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concept are given by π-extended benzo-
thienobenzothiophene compounds for 
which hole mobilities up to 17 cm 2  V −1  
s −1  in vacuum-processed organic thin fi lm 
transistor (OTFT) devices could be dem-
onstrated most recently. [ 5–7 ]  The second 
class is based on polymers with alter-
nating donor–acceptor (D–A) units which 
are commonly used to obtain ambipolar 
devices. [ 8 ]  Furthermore, this approach is 
believed to provide strong electrostatic 
interactions between D and A segments 
of neighboring molecules that support 
charge carrier hopping. Indeed, for many 
D–A copolymers charge carrier mobilities 
>1 cm 2  V −1  s −1  have already been achieved, 
and the highest reported mobilities range 
at about 10 cm 2  V −1  s −1 . [ 9–14 ]  These impres-
sive recent improvements in the fi eld 
open an exciting potential for organic elec-
tronics and should stimulate the elucida-
tion of further molecular π-scaffolds that 
hitherto have been less explored. 

 It is noteworthy that whilst the D–A 
concept has been applied to obtain high 
mobility polymeric semiconductors, small 
molecules bearing a large dipole moment 
are still almost absent in the fi eld. 

According to the disorder charge transport theory, it is implied 
that molecules with a permanent dipole moment will enlarge 
the density of states (DOS) distribution and thus decrease the 
charge carrier mobility. [ 15 ]  On the other hand lots of dipolar 
molecules have been investigated in the area of nonlinear 
optics (NLO) and photorefractive (PR) materials, [ 16–18 ]  and 
some showed recently also great promise for organic photovol-
taics, fi rst with dye-sensitized solar cells (DSSCs) [ 19 ]  and more 
recently also in bulk [ 20–22 ]  and planar [ 22,23 ]  heterojunction (BHJ, 
PHJ) solar cells. 

 Whilst for NLO and DSSC applications these D–A dyes just 
act as absorbers, their function is more demanding for BHJ 
and PHJ solar cells and also to some extent for PR materials 
because here the D–A dyes have to provide hole transporting 
domains. In this regard it is puzzling that only very few 
and little comprehensive studies are available that are dedi-
cated on the charge transport ability and applications of D–A 
dyes in organic transistor devices. [ 24,25 ]  Thus, in 1984 Kudo 
and co-workers reported on vacuum-processed OTFTs for a 
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  1.     Introduction 

 Organic semiconductor based electronics have shown rapid 
development recently which has been driven particularly by 
the appearance of numerous new organic semiconductor 
molecules with prominent charge carrier mobility. [ 1–4 ]  The out-
standing prototypes in this fi eld fall in two classes: The fi rst 
class of materials is based on small molecules which possess 
extended π-conjugated backbones combined with a dense and 
well-defi ned crystalline packing. Prominent examples of this 
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small series of three merocyanine dyes whose performance 
was very modest (best device with hole mobility  µ  = 1.5 × 
10 −5  cm 2  V −1  s −1 ), which was rationalized by the formation of 
deep traps near the SiO 2 -dye interface. [ 24 ]  Next, in 2012 we were 
able to demonstrate the fi rst OTFTs with high hole mobility of 
0.18 cm 2  V −1  s −1  in vacuum-processed OTFT devices, however, 
the study included only one merocyanine dye ( HB255 ), in the 
following named bPr D3 tBu A5 . [ 25 ]  Because this merocyanine 
dye exhibits a particularly large dipole moment of 13.6 D it can 
be considered as the perfect antipode to conventional acene, oli-
gothiophene, oligophenylenevinylene, triarylamine, etc. organic 
semiconductors that are based on unpolar molecules. Accord-
ingly, the impressive results for bPr D3 tBu A5  encouraged us to 
conduct a more systematic study to reveal scope and limitations 
of such dipolar D–A compounds in organic electronics. 

 Here we investigate a large series of merocyanine dyes 
bearing different electron donor and acceptor heterocycles con-
nected to a dimethine bridge ( Scheme    1  ). The particular choice 
of these merocyanines was motivated by our earlier work in 
organic photovoltaics, [ 20,22,23 ]  that is, these merocyanine dyes 
are all strong absorbers, mostly in the region of largest solar 
fl ux, and their HOMO and LUMO levels are well-matched to 
fullerene acceptors for PHJ and BHJ solar cells. Accordingly, 
we could expect that their HOMO level should also be suitable 
to provide p-channel transport in OTFTs with gold electrodes 
at ambient conditions. For these merocyanine dyes we system-
atically investigated the infl uence of substituent effects on the 
merocyanine fi lm ordering and its correlation with the OTFT 
performance. For our lead structure bPr D3 tBu A5  that bears a 
donor heterocycle based on a derivative of the famous Fischer 
base (1-alkyl-3,3-dimethylindolin-2-ylidene), [ 26 ]  a larger varia-
tion of alkyl substituents was synthesized to explore the effect 
of the alkyl chain on the fi lm morphology as well as the corre-
sponding transistor performance.   

  2.     Results 

  2.1.     Materials Synthesis and Molecular Properties 

 Scheme 1 shows the utilized donor and acceptor groups that are 
connected by a dimethine bridge to give highly dipolar mero-
cyanine dyes. These dyes could be synthesized in a straightfor-
ward way according to the depicted retrosynthetic analysis from 
easily available methylene bases (blue), electrophilic C1 syn-
thons ( N , N′ -diphenylformamidine,  N , N′ -dimethylformamide/
acetic anhydride or formic acid ortho esters), [ 27 ]  and the respec-
tive CH-acidic acceptor compounds (Acc) that were with one 
exception all of heterocyclic nature. In total, twenty merocya-
nine dyes bearing different donor and acceptor moieties have 
been synthesized whose structures are shown in  Figure    1  . The 
synthetic details and the complete compound characterizations 
by NMR spectroscopy, mass spectrometry, elemental analysis 
and UV–Vis spectroscopy are given in the experimental section 
and the Supporting Information.  

 The molecular properties that are of interest for applications 
of these dyes in organic electronics and organic photovoltaics 
are collected in  Table    1  . These properties include the absorption 
maxima  λ  max  and absorption coeffi cients  ε  max  that were derived 

from UV–Vis spectroscopy and the oxidation and reduction 
potentials  E  1/2  that were obtained from cyclic voltammetry.  

 In general all of these D–A dyes show intense absorp-
tion bands ( ε  max  > 50000 L mol −1  cm −1 ) in the visible range 
( Fig  ure    2   and Supporting Information Figure S1). The com-
parison of the various acceptors reveals that the 2-(4-alkylthi-
azol-2(3H)-ylidene)malononitrile acceptor (dyes with acceptor 
 A5 ) leads to the most bathochromically shifted absorption 
bands (>600 nm), followed by 2-(3-oxo-2,3-dihydro-1H-inden-
1-ylidene)malononitrile (dyes  D1A2 ,  D3A2 ), 1,4-dialkyl-3-
cyano-6-hydroxy-2-pyridone (dyes  D1A4 ,  D3A4 ), 2-benzyliden-
emalononitrile (dye  D3A3 ) and 1,3-indandione (dyes  D1A1 , 
 D3A1 ). Accordingly, there is a quite good correlation between 
the band gap (inversely correlated to  λ  max ) and the number of 
methine units between the nitrogen or sulfur donor atoms and 
the carbonyl or cyano acceptor groups which range from four 
( D1A1 ,  D3A1 ) to eight (dyes with acceptor  A5 ). In contrast to 
these pronounced effects by the acceptor units, the infl uence 
of the donor methylene base on the absorption properties 
is more subtle. In general the  λ  max -values show smaller vari-
ations, for example, 631 nm, 625 nm and 609 nm for  D2A5 , 
 D3A5 , and  D1A5 , resp., whilst the band shapes are different 
(Figure  2 ), leading to pronounced variations in the  ε  max -values 
which accordingly do not refl ect the tinctorial strength of the 
dyes but the broadness of the absorption band. These changes 
in band shape can be related to the electron-donor strength of 
the resp. methylene bases and the concomitant polarization of 
the π-scaffold from more polyene-like dyes (broad bands with 
lower  ε  max ) to more cyanine-like (sharp band with higher  ε  max ) 
which will be discussed later (EOAM studies).  

 With cyclic voltammetry at least one oxidative and one reduc-
tive wave could be determined for all D–A dyes of this study, 
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 Scheme 1.    Dimethine merocyanine dyes based on four different donor 
(blue) and fi ve different acceptor (red) heterocycles employed in the given 
study, as well as retrosynthetic analysis (in rectangle) and mesomeric 
structures (in oval circle).
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albeit the respective redox processes were not always revers-
ible. A comparison between the optical gap (determined from 
the absorption maxima, i.e.,  hc  0 / λ  max ) and the electrical gap 
(determined from the oxidation and reduction potentials, i.e., 
 E  1/2,ox − E  1/2,red ) yielded a deviation of about 0.1–0.2 eV, corrobo-
rating that the S 0 →S 1  transition is governed by an electronic 
excitation from the HOMO to the LUMO level. If we consider 

that the ferrocene/ferrocenium reference applied in our cyclic 
voltammetry experiments is located at −5.15 eV vs vacuum 
level, [ 31 ]  all investigated D–A dyes are expected to act as electron 
donors in combination with fullerene acceptors in solar cells 
or as hole conductors in combination with gold electrodes in 
OTFTs. Because the electron donor properties are related to the 
HOMO frontier orbital it is noteworthy that the HOMO level is 
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 Figure 1.    Chemical structures of merocyanine dyes investigated in this study.

  Table 1.    (Electro-)optical and electrochemical properties of merocyanine dyes a)  determined by UV–Vis b)  and electro-optical absorption c)  spectroscopy 
as well as cyclic voltammetry d) .  

 λ  max  
[nm] b) 

 ε  max  
[L mol −1  cm −1 ] b) 

 µ  g  
[D] c) 

Δ µ  
[D] c) 

 c  2  
[1]

 E  1/2,ox  
[V] d) 

 E  1/2,red  
[V] d) 

 D1A1 517 62 200 2.8 9.2 0.27 0.79 e) −1.51

 D3A1 496 [28] 114 600 [28] 3.8 28 3.8 0.40 0.61 e),  [28] −1.94 [28] 

 D1A2 595 61 900 3.9 8.9 0.26 0.84 e) −1.19 e) 

 D3A2 576 [20b] 66 400 [20b] 6.2 4.2 0.40 0.65 [20b] −1.52 [20b] 

 D3A3 533 99 700 9.4 7.9 0.32 0.42 e) −1.76

 D1A4 572 67 400 10.0 8.2 0.30 0.82 e) −1.23 e) 

 D3A4 520 [17b] 118 000 [17b] 12.8 [17b] 1.9 [17b] 0.45 [29] 0.68 −1.71 e) 

 D1A5 609 663 f) 57 000/34 100 f) 11.7 10.3 0.27 0.58 −1.08 e) 

 D2A5 631 120 000 15.0 −0.3 0.51 0.39 e) −1.45 e) 

nBu D3 tBu A5 624 [28] 128 500 13.3 [28] 1.8 0.46 0.43 [28] −1.42 [28] 

Bn D3 tBu A5 625 112 450 12.5 2.7 0.44 0.46 −1.40

bPr D3 tBu A5 627 [25] 146 100 [25] 13.6 [25] 1.2 [25] 0.47 0.38 [25] −1.46 [25] 

 D4A5 640 65 600 13.7 1.8 0.44 0.41 −1.41

    a) Due to similar optical as well as electrochemical properties of dyes  D3A5 , the properties of dyes Me D3 tBu A5 , nPr D3 tBu A5 , iPr D3 tBu A5 , nPe D3 tBu A5 , nHe D3 tBu A5 , 
nBu D3 nBu A5  and bPr D3 Ph A5  are listed in Table S1 (Supporting Information);  b) UV–Vis: CH 2 Cl 2 , ∼10 −5   M , 298 K;  c) EOAM: 1,4-dioxane, ∼10 −6   M , 298 K, corrected to give 
“gas phase” dipole moments by Onsager cavity fi eld correction; [ 30 ]  d) CV: CH 2 Cl 2 , ∼10 −4   M , 298 K, N t Bu 4 PF 6  as electrolyte and with reference Fc/Fc + , the redox values of all 
other dyes are listed in Table S1;  e) Peak potential of irreversible redox process;  f)  Values obtained for the long-wave shoulder of the spectrum (see Figure   2  ) by fi tting the 
spectrum with Gaussians.   
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located at around −5.6 eV for the majority of the investigated 
dyes (in particular for almost all members of the extended 
series of the  A5  acceptor family) and range up to −6.0 eV for 
1,3-benzodithiole-2-ylidene dyes  D1A2  and  D1A4 . These results 
indeed suggest that this methylene base has a lower electron 
donating power compared to the other two which is surprising 
due to the wide application of such dithiole donors in tetrathi-
afulvalenes and related molecules. [ 32 ]  

 For our study the most important molecular property of all 
dyes given in Table  1  are the ground state dipole moments  µ  g  
that were obtained from electro-optical absorption measure-
ments (EOAM) in 1,4-dioxane and corrected by Onsager cavity 
fi eld correction to give “gas phase” dipole moments of the 
respective molecules (Figure S2, Supporting Information). [ 30 ]  
The majority of these dyes have indeed very large dipole 
moments above 10 D and up to 15.0 D ( D2A5 ) which complies 
with signifi cant transfer of electron density from the donor 
to the acceptor heterocycles via the conjugated bridge. Only 
for dyes  D1A1 ,  D3A1 ,  D1A2 , and  D3A2  the dipole moments 
remain smaller (2.8–6.2 D) which is explained by the fact that 
the π-conjugated path reverses its direction in the resp. acceptor 
units, that is, the carbonyl groups are oriented backwards 
toward the donor heterocycles. In addition to the ground state 
dipole moments the EOAM method also provides the change of 
the dipole moment upon optical excitation of the molecules into 
the excited singlet state Δ µ  and—under the assumption that 
both ground and excited state are composed of complementary 
contributions of an unpolar and a zwitterionic valence structure 

(see Scheme 1)—the  c  2  value according to Wortmann. [ 17,33 ]  
This value is most convenient to describe the degree of charge 
transfer from the donor to the acceptor subunit in D–A dyes 
for merocyanine dyes whose electronic structure is close to 
the cyanine-limit, that is,  c  2  = 0.5, where the unpolar and the 
zwitterionic valence structure (Scheme 1) share equal contri-
butions and all bond lengths are expected to be equal along 
the polymethine chain. [ 34 ]  For D–A dyes whose ground state 
electronic structure is dominated by the unpolar polyene-type 
structure  c  2  values are <0.5 whilst for D–A dyes whose ground 
state electronic structure is dominated by the zwitterionic 
structure  c  2  values are >0.5. For the given series of D–A dyes 
we derive  c  2  values between 0.26 ( D1A2 ) and 0.51 ( D2A5 ) by 
EOAM (Table  1 ). The fact that the open-chain polymethine dye 
 D3A3  exhibits a polyene-like electronic structure ( c  2  = 0.32, i.e., 
dominating unpolar structure in the ground state and strong 
bond length alternation) and that the analogous heterocyclic 
polymethine dye  D3A2  is signifi cantly closer to the cyanine 
limit ( c  2  = 0.40) complies with earlier studies that demonstrated 
how quinoid acceptor heterocycles can be used to polarize D–A 
dyes towards more zwitterionic structures. [ 16,17 ]  The fact that 
polyene-like electronic structures are also shown by the dyes 
with 1,3-benzodithiole-2-ylidene donor ( D1A1 ,  D1A2 ,  D1A4 , 
 D1A5 ) reveals a distinct difference between 1,3-benzodithiole-
2-ylidene on the one hand and 3-alkyl-2,3-dihydrobenzothiazol-
2-ylidene and 1-alkyl-3,3-dimethylindolin-2-ylidene on the other 
hand. Dyes based on the latter donor units in combination with 
acceptor heterocycles exhibit always an electronic structure 
close to or perfectly at the cyanine limit ( c  2  > 0.4), concomitant 
with narrow and high intensity ( ε  max ) absorption bands.  

  2.2.     OTFTs on Si/SiO 2  and TPA Modifi ed Substrates 

 In order to investigate the suitability of all D–A dyes as semi-
conductors in transistor devices, vacuum processed OTFTs 
were fabricated in a top-contact bottom-gate confi guration 
( Figure    3  a). Results on solution-processed OTFTs are not 
reported here as devices of the twenty merocyanine dyes could 
rarely be obtained due to solubility problems as well as inhomo-
geneous fi lm formation on non-functionalized substrates like 
Si/SiO 2  which, if at all, exhibited only poor performance in the 
range of 10 −4 –10 −7  cm 2  V −1  s −1 . With the exception of dye  D4A5  
which decomposed at the required temperature for sublima-
tion, all other dyes could be deposited by vacuum processing. 
The details of the fabrication can be found in the experimental 
section. To optimize the device performance, the dyes were 
deposited onto heated substrates in the range of 50–120 °C 
to enable a more crystalline fi lm formation (for the infl uence 
of the substrate temperature  T  S  on the device’s performance, 
see Table S2, Supporting Information). Transfer characteristics 
were measured at ambient conditions in the saturation regime 
with a source-drain voltage of  V  DS  = −50 V. The effective charge 
carrier mobilities  µ  and threshold voltages  V  T  were determined 
according to the equation  µ  = (2 I  DS  L /[ WC  i ( V  GS − V  T ) 2 ]), where  W  
denotes the width,  L  the length of the transistor channel and  C  i  
the capacitance of the dielectric layer. For every merocyanine, 
the electrical parameters were averaged over at least fi ve OTFTs 
and showed a variation less than 10%.  
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 Figure 2.    UV–Vis spectra of investigated D–A dyes in CH 2 Cl 2  (∼10 −5   M , 
298 K). As the dyes of the  D3A5  family show very similar absorption 
spectra, only the spectrum of nBu D3 tBu A5  is included while spectra of 
all  D3A5  dyes can be found in Figure S1 in the Supporting Information.
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 For the working devices, all OTFTs showed hole transport 
behavior, while the performance varied strongly with the sub-
strate. Table S3 (Supporting Information) shows the determined 
mobilities, threshold voltages and current on/off ratios ( I  on / I  off ) 
for the devices on Si/SiO 2  substrates. The corresponding 
transfer curves can also be found in the Supporting Informa-
tion (Figure S3). Out of the twenty investigated dyes, the devices 
of fi ve dyes ( D3A1 ,  D1A2 ,  D3A3 ,  D1A4 , nHe D3 tBu A5 ) showed 
no fi eld-effect at all. Notably, two of them ( D1A2 ,  D1A4 ) exhibit 
the 1,3-benzodithiole-2-ylidene donor which may be taken as an 
indication that a lack of alkyl side chains prohibits the forma-
tion of closed thin fi lms. 

 The devices of the other fourteen dyes exhibit threshold volt-
ages ranging from −17 up to +1 V, while the hole mobilities 
and current on/off ratios are in the range of 10 −4 –10 −6  cm 2  V −1  
s −1  and 10 2 –10 3 , respectively. These low mobilities are related 
to the presence of amorphous thin fi lms according to our AFM 
studies (vide infra). It appears that there is no clear-cut correla-
tion between the electrical properties of the devices on Si/SiO 2  
substrate and the molecular structure of the particular dyes, 
albeit the lowest value given for 1,3-benzodithiole-2-ylidene 
dye  D1A1  again supports the idea that the absence of alkyl side 
chains has a negative effect on the device performance. Accord-
ingly, the only good performing dye  D1A5  of the 3-alkyl-2,3-di-
hydrobenzothiazol-2-ylidene series ( D1A1 ,  D1A2 ,  D1A4 ,  D1A5 ) 
is the only one that is equipped with a  tert -butyl group (at the 
acceptor heterocycle). With regard to the impact of dipolarity on 

the charge transport properties, it is interesting to see that the 
hole mobilities slightly increase with increasing dipole moment 
of the dyes which is indeed at odds with the common hopping 
transport model of Bässler [ 15 ]  and will be discussed later. 

 Whilst the consistently amorphous thin fi lms on Si/SiO 2  
substrates showed only small variations of the transistor perfor-
mance for the whole series of dyes there was a larger differen-
tiation of the electrical properties of the devices on the  n -tetra-
decylphosphonic acid (TPA) modifi ed substrates for the various 
dyes ( Table    2  ). On this self-assembled monolayer (SAM) seven 
dyes ( D3A1 ,  D3A2 ,  D3A3 ,  D1A4 ,  D3A4 ,  D1A5 , Bn D3 tBu A5 ) 
showed no transistor performance at all, two dyes ( D1A1 , 
 D1A2 ) remained on the low level ( µ  ≈ 10 −5 –10 −6  cm 2  V −1  s −1 ) as 
observed on SiO 2 , but for the other ten dyes ( D2A5 , Me D3 tBu A5 , 
nPr D3 tBu A5 , iPr D3 tBu A5 , nBu D3 tBu A5 , nPe D3 tBu A5 , 
nHe D3 tBu A5 , nBu D3 nBu A5 , bPr D3 tBu A5 , bPr D3 Ph A5 ), a sig-
nifi cant improvement was observed. The transfer characteristics 
of the OTFTs of dyes  D2A5 , Me D3 tBu A5  and bPr D3 tBu A5  are 
depicted in Figure  3 b, the transfer characteristics of all other 
devices can be found in the Supporting Information (Figure S4). 
Note, that the transfer characteristics of all OTFTs on the TPA 
modifi ed substrates showed a mediocre hysteresis of the drain 
current for the forward and backward measurement cycle 
(Figure S5, Supporting Information).  

 Comparing the electrical properties, the values of the hole 
mobilities and current on/off ratios on the TPA modifi ed sub-
strate are spread over a much wider range as for the devices 
on Si/SiO 2 , peaking at values of  µ  = 0.18 cm 2  V −1  s −1  and 
 I  on / I  off  = 10 6  for dye bPr D3 tBu A5  on the TPA modifi ed sub-
strate. [ 25 ]  Taking into account the various acceptors of the dyes, 
it becomes clear, that the best devices were obtained for dyes 
with the 2-(4-alkylthiazol-2(3H)-ylidene)malononitrile acceptor 
( A5  in Scheme 1). All of these dyes belong to the same family 
of dyes bearing 1-alkyl-3,3-dimethylindolin-2-ylidene (Fischer 
base)  D3 / D4  donors (in one case a 3-alkyl-2,3-dihydrobenzothi-
azol-2-ylidene  D2 ) and 2-(4-alkylthiazol-2(3H)-ylidene)malonon-
itrile  A5  acceptors. The consistently good performance observed 
for the majority of these dyes corroborates their inherent prone-
ness for the formation of crystalline thin fi lms for quite dif-
ferent side chains (e.g.,  t Bu,  n Bu or Ph at the acceptor hetero-
cycle). Out of the investigated thirteen dyes, the devices of only 
two dyes ( D1A5 , Bn D3 tBu A5 ) did not work (again, dye  D4A5  
decomposed during the sublimation). The mobilities of the 
working devices are all larger than 10 −3  cm 2  V −1  s −1  and the cur-
rent on/off ratios are all well above 10 4 . 

 In contrast, OTFTs of dyes with 1,3-indandione  A1  (dyes  D1A1 , 
 D3A1 ), 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile  A2  
(dyes  D1A2 ,  D3A2 ), 2-benzylidenemalononitrile  A3  (dye  D3A3 ) 
and 1,4-dialkyl-3-cyano-6-hydroxy-2-pyridone  A4  (dyes  D1A4 , 
 D3A4 ) as acceptor moiety either showed no fi eld effect at all or 
exhibited only low charge carrier mobilities. Out of these seven 
dyes, the devices of only two dyes ( D1A1 ,  D1A2 ) showed p-channel 
behavior, yielding mobilities in the range of 10 −5 –10 −6  cm 2  V −1  s −1  
as well as current on/off ratios of the order of 10 2 –10 3 . These 
values are comparable to those of their thin fi lms on Si/SiO 2  sub-
strate (see Table S3, Supporting Information). 

 Comparing the different donors of the dyes bearing the 
2-(4-alkylthiazol-2(3H)-ylidene)malononitrile  A5  acceptor, it 
can be seen that the 1,3-benzodithiole-2-ylidene donor (dye 
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 Figure 3.    a) Transistor layout in bottom-gate, top-contact confi gura-
tion and b) transfer curves of the merocyanine  D2A5  (grey triangles), 
Me D3 tBu A5  (open circles) and bPr D3 tBu A5  (black squares) based tran-
sistors on the TPA modifi ed substrates with  V  DS  = −50 V.
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 D1A5 ) yields devices with no fi eld effect. For the 3-alkyl-2,3-di-
hydrobenzothiazol-2-ylidene donor (dye  D2A5 ), the mobility of 
the devices is of the order of 10 −3  cm 2  V −1  s −1  and rises above 
10 −2  cm 2  V −1  s −1  for devices with molecules containing 1-alkyl-
3,3-dimethylindolin-2-ylidene (Fischer base) as donor unit (dyes 
 D3A5 ). Concurrently, the current on/off ratio rises one order 
of magnitude when replacing 3-alkyl-2,3-dihydrobenzothiazol-
2-ylidene  D2  by 1-alkyl-3,3-dimethylindolin-2-ylidene (Fischer 
base)  D3  donors. For the threshold voltage, no such correlation 
can be obtained. However, there is a loose connection between 
the values of the threshold voltage and the mobility, as devices 
with a high mobility tend to have a smaller threshold voltage 
than devices with a lower mobility. 

 Taking a closer look on the performance of the series of the 
best dyes  D3A5 , an infl uence of the variation of the alkyl chain 
substituent can be established. For a linear alkyl chain, the 
mobility rises with increasing chain length from the methyl sub-
stituent (Me D3 tBu A5 ) over  n -propyl (nPr D3 tBu A5 ) to  n -butyl 
(nBu D3 tBu A5 ) with a peak mobility of  µ  = 0.14 cm 2  V −1  s −1 . 
Further elongation of the alkyl chain to  n -pentyl (nPe D3 tBu A5 ) 
and  n -hexyl (nHe D3 tBu A5 ) results in a decline of the mobility. 
When substituting the alkyl chain with a benzyl group 
(Bn D3 tBu A5 ), the devices exhibit no fi eld effect at all. For the 
different confi gurations of the attached propyl group (dyes 
nPr D3 tBu A5 , iPr D3 tBu A5  and bPr D3 tBu A5 ), the devices show 
an improvement from  n -propyl (nPr D3 tBu A5 ) over  i -propyl 
(iPr D3 tBu A5 ) to the bridged propyl (bPr D3 tBu A5 ) confi gura-
tion with the obtained peak mobility of  µ  = 0.18 cm 2  V −1  s −1  for 
dye bPr D3 tBu A5 .  

  2.3.     Film Morphology and Microstructure 

 Our previous results indicated that the devices fall into 
two classes, that is, devices with  µ  > 10 −3  cm 2  V −1  s −1  can be 

attributed to crystalline thin fi lms and those devices with 
 µ  < 10 −4  cm 2  V −1  s −1  can be attributed to amorphous thin 
fi lms. In order to obtain confi rmation for these conclusions, 
the molecular fi lms with a nominal thickness of 30 nm were 
analyzed by atomic force microscopy (AFM) and representative 
results are shown in  Figure    4  .  

 Figure  4 a,b shows the morphology of thin fi lms of dyes 
 D3A1  and  D3A2  on Si/SiO 2 . In the case of dye  D3A1 , no con-
tinuous fi lm but rather unconnected domains were formed 
during the deposition process, hence providing no percola-
tion pathways for charge carriers. This explains quite reason-
ably, why devices of some dyes did not show any semicon-
ducting behavior. AFM images of smooth thin fi lms with no 
structural features were obtained for dye  D3A2  on Si/SiO 2  
which is typical for thin fi lms of the investigated dyes on 
Si/SiO 2  exhibiting poor OTFT performance (Table S3, Sup-
porting Information). The very similar, yet low mobility 
values (10 −4 –10 −6  cm 2  V −1  s −1 ) of OTFT devices on Si/SiO 2  
suggest that they are mainly governed by the amorphous 
thin fi lm morphology despite their different molecular prop-
erties or packing. 

 On the TPA modifi ed substrate, the thin fi lms of dyes  D3A1  
and  D3A2  (Figure  4 c,d) showed a dewetting of the substrate, 
forming droplet-like grains which again are not interconnected. 
Therefore, those devices did not show any fi eld effect. However, 
for the other devices with  µ  > 10 −3  cm 2  V −1  s −1  the AFM images 
clearly show a structured surface. Thin fi lms of dyes  D2A5  and 
Me D3 tBu A5  exhibit small features (Figure  4 e,f). Small needle-
like domains with grain lengths of up to 0.5 µm can be seen 
for both thin fi lms. Imaging the surface of the thin fi lm of dye 
Me D3 tBu A5  was challenging due to upright standing needles 
and its resulting high roughness (RMS ≈ 45–85 nm). Both fea-
tures explain well the fact that mobilities of the corresponding 
OTFTs were among the lowest values in this series of  D3A5  
dyes. 
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  Table 2.    Mobility ( µ ), threshold voltage ( V  T ) and current on/off ratio ( I  on / I  off ) of the series of merocyanine dye based transistors on TPA modifi ed 
substrates. a)   

 T  S  [°C]  T  Sublimation  [°C] b)  µ  [cm 2  V −1  s −1 ] c)  V  T  [V] c)  I  on  / I  off  c) 

 D1A1 65 105 4.3 × 10 −5 0 10 2 

 D1A2 80 179 3.9 × 10 −6 −3 10 2 

 D2A5 120 151 0.0043 −11 10 4 

Me D3 tBu A5 110 155 0.018 −13 10 5 

nPr D3 tBu A5 120 138 0.076 −8 10 6 

iPr D3 tBu A5 110 131 0.12 −5 10 6 

nBu D3 tBu A5 110 141 0.14 −7 10 5 

nPe D3 tBu A5 100 130 0.011 −9 10 5 

nHe D3 tBu A5 95 127 0.050 −9 10 6 

nBu D3 nBu A5 90 130 0.026 −12 10 5 

bPr D3 tBu A5   [25]  120 144 0.18 −5 10 6 

bPr D3 Ph A5 100 170 0.010 −8 10 5 

    a) Only the parameters of the devices showing a fi eld effect are given in this table. During the sublimation, the deposition rate was gradually increased up to 1 nm min −1 , 
starting with a rate of 0.2 nm min −1  at the sublimation temperature  T  Sublimation  for the fi rst 10 nm of the thin fi lm. The substrates were heated to the given substrate tem-
perature  T  S ;  b) Sublimation temperature  T  Sublimation  corresponding to a deposition rate of 0.2 nm min −1 ;  c) Average value of fi ve transistors. The parameters showed a varia-
tion of less than 10%.   
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 On the other hand, the thin fi lms of almost all other  D3A5  
dyes clearly show larger sized grains and layered structures 
which explain well the higher charge carrier mobilities of their 
devices. For dye nBu D3 tBu A5  a clear terrace-like morphology 
with grain sizes up to 2 µm and a step height of 1.1 ± 0.2 nm 
can be observed (Figure  4 g). For dye bPr D3 tBu A5 , the mor-
phology of the thin fi lms is similar to that of the fi lm of dye 
nBu D3 tBu A5  although showing slightly smaller rod-like grains 
and not so well-defi ned terrace-like structures (Figure  4 h). 
This does not correspond with the fact that the OTFT of dye 
bPr D3 tBu A5  shows a slightly higher mobility as that of dye 
nBu D3 tBu A5  and demonstrates that the fi lm morphology gives 
good explanations for the different mobility values but is clearly 
not enough to explain every difference. 

 For the family of dyes  D3A5 , the infl uence of the substituent 
at the donor moiety on the thin fi lm morphology is depicted 
in Figure S6 (Supporting Information). For an attached methyl 
group (dye Me D3 tBu A5 ) the surface of the thin fi lm shows 
small crystalline regions and is very rough. However, when 
elongating the alkyl chain, the surfaces become smoother and 
the grain sizes rise with increasing length of the alkyl chain 
from methyl (Me D3 tBu A5 ) to  n -pentyl (nPe D3 tBu A5 ). Further 
elongation of the alkyl chain to  n -hexyl (nHe D3 tBu A5 ) leads 
to frayed islands while a substitution of the alkyl chain with 
a benzyl group (Bn D3 tBu A5 ) induces a dewetting of the sub-
strate. Note that for the thin fi lm of dye nPe D3 tBu A5  the grain 
size of the islands are the biggest of all investigated thin fi lms. 
However, as the inlet in Figure S6f shows, there are cracks in 
the thin fi lm, surely affecting the percolation pathways.  

  2.4.     Single Crystal X-Ray Analysis 

 In order to further investigate the diversifi ed device per-
formance, single crystal structures of compounds  D3A1 , 
 D3A2 ,  D3A4 , Me D3 tBu A5 , nBu D3 tBu A5 , nHe D3 tBu A5  and 
bPr D3 tBu A5  were determined. All crystals were grown from 

solution by either slow evaporation of the respective solvent or 
slow diffusion of a bad solvent into the solution of the respec-
tive dye (for further information, see Supporting Information). 

 From the X-ray structures of these seven molecules the bond 
length alternation (BLA) [ 34 ]  for the three C–C bonds between 
donor and acceptor heterocycles could be calculated and cor-
related to the “gas phase”  c  2  values determined for the mole-
cules in solution. Here, a BLA <Δ r > = 0 suggests the molecule 
being in the cyanine limit, that is,  c  2  = 0.5, whereas a large 
negative BLA suggests a ground state dominated by the zwit-
terionic structure. However, no quantifi cation, that is, calcula-
tion of  c  2  values from BLA values to quantify the offset from 
the cyanine limit, can be done. The obtained BLA values are 
given along with the measured bond lengths in Table S4 (Sup-
porting Information) and it can be seen that dyes  D3A1  and 
 D3A2  exhibit the smallest bond length alternation with a value 
close to zero of <Δ r > = −0.001 Å and <Δ r > = −0.005 Å, respec-
tively. Dye  D3A4  as well as the four dyes of the  D3A5  family 
show larger negative BLA values between <Δ r > = −0.015 Å 
and <Δ r > = −0.025 Å. Comparing the BLA values to the “gas 
phase”  c  2  values (Table  1 ), one notices that the structure of all 
dyes in the solid state is shifted towards the more zwitterionic 
resonance structure (Scheme 1) as indicated by the negative 
<Δ r > values. Owing to the more polarizing solid state environ-
ment the dyes  D3A1  and  D3A2  with the lowest  c  2  values of 0.40 
are now the ones closest to the cyanine limit (corresponding to 
 c  2  = 0.5) in the crystalline state. 

 The packing of dyes  D3A1 ,  D3A2 , Me D3 tBu A5  and 
nBu D3 tBu A5  is depicted in  Figure    5   (the other crystal struc-
tures can be found in the Supporting Information, Figure S7) 
with the acceptor part of the molecule colored red, the donor 
moiety colored blue and their alkyl chain in grey. Note that 
due to a slight twisting of some molecules along the poly-
methine bridge and concomitant lack of overall planarity, the 
given π–π-distances were calculated for the spacing between 
parallel acceptor moieties. One common feature which can be 
found in all of the obtained crystal structures is the antiparallel 
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 Figure 4.    AFM height images of 30 nm vacuum deposited thin fi lms (nominal thickness) of a)  D3A1 , b)  D3A2  on Si/SiO 2 , as well as c)  D3A1 , d)  D3A2 , 
e)  D2A5 , f) Me D3 tBu A5 , g) nBu D3 tBu A5 , h) bPr D3 tBu A5  on the TPA modifi ed substrates. Each image scales to 5 µm × 5 µm.
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alignment of neighboring molecules, indicating that the ground 
state dipole moment has a major impact on the packing of the 
dyes. Accordingly, as suggested in a previous concept article, [ 35 ]  
this antiparallel dimer motif may be regarded as a “supramo-
lecular synthon” [ 36 ]  albeit the arrangement of the molecules is 
not as precisely defi ned by the dipole moments of molecules 
as for instance for hydrogen bonds. [ 36 ]  Thus, at a closer look, 
two distinct packing motifs can be distinguished: The acceptor 
moiety of one molecule lies either on top of a donor moiety 
(Figure  5 a,b:  D3A1 ,  D3A2 ; Figure S7a:  D3A4 ) or on top of 
another acceptor moiety (Figure  5 c,d and Figure S7b,c:  D3A5  
series) of the closest neighboring molecule. Additionally, the 
π–π-distances of the two adjacent molecules is either different 
(Figure  5 a,b:  D3A1 ,  D3A2 ; Figure S7a:  D3A4 ) or (almost) equal 
(Figure  5 c,d and Figure S7b,c:  D3A5  series).  

 The fi rst case—one next neighbor is located at a signifi -
cantly closer distance and the acceptor lies on top of the neigh-
bor's donor moiety—may be regarded as a situation, where 
the dipolar interaction energy between two dyes has been 
optimized at the expense of the other now more distant sur-
rounding molecules. Despite of larger intermolecular distances 
and a more pronounced slipping of the further neighbor we 
may still recognize a continuous one-dimensional π-stack 
of the dimer units for dyes  D3A2  and  D3A4 . In contrast, 
for dye  D3A1 , the packing motif consists only of an isolated 
antiparallel stacked dimer unit with a π–π-distance of 3.989 Å, 
whereas the molecules of this dimer unit have no overlap with 
the π-surfaces of the other neighboring molecules. 

 The second case, found for all dyes of the  D3A5  family, 
shows a brickwork-type packing pattern with four next 

neighbors located at almost the same π–π-distance. This 
packing resembles a more balanced allocation of the dipolar 
interaction energy between all neighboring dyes with π–π-
overlap in the crystal, but requires a signifi cant slipping 
between the molecular centers, which is supported by the bulky 
 tert -butyl and C(Me) 2  subunits of these molecules. Because of 
the antiparallel orientation of neighboring D–A molecules this 
packing motif affords acceptor-acceptor and donor–donor con-
tacts between the π-stacked molecules. 

 Further analysis of the molecular long-range packing shows 
that there are again two distinguished arrangements, one 
showing stacks of dimers which are tilted and twisted against 
each other (Figure  5 a,b:  D3A1 ,  D3A2 ; Figure S7a:  D3A4 ), 
the other showing a two-dimensional layer-like structure 
(Figure  5 c,d and Figure S7b,c:  D3A5  series). 

 In this layered packing motif (Figure  5 c,d and Figure S7b,c: 
 D3A5  series), isolated dimers cannot be distinguished as each 
next neighboring molecule has (almost) the same π–π-distance. 
These π–π-distances are 3.429 Å for dye Me D3 tBu A5  and 
3.628 Å for dye nBu D3 tBu A5 . In both cases, the molecules 
have a perfectly planar backbone and the acceptor parts overlap, 
while for dye Me D3 tBu A5  the donor parts overlap addition-
ally. For dye nHe D3 tBu A5  the analysis is not that simple, as 
there are two different conformations of the molecule present 
in the crystal (see Figure S7b), one showing only a small twist 
between the donor and the acceptor part of 2.8°, the other 
showing a larger twist of 8.9°. Furthermore, the π–π-distance 
is not identical for both conformations and varies slightly. How-
ever, the layer-like packing is still present. The analysis of the 
crystal structure of bPr D3 tBu A5  indicates a layered structure as 
well, although the crystal incorporated the solvent CHCl 3  from 
which the crystal was grown, therefore not showing perfectly 
aligned planes with a distance of about 3.389–3.397 Å. 

 It is quite remarkable that all merocyanine dyes with high 
performance in OTFTs ( µ  > 10 −3  cm 2  V −1  s −1 ) show the second 
type of 2D packing motif. When comparing these results to 
the OTFT performances of the devices and the AFM results, 
it becomes clear that the thin fi lm of those dyes, which show 
a packing motif with tilted stacks or isolated dimers, also show 
no fi eld effect on the TPA modifi ed substrate due to a dewet-
ting of the substrate. However, the thin fi lms of  D3A5  dyes 
with the layered single crystalline structure show all high fi eld 
effect mobilities of  µ  > 0.01 cm 2  V −1  s −1 .  

  2.5.     XRD and SAED Studies 

 With regard to the issues of molecular packing in the thin 
fi lms as well as their molecular orientation on the substrate, 
out-of-plane X-ray diffraction (XRD) and selected area electron 
diffraction (SAED) measurements were performed and corre-
lated to the single crystal structures. The two techniques can 
be regarded as complementary as XRD gives information about 
planes which are oriented parallel to the substrate while SAED 
shows diffraction for planes which are standing upright on the 
substrate. Because crystalline fi lms with good transistor per-
formance could only be obtained for dyes of the  D3A5  family, 
our further studies were focused on members of this class of 
compounds. Please note that the result of the SAED analysis 
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 Figure 5.    Crystal packing of merocyanine dyes a)  D3A1 , b)  D3A2 , 
c) Me D3 tBu A5  and d) nBu D3 tBu A5  with the acceptor part of the mole-
cule colored red, the donor moiety colored blue and the alkyl chain at 
the donor colored grey. Shown is the molecular structure with packing 
of the respective closest dimers as well as side views to reveal the corre-
sponding π–π-stacking distances of the molecules to their closest neigh-
bors (calculated for the acceptor moieties).
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given here for dye bPr D3 tBu A5  is slightly different to the one 
given in a previous publication. [ 25 ]  This is due to a more refi ned 
measurement of a sample with only 5 nm thin fi lm to investi-
gate the fi rst few monolayers. 

  Figure    6   shows the XRD patterns of the thin fi lms of com-
pounds Me D3 tBu A5 , nBu D3 tBu A5  and bPr D3 tBu A5  on TPA 
modifi ed substrates including the corresponding simulated 
powder spectra for Me D3 tBu A5  and nBu D3 tBu A5  which were 
derived from the single crystal structure using the software Mer-
cury. [ 37 ]  The XRD pattern of the dye Me D3 tBu A5  shows only one 
clear peak at 7.3° which correlates well with the rough surface 

and poor crystallinity of the thin fi lm and can be assigned to the 
(020) peak of the simulated powder spectrum. When analyzing 
the XRD pattern of the thin fi lm of dye nBu D3 tBu A5 , there 
are three clear diffraction peaks at 8.0°, 16.0°, and 24.1°, corre-
sponding to the crystalline (10−1), (20−2), and (30−3) planes. The 
number of peaks as well as their intensity and line width indi-
cate a much higher degree of crystallinity in the fi lm than for 
Me D3 tBu A5  which is further supported by the fact that the thin 
fi lm of dye nBu D3 tBu A5  also showed the largest grains in the 
AFM images. The thin fi lm of dye bPr D3 tBu A5  shows two dis-
tinct peaks at 9.1° and 9.6°. Such close lying peaks could mean 
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 Figure 6.    XRD patterns (black lines) for 30 nm thin fi lms on TPA modifi ed substrates with corresponding powder spectra (grey lines) simulated from 
single crystal structures (a,c,e) as well as corresponding SAED diffraction patterns for 5 nm thin fi lms on TPA modifi ed substrates with calculated 
interplanar distances  d  (b,d,f) of dyes Me D3 tBu A5  (a,b), nBu D3 tBu A5  (c,d) and bPr D3 tBu A5  (e,f). The inlets in (b,d,f) show the region of the thin 
fi lms from TEM measurement for which SAED experiments were performed.
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that two orientations of crystallites with equal 
contributions to the thin fi lm phase exist in 
the thin fi lm. Because we could not grow a sol-
vent-free single crystal for this dye a more in-
depth analysis is not possible for this material.  

 Complementary to the above stated results 
of the XRD analyses, SAED measurements 
give insights into the arrangement of planes 
perpendicular to the surface. Strong diffrac-
tion cycles were observed for all three thin 
fi lms and indicate the polycrystalline nature 
of these, which is supported by the AFM 
results (Figure  4 ) as well as the morphology 
of the regions which were used for SAED, 
obtained by transmission electron micros-
copy (TEM; inlet in Figure  6 b,d,f). This is reasonable, as the 
vacuum deposition is a nondirectional deposition technique. 
From the distance of the diffraction cycles to the center spot, 
the corresponding interplanar distances were calculated and 
showed to be in good agreement with the π–π-distances from 
the single crystal structures (Figure  5  and Supporting Infor-
mation Figure S7). In this regard, the diffraction pattern of 
dye nBu D3 tBu A5  indicates a lattice spacing of 3.61 Å whereas 
compounds Me D3 tBu A5  and bPr D3 tBu A5  give smaller lattice 
spacings of 3.43 Å and 3.46 Å, respectively. All three values 
are in excellent agreement with the π–π-distances found in 
single crystals which are 3.63 Å for nBu D3 tBu A5 , 3.43 Å for 
Me D3 tBu A5 , and 3.40 Å for bPr D3 tBu A5 . The shorter π–π-
distances for Me D3 tBu A5  and bPr D3 tBu A5  are reasonable as 
the long butyl chain of nBu D3 tBu A5  possesses more fl exibility 
and gives rise to a larger steric effect compared to the bridged 
propyl and methyl group. This might also be the reason why 
the devices of compound bPr D3 tBu A5  still could achieve high 
mobilities although the thin fi lm morphology appears not as 
good as the one of compound nBu D3 tBu A5 . 

 From the XRD, SAED and single crystal results, the orien-
tation of the molecules Me D3 tBu A5  and nBu D3 tBu A5  on the 
TPA modifi ed substrate can be deduced and are depicted in 
 Figure    7  . The diffraction planes observed in the XRD experi-
ments are hereby oriented almost parallel to the substrate 
((020) for dye Me D3 tBu A5  and (10−1) for dye nBu D3 tBu A5 ) 
whereas the diffraction planes from the SAED measurements, 
arising from the planes where the π–π-stacking occurs, are 
almost perpendicular to the substrate. The single crystal results 
show that the π–π-stacking lies in the direction of the  c -axis for 
dye Me D3 tBu A5  whereas for dye nBu D3 tBu A5  it lies in the 
direction of the  b -axis. From these results we conclude that both 
molecules adopt an edge-on orientation on the TPA modifi ed 
surface within the crystalline domains of the thin fi lms and 
show a close π–π-stacking along the direction of the transistor 
channel which enables effi cient charge carrier transport.    

  3.     Discussion 

  3.1.     Description of the Disorder Charge Transport Theory 

 The disorder charge transport theory of Bässler implies 
that using molecules with a permanent dipole moment in 

semiconducting layers will result in only moderate charge 
carrier mobilities due to a broadening of the density of states 
distribution. [ 15 ]  The theoretical model describes the movement 
of the charge carrier as a hopping process between energetic 
sites (here related to the HOMO levels) and is therefore not 
limited to any experimental setup or class of materials. With 
the assumption of non-interacting dipoles and consideration 
of other parameters (e.g., the average distance of the organic 
semiconductor molecules in a polymer matrix), the model pre-
dicts a scaling of the charge carrier mobility with the dipole 
moment according to log  µ  ∼ − µ  g  2 . [ 15a ]  Experimental support 
for this seminal theory was given by data from Sugiuchi and 
Nishizawa who reported the decrease of charge carrier mobility 
in molecularly doped polycarbonate (1:1 ratio by weight). [ 38 ]  
In this study, only molecules with small dipole moments ( µ  g  
up to 5.56 D) were investigated and it was assumed that the 
dipoles were non-interacting due to the spatial displacement of 
the molecules in the polycarbonate matrix. As they used time 
of fl ight (TOF) measurements for the determination of the 
charge carrier mobility of the molecularly doped polycarbonate, 
their data are not directly comparable to our results obtained 
from OTFT measurements which include device parameters 
and not only parameters of the material itself. In addition, 
we investigate bulk materials where direct contacts between 
our dipolar dyes are unavoidable. As depicted in  Figure    8  , 
the mole cules investigated by Sugiuchi and Nishizawa show 
indeed the predicted relationship, i.e., a linear decrease of log 
 µ  with the square of the dipole moment of the organic semi-
conductor molecule. [ 15a ]  The most dipolar compounds might 
indicate a saturation behavior at charge carrier mobilities of 
∼10 −7  cm 2  V −1  s −1  (for  µ  g  2  < 25 D 2 ) but due to the lack of more 
dipolar compounds in the given study this conclusion appears 
too speculative.   

  3.2.     Impact of Molecule-Substrate and Dipolar Molecule-
Molecule Interactions 

 This situation is now entirely different for our series of mero-
cyanine dyes whose dipole moments cover a much larger 
range up to  µ  g  2  > 200 D 2 . Our data show that the mobilities of 
the devices of the merocyanine dyes on the Si/SiO 2  substrate 
are not infl uenced by the dipole moment and vary in a non-
ordered manner between 10 −4 –10 −6  cm 2  V −1  s −1  (fi lled squares 
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 Figure 7.    Orientation of the molecules within the thin fi lm of dyes a) Me D3 tBu A5  and 
b) nBu D3 tBu A5  on TPA modifi ed substrates based on the XRD, SAED and single crystal results. 
Additionally given are the respective axes of the single crystal structures.
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in Figure  8 ). In order to rationalize these results with the pre-
viously described model, it must be addressed if the dipole 
moments in the thin fi lms are non-interacting with respect 
to the thin fi lm morphology. As merocyanine dyes are highly 
dipolar ( µ  g  up to 15.0 D, Table  1 ) and the fi lms only consist 
of organic semiconductor molecules without any polymer 
matrix, the molecules will for sure interact. However, for the 
OTFT architecture, where charge transport takes place in the 
fi rst layers of the interface, the interaction between substrate 
and semiconducting molecules has to be taken into account as 
well. As the mobilities of the OTFTs of our dyes on the Si/SiO 2  
substrate show no clear dependance on the dipole moment 
(see Figure  8 ) and the AFM results indicate an amorphous 
morphology, the interaction between the molecules and the 
substrate probably superimposes the dipole-dipole interaction. 
Hence, the lack of infl uence on the packing from dipole-dipole 
interaction is ensured by the higher interaction between the 
substrate and the respective dye. The fact that the investigated 
merocyanines do not form ordered monolayers has recently 
also been confi rmed for thin fi lms on a Au(111) surface. [ 28 ]  

 Notably, although being a device parameter, the mobility of 
the OTFT with the least dipolar dye  D1A1  as organic semicon-
ductor seems to loosely fi t into the range of the mobility values 
which are predicted by Dieckmann, Bässler and Borsenberger. 
In contrast, looking at the mobility values for the more dipolar 
dyes on Si/SiO 2 , these do not show a log  µ  ∼ − µ  g  2  behavior 
over the investigated range of dipole moments. This can be 
explained by the growing dipole-dipole interaction with higher 
dipolarity of the molecules as the electrostatic energy between 
two dipoles correlates quadratically with the dipole moment. 
Thus, the dipole-dipole interaction becomes more important 
regarding fi lm formation although still not being the mor-
phology determining factor. Still, as Dieckmann, Bässler and 
Borsenberger already mentioned in their study, deviations from 
the model for higher dipole moments ( µ  g  > 5 D) clearly show 
the importance of dipole-dipole interactions which tend to align 

in an antiparallel manner in unpolar environment. Accordingly, 
our study corroborates that antiparallel aligned dimers are 
formed, which can be regarded as an unpolar moiety and will 
therefore not broaden the density of states as expected from a 
random orientation of dipole moments. 

 For the TPA modifi ed surface, the case is different. As the 
surface energy is signifi cantly reduced in comparison to the 
untreated Si/SiO 2 , [ 39 ]  it can be expected that there is a lower 
degree of interaction between organic molecules and the TPA 
functionalized surface than with the Si/SiO 2  surface. This has 
already been stated for thin fi lms of pentacene on TPA as well 
as on other functionalized surfaces. [ 39,40 ]  Consequently, the 
intermolecular forces now dominate the fi lm formation which 
is supported by the AFM results showing clear structural fea-
tures rather than unstructured amorphous surfaces of the thin 
fi lms on the TPA modifi ed substrate (Figure  4 ). Therefore, 
the relationship between charge carrier mobility and dipole 
moment will be completely different from the log  µ  ∼ − µ  g  2  
behavior predicted for randomly disordered molecules. Our 
study shows that in the case of low dipole moments of ∼3–6 D 
the reduced interaction between the surface and the molecule 
leads to a dewetting of the surface (Figure  4 c,d) or to the for-
mation of amorphous structures, which are not favorable for 
providing high charge carrier mobilities. Therefore for the 
dyes with low dipole moments, the corresponding mobilities 
fall into the same range as for the devices on Si/SiO 2 . This cor-
responds well with the single crystal structures of these dyes 
which show only a low dimensional ordering of the molecules. 
On the other hand, for dyes bearing a larger dipole moment 
of 13–15 D, the high dipole-dipole interaction directs a highly 
ordered layer-like packing motif (Figure  5 c,d) and the mobility 
even increases signifi cantly by up to four orders of magni-
tude to yield a maximum of 0.18 cm 2  V −1  s −1  (open symbols 
in Figure  8 ).  

  3.3.     Electrostatic Surface Potentials for Dye Monomers 
and Dimers 

 To elucidate why packing arrangements with different dimen-
sional ordering (isolated dimers/tilted stacks in contrast to equi-
distant layers; Figure  5 a,b vs Figure  5 c,d) are formed for the 
given series of molecules, DFT calculations were performed to 
visualize the electrostatic potential on the van-der-Waals surface 
of appropriate dimers taken from the crystal structure. For com-
parison, the electrostatic potentials of the respective monomers 
were calculated as well and are shown together with those of 
the dimers in  Figure    9   (exemplarily shown are the electrostatic 
potentials of dyes  D3A1 ,  D3A2  and nBu D3 tBu A5 ; the results 
for dye Me D3 tBu A5  can be found in Supporting Information 
Figure S9). The monomers of all dyes clearly show the dipolar 
character of the molecules as well-defi ned centers of electron 
density can be seen. However, as expected based on our experi-
mental data (Table  1 ), the dipolar nature of dye nBu D3 tBu A5  
is also most pronounced in the calculation. Going from the 
monomer to the dimer, the electrostatic potential for dye  D3A1  
becomes quite homogeneous throughout the molecular back-
bone, therefore illustrating the approach of the “supramolecular 
synthon”. The centrosymmetric dimer can thus be regarded as 
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 Figure 8.    Dependance of the OTFT hole mobilities on the ground state 
dipole moments of the D–A dyes. The values are given for the thin fi lms 
on the untreated Si/SiO 2  (fi lled squares) as well as on the TPA modifi ed 
substrate (open squares). Additionally, the mobilities from Sugiuchi and 
Nishizawa [ 38 ]  (grey triangles) with their linear fi t from Dieckmann et al. [ 15a ]  
(grey line) are shown.
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an unpolar moiety (see also Figure  5 a). For dye nBu D3 tBu A5 , 
the dimer is again less polar than the monomer but a slight 
dipolar character for both molecules is still retained as the mol-
ecules are slipped against each other and mainly overlap with 
their acceptor parts (see also Figure  5 d). This slip arises from 
the sterical demand of the bulky  tert -butyl group attached to 
the acceptor and the C(Me) 2  group at the donor part. In this 
case, the polar surfaces are not fully covered and can induce an 
ordered alignment of other neighboring molecules. Dye  D3A2  
seems to fall just in between these two cases as two non-equiv-
alent dimers can be found in the crystal structure, one with a 
longitudinal molecular slip due to the C(Me) 2  group as well as 
the  n -butyl chain and one without. The electrostatic potential 
of the dimer with a molecular slip again shows a slight dipolar 
character of both molecules whereas the result of the dimer 
with almost no molecular slip exhibits a more homogeneous 
electrostatic potential throughout the molecular backbone 
without fully annihilating the dipolar character. Still, this indi-
cates a higher compensation of the molecular dipoles than for 
the dimer with the slipped arrangement and can be compared 
to the case of dye  D3A1 .   

  3.4.     Rationalization of the Two Types of Packing 

 The two types of packing arrangements of our dyes (layers vs 
isolated dimers/tilted stacks) on the TPA modifi ed substrate can 
be explained as follows: Due to the dipole-dipole interaction, 
which acts over a long range, all dyes assemble with next neigh-
bors in an antiparallel fashion. For the dimers of dye  D3A1 , the 
molecules are well-stacked on top of each other (donor on top 
of acceptor), hence yielding a compensation of the electrostatic 
potential and cancelling out the dipole moments. However, 
dispersion interactions (e.g., van-der-Waals interactions), deter-
mined mainly by the sterics of the molecules’ substituents, are 
relevant as well and can lead to slipped arrangements where 
the acceptor parts of neighboring molecules overlap with each 
other. Hence, for dye  D3A2  a dimer with this longitudinal slip 

can be found in the crystal structure. However, when such a 
dimer is formed, the next molecule—like for dye  D3A1 —can 
pack in such a way as to align antiparallel exactly on top of one 
molecule of the slipped dimer. If such a well-aligned dimer 
without or with only small molecular displacement is formed 
during the growth of a crystal, there is no further driving force 
to induce a highly ordered packing (especially for dyes with a 
low dipole moment) which ultimately results in isolated dimers 
(dye  D3A1 , Figure  5 a) or tilted stacks of dimers (dye  D3A2 , 
Figure  5 b). 

 The impact of sterics on the molecular packing can also be 
seen in the case of dye  D3A4 . Due to the high dipole moment 
of 12.8 D the tendency to pack in a layer-like motif can be 
clearly seen (Figure S7a). However, the sterical hindrance by 
the butyl chain at the acceptor and the two methyl groups at 
the donor part is too big. When a slipped dimer with over-
lapping acceptor parts is formed, the next molecule can only 
be located in such a way as to have a small overlap with the 
π-system of the dimer molecules. Therefore, only stacks which 
are twisted against each other can be formed. Presumably, if 
there was less sterical hindrance, the dyes would again form 
stacks of dimers with signifi cant π-overlap which has already 
been shown for similar dyes in crystal structures as well as 
by the formation of dimer aggregates in solution for highly 
dipolar molecules even with no sterical hindrance. [ 20d , 41 ]  For 
the dyes of the  D3A5  family, dipolarity and sterics are balanced 
just right to direct the desired two-dimensional layer arrange-
ment on the transistor dielectric. The two methyl groups at 
the donor part and the  tert -butyl group at the acceptor moiety 
lead to a slip of the molecules (Figure  5 c,d; Supporting Infor-
mation Figure S7b,c), hence sustaining the dipolar character 
of the molecules in a centrosymmetric dimer unit. Therefore 
the large dipole moment can give rise to the growth of a 2D 
brickwork-type crystal structure. 

 Rephrasing, for merocyanines and presumably also for 
any D–A push-pull dye scaffold the dipole moment—together 
with well-designed sterics of the molecule—actually play the 
key role in the formation of well-ordered packing motifs as it 
induces highly ordered 2D layer-like crystal structures, which 
enable decent device performance. This is in contrast to former 
belief that molecules with high dipole moments should not be 
used for applications where a high charge carrier mobility is 
needed. In fact, our study even suggests that if molecules with 
dipole moments are used as semiconductors in OTFTs, the 
dipole moment has to be suffi ciently high to induce an advan-
tageous intimate packing of the dyes which will ultimately 
result in good charge carrier mobility values of the device. It 
might even be speculated that the strong Coulomb interaction 
between appropriately packed dipolar dyes might enable closer 
π–π- contacts below typical van-der-Waals distances and con-
comitantly larger transfer integrals (which depend by e −   r   on 
distance).   

  4.     Conclusion 

 We systematically investigated twenty merocyanine dyes com-
posed of various donor and acceptor moieties with respect to 
their suitability as p-type semiconductors in organic thin fi lm 
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 Figure 9.    Electrostatic potential on the van-der-Waals surface of mono-
mers and dimers of dyes  D3A1 ,  D3A2  and nBu D3 tBu A5  (obtained for an 
isovalue of 0.001). The geometries of the monomers and dimers were 
taken from the crystal structures.
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transistors on two different substrates. Our studies show that 
the vast majority of the thin fi lms formed by these dipolar 
D–A dyes are amorphous, even after tedious variation of sub-
strate temperature and deposition rate. Thus, if at all, only low 
hole charge carrier mobilities around 10 −4 –10 −6  cm 2  V −1  s −1  
were determined for these OTFTs on Si/SiO 2  in air. As an 
exception, among the most dipolar subseries (∼13 D) con-
taining 2-(4-alkylthiazol-2(3H)-ylidene)malononitrile acceptor 
and 1-alkyl-3,3-dimethylindolin-2-ylidene donor units, sev-
eral dyes of the  D3A5  family could be identifi ed that showed 
remarkably improved performance with mobilities of up to 
0.18 cm 2  V −1  s −1  on substrates modifi ed with a self-assem-
bled monolayer of TPA. Comparison of the obtained mobility 
values to Bässler's disorder charge transport theory shows 
that our mobility values do not match the predicted log 
 µ  ∼ − µ  g  2  behavior and show no signifi cant scaling with the 
dipole moment on Si/SiO 2 . This is explained by the formation 
of centrosymmetric dimers in the amorphous fi lms which 
do not lower the mobility as expected. On the TPA modifi ed 
substrate, the mobility values even increase with increasing 
dipole moments, indicating the formation of highly crystal-
line fi lms for the  D3A5  family. Whereas all thin fi lms of mero-
cyanines are built up from antiparallel aligned dimers, the 
outstanding feature of these  D3A5  dyes is that they all crys-
tallize in a two-dimensional layer-like structure with slipped 
π-stacking arrangements, which could be confi rmed by SAED, 
XRD and single crystal structure analysis. From the calculated 
electrostatic surface potentials it seems rational that these 
two-dimensional brickwork-type patterns are formed due to 
the well-balanced sterics as well as the high dipolarity of the 
respective dyes. In this regard, properly positioned bulky sub-
stituents prohibit the dyes from forming isolated dimers with 
no overall dipole moment and yield a longitudinally slipped 
dimer unit in which the dipolar character of the molecules is 
retained. From our study it appears that it is not the mole-
cules’ dipolarity that limits the suitability of D–A molecules in 
organic electronics but the diffi culty encountered for dipolar 
molecules to assemble in large crystalline domains on planar 
substrates. If this issue is solved, D–A dyes crystallizing with 
closer π–π-contacts might yield OTFTs with even higher 
charge carrier mobilities, approaching or even surpassing the 
currently best organic semiconductors.  

  5.     Experimental Section 
 The synthesis of dyes  D3A1 , [ 28 ]   D3A2 , [ 20a ]   D3A4 , [ 17b ]  nBu D3 tBu A5 , [ 28 ]  
nHe D3 tBu A5 , [ 42 ]  Bn D3 tBu A5 , [ 20a ]  nBu D3 nBu A5 , [ 22 ]  and bPr D3 tBu A5  [  25  ]  
has been reported previously. The synthesis of all other dyes can be 
found in the Supporting Information. 

  Film and Transistor Fabrication : 30 nm thin merocyanine fi lms were 
vacuum deposited either onto Si/SiO 2  substrates (100 nm dielectric 
layer; capacitance  C  i  = 34 nF cm −2 ) as well as  n -tetradecylphosphonic 
acid (TPA) modifi ed Si/SiO 2  (100 nm)/AlO x  (8 nm) substrates (1.7 nm 
TPA monolayer; capacitance  C  i  = 32.4 nF cm −2 ). During the deposition of 
the merocyanine dyes, a growth rate of 0.2–1.0 nm min −1  was adjusted 
by monitoring the fi lm growth with a quartz crystal microbalance and the 
pressure was below 10 −6  mbar. Furthermore, the substrate temperature 
( T  S ) was kept constant at a fi xed temperature in the range of 50–125 °C 
in order to obtain devices with optimized performance. Subsequently, 
30 nm gold were evaporated through steel shadow masks onto the fi lms 

to form the source and drain electrodes, fi nally yielding devices with a 
channel length  L  and width  W  of 100 and 200 µm, respectively. 

  Film Characterization : The transistor current voltage characteristics 
were measured under ambient conditions using a Micromanipulator 
4060 and Agilent 4155C semiconductor parametric analyzer (Agilent 
Technologies, Inc., Santa Clara, CA), keeping the devices at 298 K. Prior 
to the characterization, the semiconducting fi lm around the device was 
scratched with a needle of the used Micromanipulator to electrically 
isolate the device. Atomic force microscopy was carried out with a Bruker 
AXS MultiMode Nanoscope IV instrument in the tapping mode. Silicon 
cantilevers (OMCL-AC160TS, Olympus) with a spring constant of 42 N m −1  
and a resonance frequency of ≈300 kHz were used. XRD experiments were 
performed on a Bruker D8 discovery thin fi lm diffractometer with Cu K α  
radiation ( λ  = 1.54056 Å) at a selected voltage of 40 kV and a current of 
40 mA. The selected area electron diffraction was measured with a JEOL 
JEM-1011 transmission electron microscope at 100 kV. The fabrication 
of the SAED sample was according to ref. [ 43 ]  and dark fi eld was used for 
experiments to provide weaker-intensity beam and high contrast. 

  Crystal Structure Determination : The collection of crystallographic 
data of dyes  D3A1  and  D3A2  was done using a Bruker X8 APEX 
diffractometer while the data for dye  D3A4  was obtained with a Nonius 
KappaCCD instrument. Both diffractometers were equipped with 
a CCD area detector and used Mo K α  radiation ( λ  = 0.71073 Å). The 
crystallographic data of dyes Me D3 tBu A5 , nBu D3 tBu A5 , nHe D3 tBu A5  
and bPr D3 tBu A5  was collected using a Bruker D8 Quest diffractometer 
with a Photon 100 CMOS APS detector and Cu K α  radiation ( λ  = 1.54056 
Å). Solution of the structure was done with direct methods, refi nement 
with the SHELX software package and expanding using Fourier 
techniques. [ 44 ]  Non-hydrogen atoms were refi ned anisotropically while 
hydrogen atoms were positioned onto idealized positions and included 
in calculations of structure factors. CCDC 1017506–1017512 contains 
the supplementary crystallographic data for this paper. These data can 
be obtained free of charge from The Cambridge Crystallographic Data 
Center via www.ccdc.cam.ac.uk/data_request/cif. 

  DFT Calculations : DFT calculations were performed as single-
point calculations with the Gaussian 09 software package [ 45 ]  with the 
functional B3LYP [ 46 ]  and the basis set 6–31G(d). The geometries of 
the monomers and dimers were taken from the crystal structure. The 
electrostatic surface potentials were then simulated from the data with 
the software package GaussView 5. [ 47 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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