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thienothiophene moieties. [ 1c , 3 ]  The copoly-
mers are synthesized using either Suzuki 
or Stille polycondensation. Among the 
vast variety of DPP copolymers, PDPP3T 
having thiophene as both fl anking aryl 
units and comonomer is widely studied in 
a variety of devices. [ 3a , 4 ]  

 The charge carrier mobility of different 
PDPPs has been usually investigated in 
OFET devices. Hole and electron mobili-
ties, in some of these materials are high in 
the range of about 10 −2  to 10 1  cm 2  V −1  s −1 , 
especially after thermal treatment of the 
thin fi lms. [ 1d , 5 ]  This is mainly due to the 
high crystallinity of these tested PDPPs 
which favors ordered packing with pos-
sible orientation effects on annealing. It 
has been reported, that thermal annealing 
in some PDPPs leads to the formation 
of a preferentially edge-on orientation at 
the semiconductor–dielectric interface, 
causing these high mobilities. [ 6 ]  Thus, 
OFET mobilities give more insight into 
orientation effects at the interface, as 
charge carriers are transported within a 
narrow channel of 5–10 nm of the semi-
conducting layer. Even though this is very 

relevant for charge injection or collection at the electrode inter-
face, it is very necessary to evaluate and understand the bulk 
charge carrier mobility of PDPPs as measured in a diode confi g-
uration. Here, charge carriers are transported vertically through 
the active layer over more than 100 nm, which is similar to 
thicknesses in solar cells. Moreover, there is a considerable dif-
ference in the charge-carrier density present in the OFET and 
diode confi gurations. [ 7 ]  For PDPPs space-charge limited current 
(SCLC) measurements in diode geometry are mainly reported 
in PDPP:PCBM blends. For determination of the hole-mobility 
( µ  h ) of PDPP this is an acceptable experimental simplifi cation 
since the contribution of fullerene to  µ  h  is negligible. Electron 
mobilities ( µ  e ), however, cannot be assessed in the blended 
material, since fullerenes contribute considerably to the elec-
tron transport. 

 One of the main questions of concern is the design and devel-
opment of effi cient electron transport polymer materials. In the 
case of DPP derivatives new heteroaromatic units have recently 
been attached to the DPP core to improve the acceptor nature 
of these materials. For example, Janssen et al. employed thia-
zole fl anking units to provide n-type polymers that have success-
fully been used in all-polymer OPV as an acceptor material. [ 8 ]  
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  1.     Introduction 

 Diketopyrrolo[3,4- c ]pyrrole (DPP) based polymer materials are 
promising candidates for organic fi eld effect transistors (OFET) 
as well as organic photovoltaics (OPV) due to their high ambi-
polar charge carrier mobilities, low optical gap and high absorp-
tion coeffi cient. [ 1 ]  Most reports focus on DPP polymers (PDPP) 
as donor materials in OPV, which show high power conversion 
effi cencies (PCE) when blended with a C 60  or C 70  fullerene 
derivative (PCBM). [ 1a , 2 ]  Usually, the bicyclic DPP core is fl anked 
on both sides with aryl units, such as thiophene, phenyl, or pyr-
idine groups. This diaryl-DPP is usually copolymerized using 
a variety of comonomers containing phenyl, thiophene, or 
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Another general approach is to use fl uorinated moieties to tune 
energy levels to obtain suitable donor or acceptor materials. [ 6,9 ]  

 Both absorption and charge carrier mobility of polymers are 
dependent on the degree of delocalization and hence planarity 
of the conjugated polymer backbone. [ 10 ]  Recently, it has been 
published and backed by a number of theoretical calculations 
that the planarity of backbones in conjugated polymer can be 
increased via diffusive nonbonding heteroatom interactions. [ 11 ]  
In addition to the classical S–O interactions, most importantly 
CH–N, CH–O, CH–F, and CH–S interactions of adjacent aryl 
units can contribute to a rigidifi cation of the polymer chain. For 
PDPPs there are two options for modifi cation of the backbone 
in order to increase the planarity. The aryl units  Ar  adjacent 
to the diketopyrrolo[3,4- c ]pyrrole core can be altered in order 
to modify both of the dihedral angles α and β (see  Scheme    1  ). 
Generally, PDPPs employing phenyl fl anking units show only 
modest charge carrier mobilites in OFET devices and poor 
power conversion effi ciencies in OPVs when blended with 
fullerene acceptors. [ 12 ]  This poor performance is mostly ascribed 
to the large dihedral angle between the bicyclic DPP core and 
the phenyl groups as fl anking aromatic units. [ 13 ]  In contrast, 
most of the thienyl-fl anked PDPPs exhibit high charge carrier 
mobilities as well as high PCEs in OPV devices. This is not 
only due to a more favorable, coplanar structure but also due 
to effective orbital overlap that profi ts from a push–pull-effect 
of the DPP core and thiophene fl anking units, which lowers 
the optical gap of the material. When 2-pyridine, which lacks 
the hydrogen atom at 2-position, is used instead of the phenyl-
unit, the steric hindrance between the keto-group in the DPP 
core and the 2-hydrogen-position (vacant) of the adjacent aryl 
ring as well as any steric interaction between the 6-hydrogen 
pyridine and N–CH 2  of the alkyl chain can be avoided in appro-
priate conformations. Whereas thiophene is a very electron 
rich unit, pyridine is comparatively electron defi cient, allowing 
for the design of electron-transporting materials. For example, 
the copolymer, which consists of pyridine fl anked DPP and 
2,2′-bithiophene as comonomers, showed extremely high elec-
tron mobility in the range of 6 cm 2  V –1  s −1  in OFET devices. [ 14 ]  

  The second option is the modifi cation of the comonomer 
 M co   in order to optimize the dihedral angle β. A versatile way 
of fi xing this dihedral angle between the diaryl-DPP and the 
comonomer is the exploitation of the aforementioned diffusive 

interactions. Substitution of aromatic hydrogen atoms in the 
comonomer with fl uorine gives rise to CH–F coordination sites 
and electron-defi cient comonomers. This fl uorination approach 
has been demonstrated using fl uorinated units for the devel-
opment of semiconducting polymers relevant to both OFET 
as well as OPV devices. [ 6,15 ]  Ladder-type comonomers with up 
to fi ve multifused aromatic rings sterically locked by covalent 
bridging have also been employed. [ 16 ]  However, even if these 
comonomers are very rigid for themselves, the dihedral angle 
β cannot be minimized by this approach. 

 Complex applications such as photovoltaics demand a com-
bination of optimum absorption, crystallinity, and bulk charge 
carrier transport at the same time. In order to achieve all these 
simultaneously a comprehensive picture of how structural vari-
ation affects the individual properties is required. This can be 
obtained only by a gradual structural variation and by compara-
tively studying its infl uences on diverse properties. 

 In this contribution, we therefore compare the infl uence of 
different aryl fl anking units as well as the infl uence of fl uorina-
tion of the comonomer on the charge carrier mobility, optical 
properties, and crystallinity. The systematic variation of the 
structural units allows us to elucidate the infl uence of dihedral 
angles suggested in literature on moving from (a) thiophene 
over pyridine to phenyl as the aryl fl anking unit in PDPP and 
(b) thiophene to difl uoro-thiophene as comonomer. This interac-
tive study is very essential to understand the positive as well as 
negative infl uences on optical properties and crystallinity when 
structural design is planned with an aim to improve electron 
transport. For this purpose, we synthesized a set of six DPP 
copolymers varying their fl anking units and degree of fl uori-
nation in the comonomer. Two of these copolymers (herein 
denoted as PDPP[T] 2 -T and PDPP[Ph] 2 -T) having thiophene or 
phenyl fl anking units along with thiophene as a comonomer are 
known in literature as PDPP3T [ 3a , 4a ]  and PB, [ 17 ]  respectively. To 
enable a comprehensive comparison of the newly synthesized 
systems with these known polymers, all the six copolymers were 
prepared using Stille polycondensation under similar synthetic 
conditions. This helps the evaluation of all the studied copoly-
mers under the same conditions of measurement and device 
geometry in order to elucidate a structure–property relation-
ship. The infl uence of structural variation on crystallinity was 
studied using Flash-DSC (dynamic scanning calorimetry), XRD 
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 Scheme 1.    Synthesis of the PDPP copolymers using Pd 2 (dba) 3 /P( o -Tol) 3  in chlorobenzene at 180 °C in a microwave reactor. All polymers were end-
capped with 2-tributyltinthiophene and 2-bromothiophene. The modular nomenclature approach for DPP monomers and polymers is shown with the 
two dihedral angles of interest α and β depicted in the polymer structure.
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(X-ray diffraction), and polarization microscopy. In order to dif-
ferentiate between any possible orientation effects as well as the 
infl uence of crystallinity on charge carrier mobility, all materials 
are measured under similar conditions, both in OFET and diode 
confi guration (SCLC). Additionally, the infl uence of fl uorination 
of the comonomer on charge carrier mobility is examined. This 
systematic and fundamental comparison gives valuable infor-
mation for the further design of both donor and acceptor-type 
PDPP materials to suit the necessity of application. 

 Thus, in the design of electron transport DPP copolymers, 
we make use of two synthetic strategies based on the effects 
mentioned above: a) less steric hindrance between the DPP 
core and fl anking aryl units by selecting a pyridyl group and 
b) perfl uorinated thiophene as a comonomer. In this way a syn-
ergetic effect caused by both fl anking units and comonomer 
may be expected and the resulting properties can be explained 
in terms of structural changes.  

  2.     Results and Discussion 

  2.1.     Nomenclature 

 Different approaches for naming diketopyrrolopyrrole deriva-
tives are used in literature. Most of them are based on a non-
systematic use of alphabets leading to an arbitrary name, 
which does not help to understand the chemical structure from 
the name. Therefore, we suggest to use a modular acronym 
approach (see Scheme  1 ) in this paper as per the following 
guidelines. The thiophene-DPP structures are shown in a con-
formation in accordance with the crystal structures of model 
compounds, in which the �CO HC  interactions arising from 
the DPP and the fl anking thiophene units seem predominating 
over the S–O interactions. In this nomenclature one can deter-
mine the molecular structure of the compound directly from 
the acronym without any additional aids. 

 Low molecular weight diketopyrrolopyrrole derivatives consist 
of a) the bicyclic DPP core, b) fl anking aromatic units ( Ar ) adjacent 
to the core, c) solubilizing groups/side chains (R), and eventually 
d) terminal functional groups ( FG ). When comparing a series with 
identical side chains or when the side chains are negligible for 
discussion, the side chain may be omitted from the acronym for 
clarity. The fl anking aryl units are put in square brackets as [ Ar ] fol-
lowed by  FG . For polymers, the comonomer  M co   is given instead 
of the  FG  and delimited by a dash. For example, the dibromo-DPP 

monomer containing thiophene as fl anking aromatic units can be 
represented as DPP[T] 2 Br 2  and its copolymer using thiophene or 
phenyl as a comonomer as PDPP[T] 2 -T and PDPP[T] 2 -Ph, respec-
tively. These two represent the polymers hitherto known in litera-
ture as PDPP3T [ 4a ]  and PDPPTPT. [ 1c , 2 ]   

  2.2.     Synthesis 

 The dibrominated thienyl-DPP  DPP[T] 2 Br 2  , [ 18 ]  pyridinyl-DPP 
 DPP[Py] 2 Br 2  , [ 19 ]  and phenyl-DPP  DPP[Ph] 2 Br 2   [  20  ]  monomers 
were synthesized following modifi ed literature procedures. 
2,5-Bis(trimethylstannyl)-3,4-difl uorothiophene was synthe-
sized according to literature protocols. [ 21 ]  Detailed procedures 
are given in the Supporting Information. For the synthesis of 
the nonfl uorinated polymers, the dibromo-DPPs were coup led 
with the distannylthiophene. However, for the fl uorinated 
polymers, it should be noted that bromo-functionalization of 
the electron-defi cient difl uoro-thiophene unit and stannyl-
functionalization of the relatively more electron-rich DPP unit 
would be preferable for Stille-polycondensation. [ 22 ]  But in terms 
of monomer purifi cation, 2,5-dibromo-3,4-difl uorothiophene 
as a liquid compound is diffi cult to purify on a small scale to 
an extend that is necessary for polycondensation. On the other 
hand, 2,5-bis(trimethylstannyl)-3,4-difl uorothiophene can be 
obtained in high purity via recrystallization. Therefore we 
found it much more practical to use the functionalization in the 
reverse order as shown in Scheme  1 . In order to obtain high 
degrees of polymerization, the purity and stoichiometry of the 
monomers in polycondensation is highly relevant. Polymeriza-
tions were carried out in chlorobenzene at 180 °C under micro-
wave conditions in pressurized and sealed vials. [ 23 ]  All polymers 
were endcapped with thiophene on both ends.  

  2.3.     Characterization 

  2.3.1.     Gel Permeation Chromatography (GPC) 

 The polymers were obtained with number average molecular 
weights ( M  n ) in the range of 10 700–40 800 g mol −1  and poly-
dispersities ( Ð ) between 1.6 and 4.0 (Table  1 ) in good yields. 
GPC traces (Supporting Information Figures S1–S6) show a 
monomodal distribution for all polymers except PDPP[T] 2 -TF 2 , 
which exhibits a shoulder. The GPC traces of PDPP[T] 2 -T and 
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  Table 1.    GPC and thermal data of the synthesized PDPPs. 

Polymer  M  n  a) 
[kg mol −1 ]

 M  w  a) 
[kg mol −1 ]

 M  p  a) 
[kg mol −1 ]

 Ð  b) DP  n   c) Yield  T  m  d) 
[°C]

PDPP[T] 2 -T 34.2 107.7 81.7 3.1 41 79% 290

PDPP[T] 2 -TF 2 40.8 161.9 137.0 4.0 47 81% 331

PDPP[Py] 2 -T 19.6 54.0 37.4 2.8 24 74% 294

PDPP[Py] 2 -TF 2 12.0 29.2 24.2 2.3 14 69% 333

PDPP[Ph] 2 -T 10.7 25.3 21.5 2.4 13 87% −

PDPP[Ph] 2 -TF 2 14.4 22.8 16.4 1.6 17 58% −

    a) Determined by GPC at 150 °C using 1,2,4-trichlorobenzene as the eluent;  b) Polydispersity;  c) DP calculated from  M  n ;  d) Melting peak values from Flash-DSC.   
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PDPP[T] 2 -TF 2  exhibit very high peak molecular weights in the 
range of 10 5  g mol −1  unlike the others having peak molecular 
weights ( M  p ) less than 40 kg mol –1 . Since all polymerizations 
were carried out under comparable conditions of tempera-
ture, time, monomer purity, and concentration, the very high 
molecular weight values might be attributed to aggregation of 
the highly crystalline thienyl-derivatives under the GPC meas-
urement conditions. Accordingly, the number average degree of 
polymerization (DP  n  ) shows differences for the distinct PDPPs. 
The PDPP[T] 2  polymers were obtained with a DP  n   of 41 and 47 
whereas the PDPP[Py] 2  and PDPP[Ph] 2  polymers show a DP  n   
of 13–24. The fl anking aryl units on the DPP core also have a 
severe effect on solubility. The PDPP[T] 2  polymers are only sol-
uble in chloroform at room temperature and  o -dichlorobenzene 
or 1,2,4-trichlorobenzene at elevated temperatures. PDPP[Py] 2  
and PDPP[Ph] 2  polymers are much more soluble (e.g., in 
hexane or THF). It should be noted that the fl uorinated polymer 
PDPP[Py] 2 -TF 2  is insoluble in hexane although its molecular 
weight is considerably smaller than that of the nonfl uorinated 
reference polymer PDPP[Py] 2 -T, which is soluble in hexane. 
This is attributed to a rigidifi cation of the backbone and hence a 
higher tendency for aggregation for the fl uorinated derivatives. 

    2.3.2.     Thermal Properties 

 In general, PDPPs exhibit very high melting points almost 
near their respective degradation temperatures depending on 
the backbone rigidity and nature of the alkyl chains. Therefore 
we adopted Flash-DSC measurements to avoid any degrada-
tion and to obtain comparative transition temperatures with a 
single method. Melting points of the PDPPs as measured on 
a Flash-DSC with heating rates from 50 to 1000 K s −1  are sum-
marized in Table  1 . All the DSC curves can be found in Sup-
porting Information Figure S7. With regard to the fl anking aryl 
units, the PDPP[T] 2  and PDPP[Py] 2  systems exhibit a melting 

point in Flash-DSC measurements. Further, the fl uorination 
via comonomer increases the melting point drastically by about 
40 °C. Thus, the nonfl uorinated polymers PDPP[T] 2 -T and 
PDPP[Py] 2 -T show a similar melting point of 290 °C, whereas 
the fl uorinated derivatives PDPP[T] 2 -TF 2  and PDPP[Py] 2 -TF 2  
have melting points of 331 and 333 °C, respectively. Both of the 
PDPP[Ph] 2  polymers show neither a melting point nor a glass 
transition temperature in the DSC curves up to 400 °C, which 
indicates negligible crystallinity. To further explore the pres-
ence of any low-enthalpic transition, such as liquid-crystalline 
clearing which can be overseen in a fl ash-DSC measurement, 
PDPP[Ph] 2 -T and PDPP[Ph] 2 -TF 2  were examined using a polari-
zation microscope. The polarization micrographs are given in 
Supporting Information Figure S8. It is evident that both of 
these polymers show liquid crystalline behavior in the range 
of 140–270 °C. Under crossed polarizers the shearable, bire-
fringent textures observed in this range disappear on clearing, 
which can be reversibly observed on cooling.  

  2.3.3.     Optical Properties 

 The optical absorption and photoluminescence (PL) spectra of 
all the polymers in solid state are shown in Figure   1  . Additional 
spectra in solution can be found in Supporting Information 
Figure S9. For all comparable pairs (fl uorinated vs nonfl uori-
nated), the absorption onsets in solid state compared to those 
in solution exhibit a redshift of about 50 nm due to aggregation 
as expected for these semicrystalline polymers (Figure  1 a); the 
smallest shift being observed for the less-ordered PDPP[Ph] 2  
system. The fl anking aryl units show pronounced infl uence 
on both spectral nature and onset. Thus, the spectral signa-
tures change drastically from PDPP[Ph] 2 -T to PDPP[T] 2 -T; the 
broad structureless spectra transform to well-structured spectra 
having vibronic bands. This indicates that the aggregation due 
to crystallization increases from phenyl- to thienyl-fl anked 
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 Figure 1.    Absorption and PL spectra comparing the infl uence of a) the fl anking aryl unit in fi lm and solution for the nonfl uorinated copolymers and 
b–d) fl uorination of the comonomer in solid state for each pair. For solution spectra see Supporting Information Figure S9.
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DPPs. The optical gaps were calculated from the absorption 
onset in thin fi lm via tangential fi tting. Thus, the fl anking aryl 
unit next to the DPP core shows a considerable infl uence on 
the absorption onset as well. The optical gaps for PDPP[T] 2 -T, 
PDPP[Py] 2 T, and PDPP[Ph] 2 -T are 1.3, 1.7, and 2.0 eV, respec-
tively (Figure  1 ). The fl uorination of the comonomer in all the 
three types of copolymers does not have any considerable infl u-
ence either on spectral nature or on absorption onset in thin 
fi lms (see Figure  1 b–d). However, there are small changes in 
the absorption peak in solution spectra (Supporting Informa-
tion Figure S9) for some of the fl uorinated derivatives. For 
example, PDPP[T] 2 -T in solution peaks at 821 nm whereas the 
peak of PDPP[T] 2 -TF 2  is 15 nm redshifted to 836 nm. Simi-
larly, for the PDPP[Ph] 2  derivatives also a redshift in absorption 
occurs only in solution. In the PDPP[Py] 2  system the absorp-
tion is not redshifting upon fl uorination. 

  The PL intensity for phenyl- is larger than for pyridyl-sub-
stituted PDPPs, whereas the thiophene-derivatives exhibit 
only negligible PL. Both the PDPP[T] 2  polymers exhibiting the 
smallest optical gaps with absorption in the NIR range show 
PL beyond our detection limit of 1000 nm. Generally speaking, 
fl uorination seems to have only little effect on the PL of the 
investigated polymers as is the case for absorption. 

 The change in absorption onset upon variation of the 
fl anking aryl unit can be explained with the help of planariza-
tion/delocalization effects. To give a quantitative assessment, 
we make use of published single crystal data available in the 
CCDC (Cambridge Crystallographic Data Centre) library. When 
discussing the backbone planarity of these three systems, 
PDPP[T] 2 - M co  , PDPP[Py] 2 - M co  , PDPP[Ph] 2 - M co  , experimental 
crystal structures from the corresponding low molecular weight 
diaryl-DPP compounds are used in the following. For the well-
known DPP[T] 2  system several crystal structures are published. 
The dihedral angle α is ranging from 3° to 9° (see Supporting 
Information Table S1). The phenyl-DPP motif shows drastically 
larger dihedral angles of 26°–28°. For pyridinyl-DPP no appli-
cable reference systems are available and therefore no estima-
tion regarding the dihedral angle in our DPP[Py] 2  system can 
be made. 

 Regarding the dihedral angle β only few crystal structures 
with the motifs used in this study are published. Accordingly, the 
β-values could be comparatively estimated only for the polymers 
PDPP[T] 2 -T and PDPP[T] 2 -TF 2 . Thus, angles in nonfl uorinated 
oligothiophene (2°–6°, see Supporting Information Table S2) 
are only slightly larger than angles in perfl uorinated oligothio-
phenes (0°–3°). Crystal structures of pyridine or phenyl rings 
adjacent to 3,4-difl uorothiophene are not published to the best 
of our knowledge. Based on crystallinity data, it can be con-
cluded that the phenyl fl anking units lead to a considerable 
backbone twist which is not present in the thiophene system. 
For the 2-pyridyl system, which lacks the H-atom at 2-position 
no steric hindrance and, therefore, no considerable backbone 
twist is expected.  

  2.3.4.     Cyclic Voltammetry 

 The electrochemical behavior of all the polymers was studied 
with respect to reversibility as well as redox potentials. The 

individual cyclic voltammograms are given in Supporting Infor-
mation Figure S10 and the comparison of the energy levels 
is shown in Figure   2  . The energy levels of the PDPPs were 
calculated from the redox potentials calibrated against ferro-
cene using a published procedure taking into account solvent 
effects. [ 24 ]  All the redox-potential values were obtained by cyclic 
voltammetry on polymer thin fi lms with indium tin oxide (ITO) 
as the working electrode. For values obtained from cyclic vol-
tammetry, Bredas has recommended to use ionization potential 
(IP) and electron affi nity (EA) rather than HOMO and LUMO, 
respectively. [ 25 ]  All the six polymers show typical reversible oxi-
dation and reduction waves as known for other PDPPs in litera-
ture. [ 26 ]  The variation of the fl anking aryl units from thiophene 
to pyridyl and phenyl shifts both IP and EA resulting in the 
broadest electrochemical gap  E  CV  for the PDPP[Ph] 2  polymers. 
The smallest electrochemical gap observed for PDPP[T] 2 -T is 
similar to the observations in the optical gap measurements 
discussed above. 

  The effect of fl uorination is pronounced on the oxidation 
potential of PDPP[T] 2 -TF 2 . Otherwise, the infl uence is almost 
negligible on both IP and EA for the other derivatives. For 
example, the IP is increased from 5.75 eV for PDPP[T] 2 -T by 
0.16–5.91 eV for PDPP[T] 2 -TF 2 . On the other hand the EA is 
not affected by fl uorination giving a value of 3.70 eV for both 
PDPP[T] 2 -T and PDPP[T] 2 -TF 2 . Thus, the electrochemical 
gap increases in the PDPP[T] 2  system whereas no infl uence 
is observed for the PDPP[Py] 2  and PDPP[Ph] 2  systems upon 
fl uorination. Comparing the differently fl anked DPP units the 
PDPP[T] 2  polymers show the smallest, whereas the PDPP[Ph] 2  
polymers show the highest electrochemical gap, which is in 
accordance with previous considerations on the degree of delo-
calization and the strength of the inherent D–A–D push/pull 
systems. The EA value for PDPP[Py] 2 -TF 2  is −3.81 eV and it is 
comparable to the EA of the commonly used acceptor PC 71 BM 
(Figure  2 ). 

 The difference in optical and electrochemical gap 
[Δ( E  opt  –  E  CV ] varies considerably from the PDPP[T] 2  over 
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 Figure 2.    Energy level comparison for the synthesized polymers deter-
mined by cyclic voltammetry in thin fi lm. The solid state reduction poten-
tial of PC 71 BM (−1.41 eV) corresponding to an EA of −3.82 eV is shown 
for comparison.
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PDPP[Py] 2  to PDPP[Ph] 2  polymers (Table  2 ). The infl uence of 
fl uorination is again pronounced only in the PDPP[T] 2  system. 
Thus, the highest Δ( E  opt  –  E  CV ) which gives a rough orientation 
for electron–hole pair binding energy is observed for PDPP[T] 2 -
TF 2  (0.88 eV) whereas the lowest value of 0.44 eV is obtained 
for PDPP[Ph] 2 -TF 2 . 

    2.3.5.     Solid State Structure 

 Comparative crystallinity and lamellar spacing was estimated 
from transmission powder XRD measurements in the small 
and wide angle X-ray scattering (SAXS/WAXS) region ( q  = 
0.016–2.86 Å −1 ) of free standing bulk samples without any 
thermal treatment. The sharp peaks with small full width at 
half maximum (FWHM) values reach a correlation length up to 
8.8 nm and are centered at  q  ≈ 0.3 Å −1  indicating the lamellar 
spacing  d  lam , whereas the broad peaks in the WAXS region rep-
resent the π−π distances  d  π−π  and amorphous polymer. [ 27 ]  An 
overview of the periodic distances  d  lam  and  d  π−π  as well as the 
correlation lengths  ζ  are given in Table  2  and the individual 
diffractograms are shown in Figure   3  . Qualitatively, the inten-
sity of the  d  lam  peaks is higher for the fl uorinated polymers for 
all the three DPP derivatives (comparing normalized intensi-
ties) suggesting a higher crystallinity. On comparison of the 

infl uence of fl anking aryl units, the PDPP[T] 2  polymers show 
the highest degree of crystallinity followed by the PDPP[Py] 2  
polymers (Figure  3 a). The PDPP[Ph] 2  polymers give the weakest 
 d  lam  signals showing only a small difference between nonfl uori-
nated and fl uorinated derivative. This is in accordance with 
the observations from DSC measurements. In general, the dif-
fraction peaks at  q  ≈ 0.3 Å –1 , corresponding to a inter-lamellar 
distance of around 19 Å, are hardly infl uenced by fl uorination. 
The second order can be found for the PDPP[T] 2  and for the 
PDPP[Py] 2  polymers, indicating a good lamellar organization. 
On the other hand, the π−π stacking distances decrease upon 
fl uorination of the thiophene comonomer by about 0.1 Å sug-
gesting a stronger π−π interaction for the fl uorinated deriva-
tives. Furthermore, in the thienyl- and pyridinyl-DPP polymers 
the FWHM of the lamellar stacking peak is smaller for the 
fl uorinated derivatives, which is indicating longer coherence 
length which may suggest larger crystals. This is also in agree-
ment with the observed increase in melting points for those 
fl uorinated derivatives. 

      2.4.     Charge Transport Properties 

 In order to obtain a comprehensive picture regarding the infl u-
ence of structural variation on charge carrier transport, we 
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 Figure 3.    Bulk SAXS/WAXS measurements of the PDPPs: a) comparison of different fl anking units and b–d) comparison of fl uorinated with nonfl uori-
nated derivatives.

  Table 2.    Solid state electrochemical and structural properties of the PDPPs. 

Polymer Cyclic voltammetry XRD

IP a) 
[eV]

EA b) 
[eV]

 E  cv  c) 
[eV]

 E  opt  d) 
[eV]

 d  lam  e) 
[Å]

 d  amorph  f) 
[Å]

 d  π–π 
[Å]

 z  g) 
[nm]

ζ lam  h) 

PDPP[T] 2 -T −5.75 −3.69 2.06 1.32 19.16 4.52 3.86 6.9

PDPP[T]2-TF2 −5.91 −3.70 2.21 1.33 19.83 4.40 3.65 8.8

PDPP[Py] 2 -T −6.08 −3.78 2.30 1.72 19.05 4.56 3.91 3.9

PDPP[Py] 2 -TF 2 −6.11 −3.81 2.30 1.73 18.63 4.48 3.90 4.1

PDPP[Ph] 2 -T −5.97 −3.53 2.44 1.98 14.94 − 4.04 2.7

PDPP[Ph] 2 -TF 2 −6.04 −3.57 2.47 2.03 14.62 − 3.90 2.1

    a) CV based ionization potential;  b) CV based EA;  c) Electrochemical gap determined by CV in thin fi lm;  d) Optical gap determined from absorption onset in fi lm;  e) Lamellar 
spacing;  f) amorphous peak;  g) π−π spacing;  h) Crystal correlation length  ζ  = 2π/FWHM of the lamellar spacing.   
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measured both OFET and SCLC mobilities for all the copoly-
mers under as-cast as well as annealed conditions. In general, 
the charge carrier density in fi eld effect transistors is higher 
than in the diode confi guration and correspondingly the mean 
mobility is lower in SCLC measurements. [ 7 ]  The former are also 
infl uenced by orientation effects at the semiconductor–dielec-
tric interface whereas in the latter information regarding iso-
tropic bulk charge carrier mobilities irrespective of interfacial 
orientation effects is obtained. 

  2.4.1.     OFET 

 The OFET mobilities were obtained in thin fi lms using a 
bottom gate/bottom contact (BGBC) confi guration and are 
summarized in Table  3 . For each data point, a minimum of 
four devices was measured. As a typical example, transfer and 
output curves of PDPP[T] 2 -T and PDPP[T] 2 -TF 2  are shown in 
Figure   4  . The curves of the PDPP[Py] 2  and PDPP[Ph] 2  polymers 
are given in Supporting Information Figure S11. All devices 

exhibit very high on/off ratios ( I  on/off : 10 5 –10 8 ) unless operated 
at very high drain voltages. In this case ( V  d  = 80 V), the on/
off ratio decreases to about 10 2  due to the ambipolar nature of 
the material. Detailed infl uence of the drain voltage on transfer 
characteristics is shown in Supporting Information Figure S12. 
All on/off ratios for different modes of operation are also given 
in Supporting Information Table S3. Most of the samples were 
either p-type or n-type in the as-cast fi lms. Only PDPP[T] 2 -TF 2  
exhibits ambipolar characteristics with high mobility values 
( μ  h  =  μ  e  = 0.2 cm 2  V −1  s −1 ). Among the whole series, the 
PDPP[T] 2  system shows three orders of magnitude higher hole 
mobilities ( μ  h  = 10 −1  cm 2  V −1  s −1 ) than PDPP[Ph] 2  copolymers, 
which show the lowest values ( μ  h  = 10 –4  cm 2  V −1  s −1 ). In the 
case of pyridyl-fl anked PDPPs no hole mobility could be meas-
ured even at high gate voltages. However, the highest electron 
mobility was observed for PDPP[Py] 2 -TF 2  ( μ  e  = 10 −1  cm 2  V −1  s −1 ). 
Thus, the fl anking aryl units have a very pronounced infl u-
ence on the type of charge carrier transport, as well as charge 
carrier mobility values; thienyl being highly suitable for hole 
transport, whereas pyridyl for electron transport. In all the 
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  Table 3.    Average OFET-mobilities of the different PDPPs in a BGBC confi guration in as cast and annealed fi lms. 

As cast Annealed a) 

Polymer  µ  h  b)  [cm 2  V −1  s −1 ]  µ  e  b)  [cm 2  V −1  s −1 ]  µ  h  b)  [cm 2  V −1  s −1 ]  µ  e  b)  [cm 2  V −1  s −1 ]

PDPP[T] 2 -T 0.094 ± 0.02 − 0.53 ± 0.07 c) −

PDPP[T] 2 -TF 2 0.10 ± 0.02 0.06 ± 0.01 0.22 ± 0.03 d) 0.19 ± 0.03 d) 

PDPP[Py] 2 -T − 0.03 ± 0.003 − 0.55 ± 0.08 c) 

PDPP[Py] 2 -TF 2 − 0.11 ± 0.02 − 0.13 ± 0.02 c) 

PDPP[Ph] 2 -T (6 ± 3) × 10 −4 − (6 ± 2) × 10 −4e) −

PDPP[Ph] 2 -TF 2 (9 ± 0.4) × 10 −5 (2 ± 0.2) × 10 −4 (1 ± 0.5) × 10 −4e) (2 ± 0.3) × 10 −4 e) 

    a) Annealing conditions as described in footnote;  b)  μ  h : hole mobility,  μ  e : electron mobility, determined by linear fi tting of  I  ds  0.5 -plot in saturated regime, values are averaged 
over a minimum of four to eight devices for each measurement;  c) 250 °C, 30 min;  d) 200 °C, 15 min;  e) 100 °C, 15 min.   

 Figure 4.    Representative OFET  I–V  curves in p-channel (blue output) and n-channel operation (red output) for PDPP[T] 2 -T (left) and PDPP[T] 2 -TF 2  
(right). Solid lines represent forward scans, dashed lines the reverse scans in all graphs. In transfer curves (bottom), the black and gray plots indicate 
the transfer characteristics in the saturation and linear operation regime, respectively.  I–V  curves for the PDPP[Py] 2  and PDPP[Ph] 2  polymers can be 
found in Supporting Information Figure S12.
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copolymers the fl uorination of the comonomer improves the 
electron transport considerably in as cast fi lms. In addition, 
a threshold voltage shift towards more negative voltages was 
observed for the fl uorinated derivatives. Generally, all devices 
showed increased charge carrier mobilities upon thermal 
annealing. In order to exploit the improved crystalline packing 
during annealing, all the samples were annealed at the highest 
possible temperatures in the range of 200–250 °C, if the sam-
ples were not dewetting or showing decreased performance in 
this range. In the case of PDPP[Ph] 2  copolymers 100 °C was 
chosen due to dewetting issues in the liquid crystalline phase 
above this temperature. After annealing, the observed infl uence 
of the fl anking aryl units remains. Additionally, the crystalline 
PDPP[T] 2  and PDPP[Py] 2  copolymers exhibit maximum infl u-
ence of annealing on both hole and electron mobilities. Thus, 
the highest hole mobility was obtained for PDPP[T] 2 -T (average: 
0.53 cm 2  V −1  s −1 , best: 0.64 cm 2  V −1  s −1 ) and the highest elec-
tron mobility for PDPP[Py] 2 -T (average: 0.55 cm 2  V −1  s −1 , best: 
0.67 cm 2  V −1  s −1 ). These are very high charge carrier mobility 
values obtained for PDPPs using SiO 2  as the gate dielectric. 
For example, a one order of magnitude lower hole mobility 
(0.05 cm 2  V −1  s −1 ) was reported for the reference copolymer 
PDPP[T] 2 -T. [ 4a ]  The liquid crystalline PDPP[Ph] 2  copolymers do 
not exhibit any change in either hole or electron mobility on 
thermal treatment. The observed charge carrier properties can 
be summarized as follows: The highly crystalline copolymers 
exhibit the highest charge carrier mobilities whereas the liquid 
crystalline copolymers show three orders of magnitude lower 
values. On annealing, the mobility is improved only for the crys-
talline samples. With respect to fl anking aryl units, both thio-
phene and pyridyl with the smallest dihedral angles favor high 
mobilities which can be understood as due to improved pla-
narization and interchain packing. Additionally, no detectable 
hole mobility and the highest electron mobility in the whole 
series was observed for the pyridyl-fl anked PDPPs. The effect of 
fl uorination is also pronounced in the electron mobility values. 
The exact contribution of orientation effects in these samples, 
especially in the crystalline ones, cannot be elucidated without 
additional experimental techniques, such as near edge X-ray 
absorption fi ne-structure spectroscopy (NEXAFS) or grazing 
incidence wide angle X-ray scattering (GIWAXS). 

     2.4.2.     SCLC 

 To study the infl uence of electron-rich and electron-defi cient 
moieties as aryl-fl anking units and comonomers on bulk 
charge transport properties, both hole and electron mobilities 
were determined by fi tting measured  I–V  characteristics using 
the empirical Murgatroyd formula (Equation  ( 1)   [ 28 ]  in single 
carrier SCLC devices.

     
ε ε μ γ=

9

8
exp(0.89 )0 0

2

3J F
V

L
s

  
(1)

 

 Here  J  is the current density,  ε  s  is the relative permittivity of the 
material (≈3.5),  ε  0  is the permittivity of vacuum,  μ  0  is the charge 
carrier mobility at zero fi eld,  γ  is the fi eld dependence para-
meter,  F  is the average electric fi eld across the active layer,  V  is 

the voltage across the active layer, and  L  is the thickness of the 
polymer layer. In the Murgatroyd formula two independent var-
iables, namely the zero fi eld mobility ( µ  0 ) and the fi eld depend-
ence parameter ( γ ), are varied to fi t the measured  I–V  curve. 
The usefulness of the Murgatroyd formula over the classical 
Mott–Gurney equation [ 29 ]  is that it is able to fi t a broader range 
of  I–V  curves and also masks other effects, such as charge car-
rier-density dependent transport [ 30 ]  and trapping infl uence. [ 31 ]  
However,  γ  is generally very sensitive to disorder and to the 
electrodes of the device. It is therefore hard to determine in 
a consistent way for different devices. [ 32 ]  To compare the bulk 
charge transport properties of a series of materials in a simple 
and consistent way, an effective charge carrier mobility was 
determined from all devices at a same fi eld,  F  = 1.5 × 10 7  V m −1 , 
using the Poole–Frenkel relationship (Equation  ( 2)  ):

    μ μ γ=( ) exp( )0F F   (2) 

   The reporting of charge mobility at a constant fi eld summa-
rizes the information of two independent parameters ( µ  0  and 
 γ ) in a single parameter and allows a straightforward charge 
mobility comparison across different materials. [ 33 ]  The fi eld 
value,  F  = 1.5 × 10 7  V m −1 , was chosen as it represents a typical 
fi eld at short circuit condition in thin fi lm solar cell devices and 
also the SCLC fi ts were good around this fi eld value for all the 
 I–V  curves reported in this article. 

 The charge mobility value in every as-cast fi lm was checked 
for reproducibility and consistency by repeating the experiment 
for different active layer thicknesses (Supporting Information 
Figure S13). Representative  I–V  curves of different PDDPs for 
as-cast fi lms in hole-only and electron-only devices are shown 
in Figure   5  a,b, respectively. The effective hole and electron 
mobilities averaged over different fi lm thickness devices are 
depicted in Figure  5 c,d. Table  4  summarizes the charge car-
rier mobilities of holes and electrons in PDPP fi lms averaged 
over different thicknesses. A complete table listing fi lm thick-
nesses and fi tting parameters for all the devices can be found 
in Supporting Information Tables S4 and S5. Furthermore, 
the charge carrier mobilities from the annealed fi lms are also 
depicted in Figure  5 c,d and the mobility values are mentioned 
in Table  4 . As shown in Figure  5 c, the SCLC hole mobility does 
not vary signifi cantly for the investigated set of materials. The 
hole mobility in all cases was in the order of 10 −5  cm 2  V −1  s −1  
and seemed not to be affected by fl uorination either. It is inter-
esting to note that the hole mobility measured in OFETs was 
in the order of 10 −1  cm 2  V −1  s −1  for all polymers except the 
PDPP[Ph] 2  system. In contrast to the hole transport, the elec-
tron mobility was severly infl uenced by the aryl fl anking unit. 
Both PDPP[T] 2 -T and PDPP[T] 2 -TF 2  showed the lowest bulk 
electron mobilities in the order of 10 −8  cm 2  V −1  s −1 . In com-
parison, the PDPP[Py] 2 -T shows up to 4 orders of magnitude 
better electron mobility ( μ  e  = 3.7 × 10 −4  cm 2  V −1  s −1 ). The elec-
tron transport in the PDPP[Ph] 2  polymers was in between 
thienyl- and pyridinyl-PDPPs with mobilities in the range of 
 μ  e  = 3 × 10 −5  cm 2  V −1  s −1 . Upon fl uorination, PDPP[Py] 2 -TF 2 , 
exhibits a considerable improvement of an order of magnitude 
in electron mobility resulting in a maximum bulk electron 
mobility of 4.3 × 10 −3  cm 2  V −1  s −1 . To the best of our knowledge, 
this is among the highest bulk electron mobilities reported for 

Adv. Funct. Mater. 2015, 25, 2725–2736

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



FU
LL P

A
P
ER

2733wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

polymers [ 34 ]  and it is comparable to electron mobilities reported 
for fullerene derivatives. [ 35 ]  Annealing does not seem to infl u-
ence either of the hole or electron mobility values suggesting 
that the expected crystallization effects in annealed fi lms do not 
overcome grain-boundary effects in a bulk sample which do 
not have any orientation preferences. This is in contrast to the 
observed advantages of annealing in an interface-device, such 
as OFET, where orientation effects can play a big role. In short, 
the electron mobility results demonstrate that the fl anking 
aromatic units ( Ar ) adjacent to the bicyclic DPP core have a 
more signifi cant infl uence on the bulk electron transport than 
the fl uorination in the class of PDPP. Moreover, the synthetic 
strategy to combine a pyridyl-fl anking unit with a difl uorothio-
phene comonomer proved to be highly effi cient for electron 
transport. 

      3.     Conclusion 

 Six polymers based on diketopyrrolo[3,4- c ]pyrrole having var-
ying fl anking aryl units and thiophene or 3,4-difl uorothiophene 
as the comonomer have been synthesized in order to elucidate 
the infl uence of structural variation on optical, thermal and elec-
tronic properties. This is the fi rst comprehensive and compara-
tive study of interdependence of diverse properties obtained via 
a change in chemical structure. On a comparison of fl anking 
units, namely thiophene, pyridine and phenyl, profound infl u-
ence on structural order, optical gap and charge carrier prop-
erties could be ascertained. For example, thienyl or pyridyl 
fl anking units causing low dihedral angles favor planarization 
of the chains and interchain packing in solid state resulting 
in low optical gap, high structural order and very high charge 

Adv. Funct. Mater. 2015, 25, 2725–2736

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

 Figure 5.    The  I–V  characteristics of as-cast PDDP fi lms measured at room temperature in a) hole-only and b) electron-only device confi guration. The 
solid lines represent the SCLC fi t with fi eld dependent mobility. The corresponding fi lm thicknesses are mentioned within the parentheses. The  I–V  
characteristics were corrected for the built-in voltage ( V  bi ) and the voltage drop (IR) over the contacts. Log–log plots of (a,b) are given in Supporting 
Information Figure S14. The effective SCLC charge carrier mobility of c) holes and d) electrons at an electric fi eld of 1.5 × 10 7  V m −1  in different PDDP 
fi lms. The mobility in as-cast fi lms is depicted as unfi lled squares while that in annealed fi lms as fi lled circles. Each as-cast data point represents the 
average of three sets of devices produced for varying fi lm thicknesses in the range of 200–600 nm.

  Table 4.    The average effective SCLC charge carrier mobility of holes ( μ  h ) and electrons ( μ  e ) in PDPP as-cast fi lms for varying fi lm thicknesses. The 
charge mobility in annealed fi lms for single fi lm thickness (around 350 nm) is also mentioned. The thienyl- and pyridinyl-fi lms were annealed at 
200 °C for 15 min. The phenyl-fi lms were annealed at 100 °C for 15 min. 

As cast Annealed

Polymer  µ  h  [cm 2  V −1  s −1 ]  µ  e  [cm 2  V −1  s −1 ]  µ  h  [cm 2  V −1  s −1 ]  µ  e  [cm 2  V −1  s −1 ]

PDPP[T] 2 -T (1.0 ± 0.5) × 10 −5 (3.0 ± 0.9) × 10 −8 3.0 × 10 −6 2.1 × 10 −8 

PDPP[T] 2 -TF 2 (9.4 ± 3.3) × 10 −6 (2.6 ± 1.5) × 10 −8 3.6 × 10 −6 2.4 × 10 −8 

PDPP[Py] 2 -T (1.1 ± 0.9) × 10 −5 (3.7 ± 2.5) × 10 −4 1.3 × 10 −5 8.9 × 10 −4 

PDPP[Py] 2 -TF 2 (1.6 ± 0.7) × 10 −5 (4.3 ± 0.1) × 10 −3 2.8 × 10 −5 3.0 × 10 −3 

PDPP[Ph] 2 -T (3.6 ± 0.2) × 10 −5 (6.6 ± 3.1) × 10 −5 2.2 × 10 −5 3.7 × 10 −5 

PDPP[Ph] 2 -TF 2 (2.2 ± 0.1) × 10 −5 (1.5 ± 0.6) × 10 −5 2.6 × 10 −5 2.7 × 10 −5 
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carrier mobilities. On the other hand, the phenyl fl anking unit, 
which leads to large torsional angles in the polymer backbone, 
causes a 2D liquid crystalline order and also shows the lowest 
charge carrier mobilities. In addition to the fl anking aryl units 
the physical properties could also be tuned by using suitable 
comonomers varying in their electron defi ciency. Thus, 3,4-dif-
luorothiophene comonomer in combination with the electron 
withdrawing pyridyl fl anking unit delivers one of the best elec-
tron transport polymer materials with a comparable bulk elec-
tron mobility to PCBM ( µ  e  = 4 × 10 −3  cm 2  V −1  s −1 ). An additional 
effect of fl uorination is the increased crystallinity irrespective of 
the nature of fl anking aryl units. This can be understood as due 
to decreased polymer chain-mobility in the fl uorinated copoly-
mers induced by a higher rigidity of the backbone and stronger 
π−π interactions. Such a detailed fundamental study regarding 
the infl uence of structural variation on semiconductor polymer 
properties allows a rational design of low-bandgap polymers 
in order to tune one or the other physical properties relevant 
for applications. Thus, the absorption can be extended up to 
the NIR region by shifting the absorption onset to >1000 nm 
by changing the fl anking unit from phenyl to thiophene. On 
the other hand, the incorporation of pyridyl units without 
any steric hindrance with the DPP core maintains the crystal-
linity resulting in very good electron transport materials. A 
comparison of OFET and SCLC measurements gives a clear 
picture regarding the different contributions towards charge 
transport properties in thin fi lm and bulk which are relevant 
for organic electronics and OPV applications. For example, 
the pyridinyl-fl anked DPP copolymers show exclusively n-type 
behavior in OFET confi guration whereas good ambipolar trans-
port is observed in bulk SCLC measurements. Interestingly, the 
bulk hole mobility is completely independent of the nature of 
fl anking units as well as fl uorination of the comonomer. On the 
contrary, the electron transport is strongly infl uenced by these 
structural variations.  

  4.     Experimental Section 
  Materials and Methods : All commercial reagents were used without 

further purifi cation unless otherwise noted. Microwave reactions 
were conducted in sealed containers using a Biotage Initiator Eight+ 
microwave.  1 H NMR (300 MHz) spectra were recorded on a Bruker AC 
300 spectrometer and calibrated according to the respective solvent 
resonance signal. GPC analysis was carried out on an Agilent (Polymer 
Laboratories Ltd.) PL-GPC 220 high temperature chromatographic unit 
equipped with DP (differential pressure), RI (refractive index), and LS 
(light scattering at 15° and 90°) detectors and three linear mixed bed 
columns of PLgel 13 µm (Olexis) with a linear MW operating range: 
500–15 000 000 g mol −1  .  GPC analysis was performed at 150 °C using 
1,2,4-trichlorobenzene as the mobile phase. The samples were prepared 
by dissolving the polymer (0.1 wt%) in the mobile phase solvent in 
an external oven and the solutions were run without fi ltration. The 
molecular weights of the samples were referenced to linear polystyrene 
( M  w  = 162–6 000 000 g mol −1 ,  K  = 12.100, and Alpha = 0.707) and 
were not corrected with  K  and Alpha values for the measured sample. 
Cyclic voltammetry was performed under moisture- and oxygen-free 
conditions using a 0.1  M  tetra- n -butylammonium hexafl uorophosphate 
in acetonitrile electrolyte solution. A standard three-electrode assembly 
connected to a potentiostat (model 263A, EG&G Princeton Applied 
Research) was used at a scanning rate of 100 mV s −1 . The working 
electrode was a 10 Ω sq −1  ITO coated glass substrate. The polymers 

were spincoated onto the ITO substrates from chloroform at 3 mg mL −1  
and 1500 rpm to obtain thicknesses of 10–20 nm. A platinum wire in 
acetonitrile was used as counter electrode and the quasi-reference 
electrode consisted of an Ag wire in an AgNO 3 /acetonitrile solution 
(0.1  M ). The measurements were calibrated with an external ferrocence/
ferrocenium standard, IP and EA values were calculated considering the 
solvent effects as per a published procedure [ 24a ]  using Equations  ( 3)   
and  ( 4)   where the workfunction of Fc/Fc +  is taken to be −5.23 eV. The 
reduction half-step potential +(vsFc /Fc )1/2

redE  is negative whereas the 
oxidation half-step potential +(vsFc /Fc )1/2

oxE  is positive.

     
EA 5.23 (vs Fc /Fc )1/2

redE≈ − − +
  (3) 

      
IP 5.23eV (vs Fc /Fc )1/2

oxE≈ − − +
  

(4)
 

 Absorption measurements were carried out on a JASCO V-670 
spectrophotometer. PL measurements were carried out on a JASCO 
FP-8600 spectrofl uorometer. Optical properties in solution were 
measured in chloroform at a concentration of 0.01 mg mL −1 , fi lms 
were spincoated on glass slides from a 7 mg mL −1  chloroform solution. 
Combined SAXS and WAXS measurements of the bulk material were 
carried out at the SAXS beamline of the Australian Synchrotron using a 
Pilatus 1M and a Pilatus 200k detector. The beam energy and detector 
distances were chosen in such a way, that there was a small overlap 
between the SAXS and WAXS signal, so that the resulting curves could 
be stiched together at  q  = 0.81. 

  Device Preparation and Characterization : Organic thin fi lm transistors 
substrates in BGBC confi guration were bought from Fraunhofer IPMS 
(OFET Gen. 4). Heavily n-doped silicon (doping at wafer surface:  n  ≈ 
3 × 10 17  cm −3 ) was used as substrate and gate electrode. Thermally 
grown silicon oxide (230 ± 10 nm) was used as the gate dielectric. Gold 
electrodes (30 on 10 nm ITO as adhesion layer) were used as source 
and drain contacts. The channel width was 10 mm for all devices 
and the channel length varied from 5 to 20 µm. The substrates were 
cleaned subsequently in acetone and 2-propanol in an ultrasonic bath 
for 10 min each. Treatment in an ozone oven at 50 °C for 20 min was 
followed by immersion in a 1 wt% solution of octadecyltrichlorosilane 
in toluene at 60 °C for 60 min. After rinsing with toluene and 2-propanol 
the substrates were dried and the polymer was spincoated from a 
4 mg mL −1  chloroform solution at 5000 rpm under ambient conditions. 
Devices were measured in a nitrogen atmosphere using an Agilent 
B1500 Semiconductor Parameter Analyzer. The devices were annealed in 
a nitrogen atmosphere at a maximum of 0.9 ppm O 2  at the temperatures 
given in the main text. Mobilities were calculated from the slopes in the 
( I  d ) 0.5  –V  g      plots in the saturation regime using Equation  ( 5)   where  I  d  is 
the drain current,  W  is the channel width,  L  is the channel length,  C  i  is 
the capacitance,  V  g  is the gate voltage, and  V  T  is the threshold voltage, 
respectively.

    
μ≈ −

2
( )d i g T

2I
W
L

C V V
  

(5)
 

 Single carrier space-charge-limited-current (SCLC) devices in diode 
confi guration were prepared for charge carrier mobility determination 
of holes and electrons within the layer stack of glass/ITO/PEDOT:PSS/
Polymer/Au and glass/ITO/PEDOT:PSS/Polymer/Ca/Al, respectively. 
For hole only devices, a hole-injecting layer of PEDOT:PSS (HTL solar 
(40 nm) from Clevios) was spin coated onto cleaned patterned ITO 
glass substrates. For electron-only devices, a 40 nm thick layer of Zinc 
oxide (ZnO) was spin coated onto the patterned substrates using 
Sol–gel method. After depositing the bottom layers, polymer solutions 
(12–25 mg mL −1  in chloroform) were doctor bladed on top under inert 
conditions resulting in fi lm thicknesses in the range of 200–600 nm. A 
set of fi lms were also annealed in an inert atmosphere for 15 min at the 
temperatures given in the main text. Subsequently, the top electrodes 
(Au and Ca/Al) were thermally evaporated onto the polymer layers in 
respective devices under high vacuum. The devices had an active 
area of 9 mm 2  which is determined by the overlap of the ITO and the 
evaporated top electrode. Dark current–voltage  I–V  measurements were 
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made under inert environment at room temperature with a Keithley 2400 
source measure unit. Before these  I–V  measurements, the electron-only 
devices were exposed to 100 mW cm −2  illumination for 3 min from an 
AM 1.5 class A solar simulator to improve the conductivity of the ZnO 
layer. [ 36 ]  After the light treatment, the  I–V  from the electron-only devices 
were nearly symmetric around 0 V. For mobility evaluation, forward 
bias voltages, that is, hole injection from PEDOT:PSS, and reverse bias 
voltages, i.e., electron injection from ZnO were considered in hole-only 
and electron-only devices, respectively. The charge carrier mobilities 
were evaluated by fi tting measured  I–V  characteristics in a voltage 
range from 2 to 7 V using the Murgatroyd formula. [ 28 ]  Prior to fi tting, 
the measured  I–V  characteristics were corrected for the built in voltage 
( V  bi ) and the voltage drop (IR) across contacts. The contact resistance 
was determined from a reference device without polymer layer and 
was found to be 27 Ω for both kind of devices. Considering the work 
function of the electrons and the Fermi-level pinning [ 37 ]  at contacts, the 
 V  bi  of 0.2 and 0.0 V was assumed for hole-only and electron-only devices, 
respectively.  
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