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to devices prepared from frequently used 
polymeric counterparts. [ 1 ]  In single junc-
tion solution-processed BHJ solar cells 
using oligomeric donors as p-type and 
fullerene derivative as n-type acceptor 
materials power conversion effi ciencies 
(PCE) over 9% have been achieved. [ 2 ]  Not 
only because record PCEs were obtained, 
but also the structurally defi ned oligomers 
possess unique advantages over polymers 
in terms of synthetic reproducibility and 
purity leading to well-defi ned molecular 
materials with very small batch-to-batch 
variations. [ 3 ]  Moreover, they provide the 
opportunity to develop new understanding 
of the interrelation between molecular 
structure and properties to the device per-
formance. [ 4 ]  In this respect, π-conjugated 
oligomers built up from alternating elec-
tron-rich donor (D) and electron-poor 
acceptor (A) segments provide excellently 
performing materials with strong charge 
transfer character, absorptions in the vis-
ible to near-infrared region, lower highest 
occupied molecular orbital (HOMO)–
lowest unoccupied molecular orbital 
(LUMO) energy gaps, and good charge 

carrier mobilities. [ 5 ]  Among them, acceptor–donor–acceptor 
(A–D–A) oligothiophenes are well developed and the structural 
principle has often been used to achieve high-performing donor 
materials in either vacuum [ 6 ]  or solution-processed [ 7 ]  organic 
solar cells. Proper functionalization and substitution in these 
molecules allow for good processability and control of the elec-
tronic energy levels, which not only leads to broad absorption of 
the solar spectrum, but also to high open circuit voltages ( V  OC ) 
and excellent stability toward oxidation. 

 In the search for new organic semiconductors and even 
stronger absorbers, we recently introduced fused thiophene (S)–
pyrrole (N)-based  S , N -heteroacenes and their acceptor-capped 
derivatives as the next generation A–D–A-type donor molecules. 
In this novel class of potential donor materials for OSCs, we were 
able to combine the favorable properties of oligothiophenes, 
which exhibit increased stability due to a low lying HOMO 
energy level, and of oligoacenes typically showing high charge 
transport properties due to a planar, rigid, and highly conjugated 
backbone. Corresponding dicyanovinylene (DCV)-substituted 
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  1.     Introduction 

 Bulk heterojunction organic solar cells (BHJSC) based on oligo-
meric donor components, often referred to as “small molecules,” 
and fullerenes as acceptor emerged as competitive alternative 
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 S , N -heterohexacene DCV-SN6 had very intense optical tran-
sitions and exhibited good p-channel charge-carrier mobili-
ties of up to 0.02 cm 2  V −1  s −1  caused by an extended band-like 
π-conjugated backbone, which comprises substantial quinoidal 
character and bond length equalization in the ground state. [ 8 ]  
The somewhat smaller, DCV-substituted  S , N -heteropentacenes 
DCV-SN5, were implemented in vacuum-processed BHJSCs as 
donor and C 60  as acceptor and led to very promising photovoltaic 
behavior resulting in high  V  OC ’s of up to 0.95 V, fi ll factors (FF) 
of up to 0.7, and PCEs of up to 6.5%. [ 9 ]  Roncali and co-workers 
have reported the fi rst member of the A–D–A  S , N -heteroacene 
series, the DCV-capped dithieno[3,2- b :2′,3′- d ]pyrrole, exhibiting 
PCE of 0.24% in bilayer solar cells using C 60  as acceptor. [ 10 ]  

 Sometimes, rigid multifused heteroacene structures have 
been used as donor block in D–A polymers for effi cient polymer 
bulk heterojunction solar cells, [ 11 ]  whereas in oligomers they are 
very scarce. Very recently, Bazan and co-workers implemented a 
pentafused silaindacenodithiophene unit in a structurally defi ned 
D–A–D–A–D molecule and excellent PCEs up to 6.4% have been 
reached in corresponding solution-processed BHJSCs. [ 12 ]  

 Herein, we now report the development of solution-process-
able, acceptor-substituted  S , N -heteropentacenes  1–3  comprising 
the planar SN5 system as central donor, which was substituted 
by ethylhexyl side chains in order to provide suffi cient solubility. 
As terminal acceptor we chose on one hand the typical DCV 
group, which provides perfectly balanced acceptor strength and 
strong intermolecular interactions in the solid state, but as well 
introduced 1-(1,1-dicyanomethylene)-cyclohex-2-ene (DCC) [ 13 ]  to 
the A–D–A system leading to a gradual extension of the back-
bone conjugation by one double bond per DCC unit ( Figure    1  ). 
We have recently investigated the infl uence of the additional 
 trans -confi gurated double bonds in a series of DCC-capped oli-
gothiophenes. In comparison to the DCV derivatives of equal 
conjugation length improved photovoltaic behavior in vacuum-
processed bulk heterojunction solar cells was observed. [ 14 ]  Thus, 
the series of novel A–D–A molecules  1 – 3  allowed to deduce 
structure–property relationships with respect to the effect of the 
increasing number of double bonds in the conjugated backbone 
on optical, electrochemical, and thermal properties. Further-
more, the photovoltaic performance of  1 – 3  as donor component 
in solution-processed BHJSCs revealed a clear trend concerning 
the effective conjugation length in the A–D–A systems. 

    2.     Synthesis 

 The synthetic routes of A–D–A molecules  1 – 3  are displayed 
in  Scheme    1  . The  S , N -heteropentacene  4  was prepared 
in 60% yield by tandem Buchwald–Hartwig amination of 

3,3′,3″,4′-tetrabromo-2,2′:5′,2″-terthiophene 
and ethylhexyl amine. [ 15 ]  Dialdehyde  5 , which 
was synthesized by Vilsmeier–Haack for-
mylation of  4 , was reacted with malononitrile 
and β-alanine as catalyst to obtain target DCV 
end-capped  S , N -heteropentacene  1  in 86% 
yield (Scheme  1 a). 

  Synthesis of asymmetric molecule  2  was 
started by monostannylation of  4  followed by 
Pd-catalyzed Stille coupling with 3-bromocy-

clohex-2-enone  7  to afford  8  in 83% yield. Reaction of ketone 
 8  with malononitrile using equimolar amount of Ti(O- i Pr) 4  in 
a dichloroethane/ i -propanol [ 16 ]  solvent mixture afforded mono-
DCC derivative  9 . Successive formylation of  9  with  N , N -dimeth-
ylformamide (DMF)/POCl 3  gave aldehyde  10 , which was trans-
formed into the corresponding DCV derivative by Knoevenagel 
condensation with malononitrile and β-alanine to give  2  in 91% 
yield (Scheme  1 b). 

 For the synthesis of molecule  3 ,  S , N -heteropentacene  4  was 
fi rst distannylated by lithiation with  n -BuLi and quenched with 
trimethyltin chloride (Scheme  1 c). Stille coupling of stannyl 
derivative  11  with 3-bromocyclohex-2-enone afforded diketone 
 12  in 73% yield. Subsequent Knoevenagel condensation of  12  
with malononitrile and Ti(O- i Pr) 4  gave after three days of pro-
longed heating target DCC-capped molecule  3  in about 40% 
yield together with mono-reacted product. The yield of  3  was 
increased by further reaction of the mono-substituted deriva-
tive with malononitrile in the presence of equimolar amount 
of Ti(O- i Pr) 4 .  

  3.     Thermal Properties 

 The melting points of molecules  1 – 3  were determined by dif-
ferential scanning calorimetry (DSC). In the DSC curves, one 
sharp endothermic peak indicating the melting temperature 
( T  m ) is observed for each molecule. The successive replacement 
of the terminal DCV by DCC units resulted in melting temper-
atures of 269 °C for both,  1  and  2 , and 347 °C for  3  ( Figure    2  ). 
Decomposition of the materials started above 360 °C for  1 , 
above 320 °C for  2 , and above 350 °C for  3 , which is indicated 
by a broad exothermic peak in the DSC curves. 

    4.     Optical and Electrochemical Properties 

 The optical properties of all compounds were studied by UV–vis 
absorption and fl uorescence spectroscopy in dichloromethane 
solution ( Figure    3  ) and the data are listed in  Table    1  . In solution 
DCV derivative  1  showed an intensive charge-transfer absorp-
tion band at 582 nm with a high molar extinction coeffi cient  ε  
of 139 800  M  −1  cm −1 . After replacing one DCV by a DCC unit in 
asymmetric  S , N -heteropentacene  2 , the absorption maximum 
was red-shifted to 605 nm with a concomitant spectral broad-
ening. Further red-shift and broadening of the absorption band 
to 632 nm was observed for symmetrical DCC-capped deriva-
tive  3 . This strong red-shift of 23 and 50 nm for  2  and  3 , respec-
tively, is attributed to the extension of the π  -conjugation by one 
or two additional double bonds due to the DCC units. Molecules 
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 Figure 1.    Acceptor-capped  S,N -heteropentacenes  1 – 3  comprising DCV and DCC acceptor 
groups leading to gradually extended conjugated π-systems.
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 2  and  3  exhibited an  ε  of 132 200 and 125 800  M  −1  cm −1 , respec-
tively, which are gradually reduced compared to  1 . The optical 
HOMO–LUMO gap decreased from 2.01 eV for  1  to 1.90 eV for 
 2  and to 1.79 eV for  3 . 

   The emission spectrum of DCV derivative  1  showed a struc-
tured band with a maximum at 611 nm and a vibronic shoulder 
at around 660 nm. Similar to the absorption spectra, the emis-
sion spectra of molecule  2  ( λ  max,em  = 677 nm) and  3  ( λ  max,em  = 
703 nm) were red-shifted and broadened. All molecules showed 
relatively small Stokes shifts between 703 and 1454 cm −1  indi-
cating a stiff and planar conjugated π-system. Compared to 
molecule  1 , the increased Stokes shift for  2  and  3  is due to 
higher molecular fl exibility originating from the terminal DCC 
units. 

 Compared to the solution spectra, the absorption bands of 
 1 – 3  in thin fi lms were red-shifted and signifi cantly expanded 
toward lower energies ( Figure    4  ) which is important for the 
improvement of the spectral overlap with the solar emission 
spectrum when applied in OSCs. All fi lms showed vibronic 
progression at longer wavelengths which is accounted to inter-
molecular π–π interactions of the planar molecular backbones. 
The optical HOMO–LUMO gaps of the molecules in thin fi lms 
determined from the absorption band edge decreased from 
1.79 eV for  1  to 1.65 eV for  2  and to 1.56 eV for  3  as a result of 
the elongation of the π-system. 

  Electrochemistry was performed in order to determine 
HOMO and LUMO energy levels.  Figure    5   shows cyclic vol-
tammograms of molecules  1 – 3  and the data are summarized 

Adv. Funct. Mater. 2015, 25, 3414–3424

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

 Scheme 1.    Synthesis of symmetrical and asymmetrical acceptor-substituted  S , N -pentacenes  1 – 3 .

 Figure 2.    DSC trace of all A–D–A molecules  1 – 3  measured under Ar fl ow 
at heating rate of 10 °C min −1 .
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in  Table    2  . Typically, two reversible one-electron oxidation 
(2 × 1e − ) processes occurred, which are assigned to the forma-
tion of stable  S,N -heteropentacene radical cations and dica-
tions. Compared to molecule  1 , the successive replacement of 
the DCV units by DCC groups in  2  and  3  resulted in a lowering 
of the oxidation potential by 0.18 and 0.32 V, respectively, indi-
cating an increasing conjugated π-system caused by the addi-
tional double bond of the DCC units. 

   In the negative potential regime,  S,N -heteropentacenes  1  and 
 2  showed two irreversible reduction processes. While, for DCC-
capped derivative  3  a reversible wave comprising a one 2e −  pro-
cess was observed indicative for the formation of a stable rad-
ical anion on each DCC unit. At the same time, the reduction 

potentials were cathodically shifted with increasing number of 
DCC units. In these multifused systems, the acceptor units are 
separated from one another by rigid heteropentacene moiety. 
This introduces enhanced conformational rigidity to these mol-
ecules and permits greater electronic communication between 
the chromophores leading to the separation of the reduction 
waves in case of  1  and  2 . By going from  1  to  3  the gap between 
the reduction waves decreases and fi nally a single reduc-
tion process was observed for DCC derivative  3 . The HOMO 
and LUMO energy levels of the three molecules were calcu-
lated from the onset of the fi rst oxidation and reduction wave. 
An increase in HOMO and as well in LUMO energy level is 
observed for molecules  1 – 3  concomitant with the extension of 
p-conjugation by one or two additional double bonds. Because 
of both effects, the resulting electrochemical gap (Δ E  CV ) was 
reduced from 1.82 eV for  1  to 1.74 eV for  2  and to 1.67 eV for  3  
in good agreement with the optical gaps (Δ E  opt ). On the basis of 
electrochemical measurements one should expect higher open 
circuit voltage ( V  OC ) for compound  1  in solar cells due to its 
deepest HOMO energy level among all three derivatives. On 
the other hand, the broad absorption profi le of  3  should be ben-
efi cial for achieving higher short circuit current ( J  SC ).  

  5.     Photovoltaics Properties 

 Solution-processed BHJ solar cells were prepared by spin-
coating blends of  1 – 3  as electron donors and [6,6]-phenyl-
C 61 -butyric acid methyl ester (PC 61 BM) as electron acceptor 
using chloroform (CHCl 3 ) as processing solvent. The opti-
mized blend ratio was individually determined for each deriva-
tive together with investigating a range of device fabrication 
parameters (e.g., spin speed, solution concentration, or the 
use of solvent additives). The device structure was indium tin 
oxide (ITO)/PEDOT:PSS/donor:PC 61 BM/LiF/Al. The photoac-
tive layer thickness of the optimized devices for compound  1  
is 40 ± 5 nm and for compound  2  and  3  is about 65 ± 5 nm. 
The current density–voltage ( J – V ) characteristics and external 
quantum effi ciency (EQE) spectra of the optimized devices for 
 1 – 3  are shown in  Figure    6  a,b. The solar cell data for all com-
pounds are summarized in Table  2 . 

  The devices based on  1 :PC 61 BM (2:3 w/w) exhibited a high 
open circuit voltage ( V  OC ) of 1.10 V, a short-circuit current den-
sity ( J  SC ) of 3.4 mA cm −2 , a fi ll factor (FF) of 0.42, and a PCE 
of 1.6%. The solar cell performance was further examined by 
using solvent additives, such as, chloronaphthalene (CN) and 
diiodoctane (DIO). In OSCs, the use of processing additives has 
proven to be an effective way to tailor the nanoscale morphology 
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 Figure 3.    a) UV–vis and b) fl uorescence spectra of SN5-derivatives  1 – 3  
measured in dichloromethane at 25 °C.

  Table 1.    Optical and electrochemical data of  S , N -heteropentacenes  1 – 3 . 

Molecules  λ  abs  sol a)  
[nm]

 ε  
[ M  −1  cm −1 ]

 ΔE  opt  sol a)  
[eV]

 λ  em  sol 
[nm]

Stokes shift 
[cm −1 ]

 λ  abs  fi lm b)  
[nm]

 ΔE  opt  fi lm 
[eV]

 E ° ox1  
[V]

 E ° ox2  
[V]

 E ° red1  
[V]

HOMO b)  
[eV]

LUMO b)  
[eV]

 ΔE  CV  c)  
[eV]

 1 582 139 800 2.01 611 703 592, 630 1.79 0.64 1.27 −1.33 −5.67 −3.85 1.82

 2 605 132 200 1.90 677 1454 625, 680 1.65 0.46 1.04 −1.44 −5.48 −3.74 1.74

 3 632 125 800 1.79 703 1201 638, 718 1.56 0.32 0.94 −1.48 −5.35 −3.68 1.67

    a) Absorption measured in dichloromethane;  b) Film spin-coated from chloroform solution;  c) The redox potentials ( E ° ox  and  E ° red ) were calculated by the mean of the 
cathodic and anodic peak potentials of quasi-reversible waves:  E ° = ( E  pa  + E  pc )/2. For the irreversible waves, the redox potentials  E ° were determined at  I  0  = 0.855 I  p . [ 17 ]    
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of active layers leading to improved charge collection and 
transport properties. The role of additives on solar cell perfor-
mance was fi rst demonstrated in polymer-based devices [ 18 ]  and 
recently have been widely investigated in small molecule–based 
devices. [ 19 ]  The use of CN and DIO in chloroform resulted in an 
improved performance mostly due to an increase in the charge 
transport properties as refl ected in the higher  J  SC  values of 6.4 
and 4.5 mA cm −2 , respectively. We found that in the active layer 
the donor/acceptor components can phase separate in the pres-
ence of additives into an optimum morphology for balanced 
charge transport which was probed by atomic force microscopy 
(vide infra). As CN seems to be more promising, the devices 
were further optimized by varying the additive concentration in 
chloroform and the best result was achieved with 7 mg mL −1  
CN (Table S1, Supporting Information). The device generated 
a  J  SC  of 6.4 mA cm −2  and a slightly higher  V  OC  of 1.13 V, an FF 
of 0.43 resulting in a twofold increase in effi ciency to 3.1%. The 

average PCE of seven identical devices using CN as additive 
is 3.0 ± 0.1%. The  J – V  curves for the best performing devices 
with and without CN are shown in Figure S1 (Supporting Infor-
mation) and the dependence of the PCE on the CN content in 
Figure S3a (Supporting Information). The device using DIO as 
an additive generated a higher PCE of 2.1% compared to device 
without additive. The saturation of the photocurrent (defi ned as 
 J  (−1V) / J  SC ) with the reverse bias is given in Table  2 . The devices 
without additive showed a saturation value of 1.51 indicating a 
large recombination at short circuit conditions and in reverse 
bias. While in the presence of CN and DIO as additives the sat-
uration value is signifi cantly reduced to 1.22 and 1.36, respec-
tively, indicating a reduction of the recombination losses and 
increased charge collection. [ 20,21 ]  

 Replacing one of the DCV groups with a DCC unit in  2  
led to a signifi cant increase in the  J  SC  value to 7.6 mA cm −2  
concurrent with a decrease in  V  OC  to 0.95 V. The  2 :PC 61 BM 
(2:3 w/w) device generated an enhanced PCE of 3.0%. The use 
of CN as additive only slightly improved the effi ciency to 3.2%. 
For  2 :PC 61 BM devices, DIO turned out to be the best additive 
with an optimal content of 8.75 mg mL −1 . General trends show 
that the increase in the DIO content from 5 to 8.75 mg mL −1  
resulted in an increase in the  J  SC  values from 7.6 to 9.4 mA cm −2 , 
while a further increase in the DIO content resulted in a low-
ering of the  J  SC  value (Table S1, Supporting Information). The 
 J – V  curve for the best performing device with and without 
DIO is shown in Figure S2 (Supporting Information) and the 
dependence of PCE with the DIO content in Figure S3b (Sup-
porting Information). The PCE increased from 3.0% to 4.2% by 
varying the DIO content from 0 to 8.75 mg mL −1 . Upon further 
increase of DIO in chloroform to 10 mg mL −1 , a slight decrease 
in PCE to 4.1% was observed (Table S1, Supporting Informa-
tion). For the optimized  2 :PC 61 BM device an increase in both 
 J  SC  (9.4 mA cm −2 ) and FF (0.47) led to an increase in the PCE 
to 4.2% with an average value of 4.1 ± 0.1%. The saturation 
value for  2 :PC 61 BM devices also reduced from 1.23 for devices 
without additive to 1.20 and 1.16 for the use of CN and DIO 
as additives. In contrast, for the symmetrical DCC-substituted 
donor molecule  3  the best results were obtained with a D:A ratio 
of 1:1 without any additional additives. The photovoltaic results 
with different D:A ratios are presented in Table S2 (Supporting 
information). The devices with  3 :PC 61 BM (1:1 w/w) generated 
a signifi cantly higher  J  SC  of 10.8 mA cm −2  and an FF value of 
0.51, while the  V  OC  was reduced to 0.88 V giving rise to the 
highest PCE of 4.9% in the series. The average PCE on a batch 
of ten identical devices for donor molecule  3  is 4.6 ± 0.2%. A 
comparatively higher FF and signifi cant lowering of the satura-
tion value to 1.10 for  3 :PC 61 BM devices are a further indication 
of effi cient charge separation and extraction. The signifi cant 
increase of  J  SC  can be ascribed to the bathochromic shift and 
broadening of the absorption spectrum resulting in a better 
spectral overlap with the solar emission spectrum. The use of 
CN and DIO as additives led to reduced effi ciencies of 3.9% 
mostly due to a decrease of the  J  SC  values. 

 The statistical data on a batch of several identical devices for 
acceptor-capped  S , N -heteropentacenes  1 – 3  with and without 
additives are summarized in Tables S3–S5 (Supporting infor-
mation). The small standard deviation in all cases points toward 
good device reproducibility. 
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 Figure 4.    Thin fi lm UV–vis spectra of SN5 derivatives  1 – 3  deposited by 
spin-coating on glass substrates.

 Figure 5.    Cyclic voltammograms of SN5- derivatives  1 – 3  measured in 
dichloromethane at 25 °C, supporting electrolyte TBAPF 6  (0.1  M ), scan 
rate 100 mV s −1 , potentials versus Fc/Fc + .
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 The comparison of the optimized devices reveals that in the 
series  1 – 3  the PCE increases from 3.1% to 4.9% which is con-
sistent with the extension of the π-conjugation by the additional 
double bonds in the DCC acceptor units. The improvement in 

PCE comes from the gradual increase in  J  SC  and FF, despite 
a simultaneous decrease of the  V  OC  (Figure  6 a). The trade-off 
between the  V  OC  and  J  SC  values is attributed to the stepwise 
reduction in the HOMO–LUMO energy gap. The lowering of 
the  V  OC  values from  1  (1.13 V) to  2  (0.95 V) to  3  (0.88 V) is 
explained by the gradually raising HOMO energy levels due to 
the increased conjugation. In general,  V  OC  correlates with the 
energetic difference between HOMO of the donor molecules 
and the LUMO of the acceptor PC 61 BM (−4.0 eV [ 22 ] . [ 23 ]  It has also 
been demonstrated that an energy offset (Δ E  LL ) of 0.3–0.5 eV 
between the LUMO of the donor and the LUMO of the acceptor 
is suffi cient to dissociate excitons into free charges. [ 24 ]  For our 
series  1 – 3 , we calculate a consistent energetic loss of 0.54–0.47 eV. 
The increase of the  J  SC  values also becomes evident in the 
EQE spectra, in which successively the maxima are redshifted 
(590–670 nm) for the best devices and increased (45%–56%) on 
going from  1  to  3  (Figure  6 b). The shapes of the EQE spectra 
match perfectly with those of the UV–vis absorption spectra 
in fi lms. The  J  SC  values obtained from the integration of EQE 
spectra (6.5 mA cm −2  for  1 , 10.6 mA cm −2  for  2 , and 11.7 mA cm −2  
for  3 ) were in reasonable agreement with that measured from 
the  J – V  curve. 

 The overall performance of our  S , N -heteropentacenes  1 – 3  
is remarkable, because per se they represent relatively “small” 
A–D–A molecular materials which is comparable to some of 
other well-performing solution-processed low molecular weight 
donor materials, such as smaller squaraines (PCE ≤ 5.2%), [ 25 ]  
diketopyrrolopyrroles (PCE ≤ 4.8%), [ 26 ]  quinquethiophenes 
(PCE ≤ 4.6%), [ 27 ]  merocyanines (PCE ≤ 4.5%), [ 28 ]  and triar-
ylamine derivatives (PCE ≤ 4.0%). [ 29 ]  

 Atomic force microscopy (AFM) measurements were con-
ducted to characterize the surface morphology of the active 
organic layers in the photovoltaic devices. Blends of com-
pounds  1 ,  2 , and  3  with PC 61 BM (ratios 2:3, 2:3, and 1:1) were 
deposited onto a PEDOT:PSS-modifi ed ITO electrode under 
the same conditions as the corresponding photovoltaic devices. 
All blends deposited from chloroform solutions showed low 
topographic roughness of 3 nm for  1  and  2  and 6 nm for  3 . 
The photoactive layers of  1  and  2  gave evidence to a grain-
like structure with grain dimensions of 10–30 and 10–20 nm, 
respectively ( Figure    7  a,b). On the contrary, blends of  3 :PC 61 BM 
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  Table 2.    Photovoltaic data of SN5-heteropentacenes  1 – 3 . 

Donor Solvent D:A ratio  J  SC  
[mA cm −2 ]

 V  OC  
[V]

FF PCE 
[%]

 J (−1V)/ J  SC  a) EQE max  
[%] (@  λ  [nm])

 1 CHCl 3 2:3 3.4 1.10 0.42 1.6 1.51 25 (630)

 1 CHCl 3 /CN (7 mg mL −1 ) 2:3 6.4 1.13 0.43 3.1 1.22 45 (590)

 1 CHCl 3 /DIO (5 mg mL −1 ) 1:1 4.5 1.11 0.41 2.1 1.36 –

 2 CHCl 3 2:3 7.6 0.95 0.42 3.0 1.23 46 (620)

 2 CHCl 3 /CN (5 mg mL −1 ) 2:3 7.8 0.94 0.43 3.2 1.20 52 (620)

 2 CHCl 3 /DIO (8.75 mg mL −1 ) 2:3 9.4 0.95 0.47 4.2 1.16 54 (640)

 3 CHCl 3 1:1 10.8 0.88 0.51 4.9 1.10 56 (670)

 3 CHCl 3 /CN (5 mg mL −1 ) 1:1 8.8 0.86 0.52 3.9 1.12 45 (660)

 3 CHCl 3 /DIO (5 mg mL −1 ) 1:1 9.2 0.90 0.47 3.9 1.14 50 (670)

    a) Defi ned as  J  (−1V) / J  SC .   

 Figure 6.    a)  J – V  characteristics and b) external quantum effi ciency (EQE) 
spectra of the optimized bulk heterojunction solar cells prepared with  1 – 3  
as donor and PC 61 BM as acceptor.
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form needle-like structures of 10–15 nm width and up to 80 nm 
length (Figure  7 c). The corresponding phase images (Figure S4, 
Supporting Information) do not reveal a clear contrast and 
therefore no assessment about phase separation is possible at 
this point. The treatment with additives (CN for  1 ; DIO for  2  and 
 3 ) infl uenced in all cases the fi lm characteristics by increasing 
the topography roughness of the surface to 15, 10, and 22 nm 
(Figure  7 d,e). After the addition of additive, the grain-like struc-
ture of  1  and  2  evolved to larger aggregates (40–80 nm) and a 
better contrast in the phase images can be obtained (Δ φ  of 90° 
and 30°, Figure S4, Supporting Information). 

  These fi ndings account for a better structured fi lm and clear 
phase separation by the use of additives which correlates well 
with the enhancement of the photovoltaic performance in both 
cases. The fi lm of blend  3 :PC 61 BM after addition of DIO exhib-
ited comparable needle-like structures as before, acommpanied 
by a strong increase in the topography roughness (Figure  7 f). 
This effect can explain the reduced effi ciency of  3 -based photo-
voltaic devices upon DIO addition.  

  6.     Conclusion 

 We have designed and synthesized a new family of small mol-
ecule donors  1 – 3  composed of  S , N -heteropencene as a rigid 
donor and DCV and DCC as acceptor moieties for application 
in BHJ solar cells. Replacement of the DCV with DCC unit was 
found to red-shift and broaden the absorption spectra in solu-
tion and thin fi lms as well to raise the HOMO energy level sig-
nifi cantly compared to the LUMO level resulting in a material 
with a lower HOMO–LUMO energy gap. BHJ solar cells were 
fabricated by solution-processing using these molecules as the 
electron donor and PC 61 BM as the electron acceptor. All these 

small molecules show high PCEs, ranging from 3.1% to 4.9%, 
and the highest PCE of 4.9% was achieved for a  3 :PC 61 BM (w:w, 
1:1) based device without any additive treatment. On the other 
hand, the highest PCEs for  1  and  2  were achieved by using 
either chloronapthalene or diiodooctane as additives. The addi-
tive had a signifi cant effect in altering the nanomorphology of 
the photoactive layer as investigated by AFM. In BHJ devices, 
the  V  OC  value was signifi cantly decreased from 1.13 V for  1  to 
0.88 V for  3  by sequential extension of the backbone conjugation 
by additional double bond of the DCC unit(s), while an increase 
in the  J  SC  value from 6.4 mA cm −2  for  1  to 10.8 mA cm −2  
for  3  was observed due to the extended absorption to the NIR 
region. The results clearly demonstrated that the structural 
modulation of terminal acceptor units gave an evident trade-off 
between the  V  OC  and  J  SC  values. Our studies indicate that the 
planar  S , N -heteroacene unit is a promising building block for 
the construction of molecular donors with improved material 
properties for effi cient small molecule OSCs.  

  7.     Experimental Section 
  Instrument and Measurements : NMR spectra were recorded on a 

Bruker DRX 400 spectrometer ( 1 H NMR: 400 MHz,  13 C NMR: 100 MHz). 
Chemical shift values ( δ ) are expressed in parts per million using 
residual solvent protons ( 1 H NMR:  δ  H  = 7.26 for CDCl 3 ;  δ  H  = 5.32 for 
CD 2 Cl 2 ;  δ  H  = 1.72 for THF-d8;  13 C NMR:  δ  C  = 77.0 for CDCl 3 ;  δ  C  = 54.0 
for CD 2 Cl 2 ) as internal standard. The splitting patterns are designated as 
follows: s (singlet), d (doublet), t (triplet), and m (multiplet). Elemental 
analyses were performed on an Elementar Vario EL. Melting points 
were determined using a Mettler Toledo DSC 823 or a Büchi Melting 
Point B-545. Thin layer chromatography was carried out on aluminum 
plates, precoated with silica gel, Merck Si60 F254. Preparative column 
chromatography was performed on glass columns packed with silica gel, 
Merck Silica 60, particle size 40–63 µm or packed with basic alumina 

Adv. Funct. Mater. 2015, 25, 3414–3424

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

 Figure 7.    AFM topography images of donor:PC 61 BM blend fi lms without additive spin-coated on PEDOT:PSS| ITO electrode: a)  1  (Δ z  = 3 nm), 
b)  2  (Δ z  = 4 nm), and c)  3  (Δ z  = 6 nm). AFM topography images of blend fi lms with additive: d)  1  + CN (Δ z  = 15 nm), b)  2  + DIO (Δ z  = 10 nm), and 
c)  3  + DIO (Δ z  = 22 nm). Image size: 1 μm × 1 µm.
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II. High-resolution MALDI-TOF mass spectra (HRMS) experiments 
were performed using a MS Bruker Refl ex 2 (Bruker Daltonik GmbH, 
Bremen, Germany) using  trans -2-[3-(4- tert -butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) as matrix. UV–vis absorption 
spectra were recorded on a Perkin Elmer Lambda 19 spectrometer. 
Cyclic voltammetry experiments were performed with a computer-
controlled Autolab PGSTAT30 potentiostat in a three-electrode single-
compartment cell with a platinum working electrode, a platinum wire 
counter electrode, and an Ag/AgCl reference electrode. All potentials 
were internally referenced to the ferrocene/ferrocenium couple. Surface 
images of the photoactive layers were recorded with the help of a Bruker 
MultiMode V AFM with Nanoscope controller at ambient temperature in 
tapping mode. The images were analyzed using the WSxM software. [ 30 ]  

  Device Fabrication and Photovoltaic Characterization : Photovoltaic 
devices were made by spin-coating PEDOT:PSS (Clevios P, VP Al4083) 
onto precleaned, patterned ITO substrates (15 Ω square −1 ) (Kintec). The 
photoactive layer was deposited by spin-coating donor  1 – 3  and PC 61 BM 
([6,6]-phenyl-C 61 -butyric acid methyl ester, Solenne BV, Netherlands) 
from chloroform solutions (total concentration = 15 mg mL −1 ) with 
or without additives leading to layer thicknesses of ≈35–70 nm. The 
additives CN and DIO were purchased from Sigma-Aldrich and distilled 
prior to use. The devices for  1  were fabricated by spin-coating at room 
temperature. For devices containing  2  and  3 , the blend solutions and 
substrates were heated to 60 °C. The counter electrode of LiF (1 nm) 
and aluminum (100 nm) was deposited by vacuum evaporation at 
2 × 10 −6  Torr. The active areas of the cells were 0.2 cm 2 . Film thicknesses 
were measured using a Dektak profi lometer.  J – V  characteristics were 
measured under AM 1.5G conditions at 100 mW cm −2  with a AAA solar 
simulator from Oriel Instruments, using a Keithley 2400 source meter. 
Spectral response was measured under monochromatic light from a 
300 W Xenon lamp in combination with monochromator (Oriel, 
Cornerstone 260), modulated with a mechanical chopper. The response 
was recorded as the voltage over a 220 Ω resistance using a lock-in 
amplifi er (Merlin 70104). A calibrated Si cell was used as reference. The 
devices were kept behind a quartz window in a nitrogen fi lled container. 

  Materials : Tetrahydrofuran (THF) and DMF (Merck) were absoluted 
via MB SPS-800 solvent purifying system (MBraun). All synthetic 
steps were carried out under argon atmosphere.  n -Butyl lithium 
(1.6  M  in  n -hexane) was purchased from Acros, trimethyltin chloride and 
titanium isopropoxide (Ti(O- i Pr) 4 ) were purchased from Sigma-Aldrich, 
malononitrile and  β -alanine were purchased from Merck. Dichloroethane 
(DCE), dichloromethane (DCM), ethyl acetate (EtOAc), diethyl ether 
(Et 2 O), methanol (MeOH), and ethanol (EtOH) were purchased from 
VWR international. 

  4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2′,3′-d′]thieno[3,2-b:4,5-b′]dipyrrole]-
2,7-dicarbaldehyde ( 5 ) : A mixture of POCl 3  (746 µL, 8 mmol) and dry 
DMF (616 µL, 8 mmol) in 10 mL of DCE was stirred for 2 h at room 
temperature. Then 4,5-(di-2-ethylhexyl)-dithieno[2,3- d :2′,3′- d ′]thieno[3,2-
 b :4,5- b ′]dipyrrole  4  (200 mg, 0.4 mmol) dissolved in 20 mL of DCE was 
added and the mixture was stirred at 80 °C for 20 h. Saturated NaHCO 3  
solution and DCM were added for hydrolysis. The product was extracted 
with DCM, washed with water, and dried over Na 2 SO 4 . After removal of 
the solvent the crude product was purifi ed by column chromatography 
(SiO 2 , DCM) to obtain  5  (186 mg, 0.34 mmol, 84%) as an orange solid. 
 M  p  206 °C (DSC).  1 H NMR (400 MHz, CDCl 3 ,  δ  ppm): 9.90 (s, 2H, 

C H O), 7.65 (s, 2H, Th-β- H ), 4.38–4.26 (m, 4H, N C H  2 ), 2.03–1.94 
(m, 2H, N CH 2 C H ), 1.30–1.15 (m, 16H, 4( C H  2 )), 0.86–0.78 (m, 
12H, C H  3 ).  13 C NMR (100 MHz, CDCl 3 ,  δ  ppm): 182.69, 145.08, 145.06, 
140.68, 133.57, 124.54, 119.87, 119.57, 53.31, 40.55, 30.13, 30.08, 28.27, 
28.18, 23.50, 23.47, 22.91, 22.88, 13.85, 13.84, 10.51, 10.45. HRMS 
(MALDI-TOF)  m / z : [M] +  calcd for C 30 H 38  N 2 O 2 S 3 , 554.20899; found, 
554.20848 ( δm / m  = 0.09 ppm). Anal. calcd for C 30 H 38 N 2 O 2 S 3 : C 64.94, 
H 6.90, N 5.05; found: C 65.17, H 7.13, N 4.91. 

  [4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2′,3′-d′]thieno[3,2-b:4,5-b′]dipyrrole]-
2,7-bis[methan-1-yl-1-ylidene]dimalonodinitrile ( 1 ) : Dialdehyde  5  (100 mg, 
0.18 mmol), malononitrile (95 mg, 1.44 mmol), and β-alanine (0.96 mg, 
10.8 µmol) were dissolved in 30 mL of DCE: EtOH (1:1). The solution 
was heated at 80 °C for 2 d. After the reaction mixture was allowed to 

cool to room temperature the solvent was removed and the residue was 
recrystallized from DCM/ n -hexane. The solid was fi ltered off and washed 
with Et 2 O, water, and MeOH. Final purifi cation by column chromatography 
(SiO 2 , DCM) yielded product  1  (100 mg, 0.15 mmol, 86%) as a green 
solid.  M  p  268 °C (DSC).  1 H NMR (400 MHz, CDCl 3 ,  δ  ppm): 7.73 
(s, 2H, vinyl-H), 7.71 (s, 2H, Th-β-H), 4.38–4.25 (m, 4H, N CH 2 ), 
2.01–1.91 (m, 2H, N CH 2 CH), 1.28–1.17 (m, 16H, 4( CH 2 )), 0.88–
0.79 (m, 12H, CH 3 ).  13 C NMR (100 MHz, CDCl 3 ,  δ  ppm): 150.26, 146.54, 
134.50, 133.48, 126.89, 121.43, 119.38, 114.82, 114.32, 73.76 53.51, 
40.63, 30.13, 30.10, 28.28, 28.20, 23.50, 22.92, 22.89, 13.84, 10.49, 10.45. 
HRMS (MALDI-TOF)  m / z : [M] +  calcd for C 36 H 38 N 6 S 3 , 650.23146; found, 
650.23104 ( δm / m  = 0.6 ppm). Anal. calcd for C 36 H 38 N 6 S 3 : C 66.43, H 
5.88, N 12.91, S 14.78; found: C 66.28, H 5.89, N 12.78, S 14.62. 

  4,5-(Di-2-ethylhexyl)-2-(trimethylstannyl)-dithieno[2,3-d:2′,3′-d′]
thieno[3,2-b:4,5-b′]dipyrrole ( 6 ) : 4,5-(Di-2-ethylhexyl)-dithieno[2,3-
 d :2′,3′- d ′]thieno[3,2- b :4,5- b ′]dipyrrole  4  (294 mg, 0.59 mmol) was 
dissolved in 18 mL of dry THF under argon and cooled to −78 °C. 
Then  n -BuLi (1.6  M  in  n -hexane, 0.37 mL, 0.59 mmol) was added 
within 35 min. The reaction mixture was stirred for 1 h at −78 °C and 
then quenched with trimethyltin chloride (182 mg, 0.91 mmol) in 1 mL 
dry THF. The cooling bath was removed after 5 min and stirring was 
continued for overnight at room temperature. Water was added to the 
reaction mixture and the product was extracted with Et 2 O.  1 H-NMR 
confi rmed a conversion of  6  in about 80%.  1 H-NMR (400 MHz, THF-d8, 
 δ  ppm): 7.13 (s, 1H, Th-β- H ), 7.10 (d,  J  = 2.0 Hz, 2H, Th-α- H , Th-β- H ), 
4.38–4.33 (m, 4H, N C H  2 ), 2.06–2.01 (m, 2H, N CH 2 C H ), 1.26–1.15 
(m, 16H, 4( C H  2 )), 0.84–0.76 (m, 12H, C H  3 ), 0.38 (s, 9H, Sn C H  3 ). 
Compound  6  was used without any further purifi cation. 

  3-[4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2′,3′-d′]thieno[3,2-b:4,5-b′]
dipyrrole-2,7-diyl]cyclohex-2-en-1-one ( 8 ) : Monostannylated heteropen-
tacene  6  (320 mg, 0.48 mmol) and 3-bromocyclohex-2- en -1-one  7  
(124 mg, 0.71 mmol) were dissolved in 5 mL of dry DMF and degassed 
fi ve times before Pd(PPh 3 ) 4  catalyst (23.3 mg, 20.2 µmol) was added. 
The reaction mixture was stirred at 80 °C for 18 h. After removal of DMF, 
the reaction mixture was extracted with DCM and washed with water and 
dried over Na 2 SO 4 . After evaporation of the solvent the crude product 
was purifi ed by column chromatography (basic Al 2 O 3 , DCM) to afford 
product  8  (235 mg, 0.396 mmol, 83%) as a red solid.  M  p  92 °C (DSC). 
 1 H-NMR (400 MHz, CD 2 Cl 2 ,  δ  ppm): 7.36 (s, 1H, Th-β- H ), 7.16 (d,  J  = 
5.3 Hz, 1H, Th-α- H )), 7.05 (d,  J  = 5.3 Hz, 1H, Th-β- H )), 6.38 (s, 1H, 

C H ), 4.37–4.23 (m, 4H, N C H  2 ), 2.86 (t,  J  = 5.8 Hz, 2H, cyclo-C H  2 ), 
2.46–2.43 (m, 2H, cyclo-C H  2 ), 2.18–2.12 (m, 2H, cyclo-C H  2 ), 2.04–1.99 
(m, 2H, N CH 2 –C H ), 1.26–1.17 (m, 16H, 4( C H  2 )), 0.85–0.77 (m, 
12H, CH 3 ).  13 C-NMR (100 MHz, CD 2 Cl 2 ,  δ  ppm): 198.62, 153.84, 146.02, 
146.00, 145.05, 145.03, 138.33, 133.04, 130.24, 123.49, 120.46, 119.94, 
118.63, 116.77, 116.40, 112.33, 112.15, 40.91, 40.85, 37.74, 30.48, 30.44, 
30.42, 30.38, 28.69, 28.66, 28.59, 28.57, 28.17, 23.85, 23.82, 23.37, 23.34, 
23.31, 23.01, 14.08, 14.06, 14.03, 10.75, 10.71, 10.69, 10.65. HRMS 
(MALDI-TOF)  m / z : [M] +  calcd for C 34 H 44 N 2 OS 3 , 592.26103; found, 
592.26107 ( δm / m  = 0.07 ppm). 

  2-[3-{4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2′,3′-d′]thieno[3,2-b:4,5-b′]
dipyrrole-2,7-diyl}cyclohex-2-enylidene]malononitrile ( 9 ) : Ketone  8  (115 
mg, 194 µmol) was dissolved in 4 mL of DCE: i -propanol (2:1) in a 
schlenk tube. After addition of malononitrile (96 mg, 1.45 µmol) and 
Ti(O- i Pr) 4  (60 µL, 197 µmol) the reaction mixture was stirred at 70 °C 
for 2 d. The reaction mixture was diluted with DCM and stirred with 
1  M  HCl for 1 h. The aqueous phase was removed and the organic phase 
was washed with saturated NaHCO 3  solution and dried over Na 2 SO 4 . 
After removal of the solvent by rotary evaporator, the residue was 
purifi ed by column chromatography (SiO 2 , DCM) to obtain product  9  
(87 mg, 0.136 mmol, 70%) as a green solid.  M  p  229–230 °C.  1 H-NMR 
(400 MHz, CD 2 Cl 2 ,  δ  ppm): 7.44 (s, 1H, Th-β-H), 7.20 (d,  J  = 5.3 Hz, 1H, 
Th-α-H), 7.10 (s, 1H, CH), 7.05 (d,  J  = 5.3 Hz, 1H, Th-β-H), 4.36–4.23 
(m, 4H, N CH 2 ), 2.89 (t,  J  = 6.1 Hz, 2H, DCC–CH 2 ), 2.81–2.78 (m, 
2H, DCC–CH 2 ), 2.04–1.98 (m, 4H, N CH 2 CH and DCC CH 2 ), 
1.26–1.16 (m, 16H, 4( CH 2 )), 0.84–0.77 (m, 12H, CH 3 ).  13 C-NMR 
(125 MHz, CD 2 Cl 2 ,  δ  ppm): 168.96, 152.41, 146.75, 146.73, 145.82, 
145.80, 138.41, 134.67, 130.00, 124.44, 122.46, 120.23, 120.21, 116.98, 
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116.86, 116.26, 114.97, 114.14, 113.25, 112.20, 74.16, 41.00, 40.90, 
30.55, 30.51, 30.46, 29.66, 28.73, 28.65, 28.57, 23.96, 23.93, 23.89, 
23.37, 23.35, 23.31, 21.88, 14.05, 14.03, 10.81, 10.76, 10.74, 10.67. 
HRMS (MALDI-TOF)  m / z : [M] +  calcd for C 37 H 44 N 4 S 3 , 640.27226; 
found, 640.27138 ( δm / m  = 1.3 ppm). 

  2-[3-{7-Formyl-4,5-(di-2-ethylhexyl)-dithieno[2,3-d:2′,3′-d′]thieno[3,2-
b:4,5-b′]dipyrrole-2,7-diyl}cyclohex-2-enylidene]malononitrile ( 10 ) : Dry DMF 
(48.0 µL, 0.63 mmol) and POCl 3  (57.0 µL, 0.63 mol) were dissolved in 
0.5 mL of DCE and stirred for 0.5 h at room temperature. After addition 
of compound  9  (40.2 mg, 62.7 µmol) dissolved in 2 mL of DCE the 
reaction mixture was stirred at room temperature for 18 h. The solution 
was diluted with DCM and hydrolyzed using saturated NaHCO 3  solution. 
The product was extracted with DCM and the combined organic layers 
were washed with water and dried over Na 2 SO 4 . After removal of the 
solvent under reduced pressure, the crude product was purifi ed by 
column chromatography (SiO 2 , DCM/EtOAc = 9:1) to yield product  
10  (38.2 mg, 57.1 µmol, 91%) as a dark solid.  M  p  241–242 °C.  1 H-
NMR (400 MHz, CD 2 Cl 2 ,  δ  ppm): 9.87 (s, 1H, CHO), 7.68 (s, 1H, 
Th-β-H), 7.45 (s, 1H, Th-β-H), 7.13 (s, 1H, CH), 4.39–4.25 (m, 4H, 
N CH 2 ), 2.89 (t,  J  = 5.9 Hz, 2H, DCC CH 2 ), 2.83–2.79 (m, 2H, DCC

CH 2 ), 2.06–2.00 (m, 4H, N CH 2 CH and DCC CH 2 ), 1.30–1.15 
(m, 16H, 4( CH 2 )), 0.88–0.77 (m, 12H, CH 3 ).  13 C-NMR (125 MHz, 
CD 2 Cl 2 ,  δ  ppm): 182.93, 169.05, 152.03, 146.94, 145.47, 140.90, 140.61, 
134.44, 132.89, 124.63, 120.44, 117.37, 114.58, 113.78, 113.05, 75.77, 
41.03, 30.57, 30.52, 30.50, 30.46, 29.65, 28.75, 28.71, 28.66, 28.64, 28.56, 
23.96, 23.36, 23.34, 23.31, 21.82, 14.05, 14.02, 10.80, 10.75, 10.74, 10.69. 
HRMS (MALDI-TOF)  m / z : [M] +  calcd for C 38 H 44 N 4 OS 3 , 668.26718; 
found, 668.26622 ( δm / m  = 1.4 ppm). Anal. calcd for C 38 H 44 N 4 OS 3 : C 
68.22, H 6.63, N 8.37; found: C 68.31, H 6.68, N 8.18. 

  2-[3-{7-(Dicyanomethylene)-4,5-(di-2-ethylhexyl)-dithieno[2,3-d:2′,3′-d′]
thieno[3,2-b:4,5-b′]dipyrrole-2,7-diyl}cyclohex-2-enylidene]malononitrile 
( 2 ) : A mixture of  10  (31.9 mg, 47.7 µmol), malononitrile (33.2 mg, 
0.50 mmol), and β-alanine (3.90 mg, 43.8 µmol) in 4 mL of DCE:EtOH 
(1:1) was heated at 70 °C for 20 h. After removal of the solvent the 
residue was purifi ed by column chromatography (SiO 2 , DCM) to afford 
compound  2  (31.2 mg, 43.5 µmol, 91%) as a green solid.  M  p  268 °C 
(DSC).  1 H-NMR (400 MHz, CD 2 Cl 2 ,  δ  ppm): 7.77 (s, 1H, vinyl-H), 7.62 
(s, 1H, Th-β-H)), 7.44 (s, 1H, Th-β-H)), 7.13 (s, 1H, CH), 4.37–4.24 
(m, 4H, N CH 2 ), 2.89 (t,  J  = 5.9 Hz, 2H, DCC CH 2 ), 2.83–2.80 (m, 2H, 
DCC CH 2 ), 2.07–1.96 (m, 4H, N CH 2 CH 2  and DCC CH 2 ), 1.31–
1.16 (m, 16H, 4( CH 2 )), 0.86–0.78 (m, 12H, CH 3 ).  13 C-NMR (125 
MHz, CD 2 Cl 2 ,  δ  ppm): 169.01, 151.75, 150.78, 147.76, 147.74, 141.88, 
136.34, 132.07, 121.16, 117.92, 115.82, 115.25, 114.41, 113.64, 112.92, 
76.44, 71.89, 41.06, 40.96, 30.53, 30.49, 30.47, 30.43, 29.65, 29.62, 28.72, 
28.69, 28.64, 28.62, 28.51, 23.95, 23.36, 23.34, 23.32, 23.29, 21.77, 14.06, 
14.05, 14.03, 14.02, 10.77, 10.72. HRMS (MALDI-TOF)  m / z : [M] +  calcd 
for C 41 H 44 N 6 S 3 , 716.27841; found, 716.27723 ( δm / m  = 1.6 ppm). Anal. 
calcd for C 41 H 44 N 6 S 3 : C 68.68, H 6.19, N 11.72, S 13.42; found: C 68.89, 
H 6.18, N 11.65, S 13.45. 

  4,5-(Di-2-ethylhexyl)-2,7-bis(trimethylstannyl)-dithieno[2,3-d:2′,3′-d′]
thieno[3,2-b:4,5-b′]dipyrrole ( 11  : To a solution of 4,5-(di-2-ethylhexyl)-
dithieno[2,3- d :2′,3′- d ′]thieno[3,2-b:4,5- b ′]dipyrrole  4  (224 mg, 0.45 mmol) 
in 13 mL of dry THF at −78 °C was added  n -BuLi (1.6  M  in  n -hexane, 
0.73 mL, 1.17 mmol) under argon within 30 min. After stirring for 1 h 
at the same temperature, the mixture was quenched with trimethyltin 
chloride (286 mg, 1.44 mmol) dissolved in 1.3 mL of THF. The reaction 
mixture was stirred at the same temperature for 5 min and then 
overnight at room temperature. After addition of water the product was 
extracted with Et 2 O to provide stannyl derivative  11  as an orange oil 
(370 mg, 0.45 mmol) in quantitative yield.  1 H-NMR (400 MHz, CDCl 3 , 
 δ  ppm): 6.98 (s, 2H, Th-β- H ), 4.33–4.19 (m, 4H, N C H  2 ), 2.01–1.98 
(m, 2H, N CH 2 C H  2 ), 1.29–1.14 (m, 16H, 4(C H  2 )), 0.83–0.78 
(m, 12H, C H  3 ), 0.40 (s, 18H, Sn C H  3 ). MS (MALDI-TOF)  m / z : 
[M] +  calcd for C 34 H 54 N 2 S 3 Sn 2 , 826.15; found, 826.49 [M] + , 662.48 
[M SnMe 3 ] + . Compound  11  was used without any further purifi cation. 

  3,3 ′ - [4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2 ′ ,3 ′ -d ′ ] thieno[3,2-
b:4,5-b′]dipyrrole-2,7-diyl]dicyclohex-2-en-1-one ( 12 ) : A mixture of 
3-bromocyclohex-2- en -1-one  7  (106 mg, 0.61 mmol) and bis-stannylated 

heteropentacene  11  (217 mg, 0.26 mmol) was dissolved in 5 mL of 
dry DMF in a schlenk tube and degassed carefully. Then the catalyst 
Pd(PPh 3 ) 4  (15.2 mg, 13.2 µmol) was added and the reaction mixture was 
stirred at 80 °C for 18 h. After cooling down to room temperature the 
solid was fi ltered and washed with Et 2 O to obtain the crude product. The 
fi ltrate was reduced under vacuum, extracted with DCM, washed with 
water, and dried over Na 2 SO 4 . The solvent was removed under reduced 
pressure. The combined residue and the fi ltered solid were purifi ed by 
column chromatography (SiO 2 , DCM:EtOAc = 9:1) to afford diketone  12  
(132 mg, 0.19 mmol, 73%) as a red solid.  M  p  230 °C (DSC).  1 H-NMR 
(500 MHz, CD 2 Cl 2 ,  δ  ppm): 7.35 (s, 2H, Th-β- H ), 6.38 (s, 2H, C H ), 
4.35–4.22 (m, 4H, N C H  2 ), 2.85 (t,  J  = 5.9 Hz, 4H, DCC C H  2 ), 2.46–
2.43 (m, 4H, DCC C H  2 ), 2.19–2.13 (m, 4H, DCC C H  2 ), 2.03–1.96 
(m, 2H, N CH 2 C H  2 ), 1.29–1.15 (m, 16H, 4( C H  2 )), 0.84–0.77 
(m, 12H, C H  3 ).  13 C-NMR (125 MHz, CD 2 Cl 2 ,  δ  ppm): 198.69, 153.63, 
145.87, 145.85, 139.69, 132.20, 121.08, 119.77, 118.70, 118.68 112.19, 
40.94, 37.76, 30.47, 30,42, 28.68, 28.60, 28.22, 23.92, 23.88, 23.36, 23.34, 
23.01, 14.06, 14.05, 10.76, 10.71. HRMS (MALDI-TOF)  m / z : [M] +  calcd 
for C 40 H 50 N 2 O 2 S 3 , 686.30289; found, 686.30296 ( δm / m  = 0.1 ppm). 
Anal. calcd for C 40 H 50 N 2 O 2 S 3 : C 69.93, H 7.34, N 4.08, S 14.00; found: C 
70.07, H 7.24, N 4.07, S 13.94. 

  2,2′-[3,3′-{4,5-(Di-2-ethylhexyl)-dithieno[2,3-d:2′,3′-d′]thieno[3,2-
b:4,5-b′]dipyrrole-2,7-diyl}bis(cyclohex-2-enylidene)]dimalononitrile ( 3 ) : 
Diketone  12  (100 mg, 146 µmol) and malononitrile (80 mg, 1.2 
mmol) were dissolved in 12 mL of EtOH: i -propanol (2:1) in a Schlenk 
tube and purged with argon. Then Ti(O- i Pr) 4  (0.1 mL, 0.3 mmol) was 
added and the reaction mixture was stirred at 70 °C for 4 d. After 1 
d another portion of titanium isopropoxide (0.1 mL, 0.3 mmol) was 
added. After completion the reaction mixture was diluted with DCM and 
stirred with 1  M  HCl for 1 h. The aqueous phase was removed and the 
organic phase was washed with saturated NaHCO 3  solution and dried 
over Na 2 SO 4 . After removal of the solvent the residue was purifi ed by 
column chromatography (SiO 2 , DCM:EtOAc = 9:1) to afford compound 
 3  (45 mg, 0.05 mmol, 40%) as a green solid. As a byproduct, the mono-
reacted compound (45 mg, 0.06 mmol, 42%) was isolated which can be 
further reacted with malononitrile and Ti(O- i Pr) 4  to obtain compound  3  
in a yield of about 40%.  M  p  343 °C (DSC).  1 H-NMR (500 MHz, CD 2 Cl 2 , 
 δ  ppm): 7.43 (s, 2H, Th-β-H), 7.10 (s, 2H, CH), 4.36–4.25 (m, 4H, N

CH 2 ), 2.89 (t,  J  = 6.0 Hz, 4H, DCC CH 2 ), 2.81–2.79 (m, 2H, DCC
CH 2 ), 2.05–1.97 (m, 6H, DCC CH 2  and N CH 2 CH 2 ), 1.30–1.16 

(m, 16H, 4( CH 2 )), 0.85–0.78 (m, 12H, CH 3 ).  13 C-NMR (125 MHz, 
CD 2 Cl 2 ,  δ  ppm): 168.96, 152.01, 146.86, 146,84, 140.31, 133.18, 121.72, 
120.10, 120.08, 117.12, 114.66, 113.86, 113.13, 75.31, 40.98, 30.48, 
30.44, 29.61, 28.71, 28.63, 28.48, 23.94, 23.92, 23.37, 23.35, 21.81, 
14.08, 14.06, 10.78, 10.73. HRMS (MALDI-TOF)  m / z : [M] +  calcd for 
C 46 H 50 N 6 S 3 , 782.32536; found, 782.32529 ( δm / m  = 0.09 ppm). Anal. 
calcd for C 46 H 50 N 6 S 3 : C 70.55, H 6.44, N 10.73, S 12.28; found: C 70.42, 
H 6.57, N 10.69, S 12.11.  
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