyl)-4,7,11,14-tetrabromo-1,3,8,10-tetraazaperopyrene 
( 5 ) : Synthesized according to the general bromination procedure described 
above. Instead of fi ltration, the product was isolated by extraction 
with ethyl acetate from the aqueous phase. Starting material: 1.93 g 
2,9-bis(tridecafl uorohexyl)-1,3,8,10-tetraazaperopyrene. Yield: 744 mg 
(0.58 mmol, 29%).  1 H NMR (600.13 MHz, d 8 -THF,  δ ): 10.67 (s, 4H, 
C 3 H).  13 C NMR (150.92 MHz, d 8 -THF,  δ ): 155.8 (t,   2   J  CF   =  25.6 Hz, C 21 ), 
153.5 (C 1 ), 137.5 (C 3 ), 128.8 (C 2 ), 127.2 (C 4 ), 121.2 (C 5 ), 118.9 (C 6 ). 
Perfl uorinated alkyl carbon signals were not resolved from underground 
noise.  19 F NMR (376.27 MHz, d 8 -THF,  δ ):  − 81.73 (t, 6F,  3  J FF    =  10.1 Hz, 
CF 3 ),  − 112.61 (m, 4F, CF 2 ),  − 121.24 (m, 4F, CF 2 ),  − 121.56 (m, 4F, CF 2 ), 
 − 123.15 (m, 4F, CF 2 ),  − 126.72 (m, 4F, CF 2 ). HR-MS (MALDI  +  ,  m/z ) 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3866–3874
calcd. for C 34 H 5  79 Br 81 Br 3 F 26 N 4 : 1284.6766; found: 1284.6750. Anal. calcd. 
for C 34 H 4 Br 4 F 26 N 4 : C 31.85 H 0.31 N 4.37; found: C 32.13 H 0.51 N 4.47. 

 Crystallographic data (excluding structure factors) for the structure(s) 
reported in this paper have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication no. CCDC-
911239 and 911240.  
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