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Alkyl Chain Orientations in Dicyanomethylene-Substituted 
2,5-Di(thiophen-2-yl)thieno-[3,2-b]thienoquinoid: Impact on 
Solid-State and Thin-Film Transistor Performance
 A series of dicyanomethylene-substituted 2,5-di(thiophen-2-yl)thieno[3,2-b]
thieno-quinoids, in which soluble alkyl chains (2-decyltetradecyls) are substi-
tuted at different positions (namely, 2,2 ′ -positions (Compound  1 ); 3,3 ′ -
positions (Compound  2 ); 6,6 ′ -positions (Compound  3 )), are strategically 
designed and successfully synthesized. The photophysical and electro-
chemical properties as well as molecular packing of these new compounds 
are thoroughly investigated. Thin fi lm transistor measurements reveal that 
Compounds  1–3  display markedly different charge transport performance. 
The solution processed thin fi lm transistors of  Compound 2  exhibits the 
highest electron mobility of up to 0.22 cm 2  V  − 1  s  − 1  under ambient conditions, 
one and three orders of magnitude higher than those of Compounds  3  and  1,  
respectively, demonstrating the strong impact of alkyl chain orientations on 
transistor performance. 
  1. Introduction 

 To ensure the practical application of the low-cost and fl ex-
ible organic fi eld-effect transistors (OFETs) in displays, radio 
frequency identifi cation (RFID) tags, and sensors, the organic 
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semiconductors (OSCs) used in OFETs 
should be high-performance, stable, and 
solution-processable. [  1  ]  Two strategies are 
commonly used to design organic semi-
conductors with these properties. One 
is to develop a new type of  π -conjugated 
core structure. Since the charge carriers 
are transported by hopping between adja-
cent molecules, [  2  ]  the carrier mobility 
is strongly affected by the  π -conjugated 
cores. [  3,4  ]  The normal methods to develop 
new  π -conjugated cores involve the modi-
fi cation of known conjugation cores 
through increasing conjugation length or 
expanding conjugation size, [  5  ]  introducing 
heteroatom substitutions, [  6  ]  and changing 
the symmetry of the molecular struc-
tures. [  7  ]  The other is introducing soluble 
side chains to a known  π -conjugated core. 
The introduction of soluble side chains not only provides solu-
tion processing, but also changes the molecular packing in the 
solid state. [  3,8,9  ]  For example, side alkyl chains have been found 
to be interdigited between the adjacent backbone layers and 
resulted in short  π – π  stacking distance in solid states, which 
facilitate charge transport. [  10  ]  The requirement for the soluble 
side chains is that they should match the  π -conjugated backbone 
to reach a compromise among solubility, effi cient  π – π  stacking 
in solid state and formation of high quality thin fi lms which are 
crucial for high performance OFETs. [  11  ]  By delicate modulation 
of soluble side chains to the known  π -conjugated cores, many 
high performance OSCs have been synthesized. Currently, the 
impact of side chains with different length, [  12,13  ]  structure [  14  ]  
and substituent density [  10,15  ]  on the molecular packing in solid 
state, fi lm quality and device performance were deeply inves-
tigated and well understood. However, the infl uence of side 
chain orientations (the side chains are substituted on the dif-
ferent positions of a conjugated backbone), which would also 
strongly affect the performance of materials and be an effi cient 
way to pursue excellent OSCs, does not attract much atten-
tions. [  16  ]  We believe an in-depth investigation of how this aspect 
impacts on the molecular packing, fi lm crystallinity, and device 
performance, would provide very useful information for the 
rational design of soluble, high-performance OSCs. 

 Though great progress has been made, compared with its 
p-type counterparts, [  8,12,17  ]  n-type OSCs still lag behind both 
in device performance (especially in terms of air stability) and 
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     Scheme  1 . The chemical structures of some typical thienoquinoidal-type OSCs.        
in amounts and species of materials. [  18  ]  The lack of solution-
processable, ambient-stable, and high-performance n-channel 
OSCs has become the bottle-neck for organic complementary 
circuits which require both n-channel and p-channel OSCs 
with comparable device performance. [  19  ]  As intensively inves-
tigated electron acceptors in charge-transfer complexes, [  20,21  ]  
quinoidal compounds have established the reputation in 
the low-lying lowest unoccupied molecular orbital (LUMO) 
and strong electron affi nity, which made them good candi-
dates as ambient-stable n-channel OSCs. [  22,23  ]  Besides the 
low-lying LUMO, the quinoidal type semiconductors usually 
adopt face-to-face molecular stacking model and possess large 
packing coeffi cients in the solid state, which facilitated charge 
transport. [  23,24  ]  

 Recently, the charge transport properties of dicyanometh-
ylene-substituted quinoidal oligothiophenes have been studied. 
The vacuum deposited thin fi lm transistors of  DCMT  (chemical 
structure given in  Scheme 1 ) displayed an electron mobility of 
0.2 cm 2  V  − 1  s  − 1  under vacuum conditions. [  25  ]  Solution-processed 
thin fi lms of  I  and  II  (chemical structures given in Scheme 1) 
exhibited electron mobilities of 0.16 and 0.35 cm 2  V  − 1  s  − 1 , respec-
tively, under ambient conditions. [  26  ]  An electron mobility as high 
as 0.9 cm 2  V  − 1  s  − 1  was observed for the drop-cast thin fi lm transis-
tors of  III  (chemical structure see Scheme 1) under ambient con-
ditions without post treatment. [  27  ]  All of these results suggested 
quinoidal compounds were good candidates for ambient stable 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Scheme  2 . Synthesis and chemical structures of dicyanomethylene-substituted 2,5-di(thiophen-
2-yl)thieno[3,2-b] thienoquinoid derivatives  1 – 3 .      
high performance n-channel OSCs. With the 
aim to explore the effect of side chain orienta-
tion on materials performance and the appli-
cations of quinoidal compounds in organic 
thin fi lm transistors, dicyanomethylene-
substituted 2,5-di(thiophen-2-yl)thieno[3,2-b]
thienoquinoids with 2-decyltetradecyls sub-
stituents at different positions (the corre-
sponding compounds are hereafter referred to 
a  1 ,  2 , and  3 ; see  Scheme 2 ) were strategically 
designed and synthesized in this work. 2D 
grazing incidence X-ray diffraction (2D GIXD) 
results, thin fi lm absorption spectra and thin 
fi lm transistor characteristics showed the ori-
entation of side alkyl chains strongly affected 
the molecular packing in solid states and tran-
sistor performance. An electron mobility as 
high as 0.22 cm 2  V  − 1  s  − 1  was observed based 
on thin fi lm transistors of  2  in ambient conditions, one and 
three orders of magnitude higher than those of compounds  3  
and  1  .      

 2. Results and Discussion 

  2.1. Synthesis and Solubility 

 The synthetic route of compounds  1–3  is shown in Scheme 2. 
The preparation of thienoquinoid precursors  4–6  is described 
in the Supporting Information. Precursors  4–6  reacted with 
malononitrile in the presence of a base and Pd-catalyst and 
followed oxidization with saturated bromine to afford com-
pounds  1–3  in moderate yields. [  21  ]  It should be noted that exces-
sive bromine would destroy the green product to the dark-red 
byproduct and lower the yield. The chemical structures of all 
the compounds were characterized by nuclear magnetic reso-
nance (NMR) spectroscopy, mass spectrometry (MS), high-
resolution mass spectrometry (HRMS), and elementary analysis. 
Due to the long and branched side chains, compounds  1–3  dis-
played considerable solubility in common organic solvents such 
as tetrahydrofuran, dichloromethane, chloroform, 1,1,2,2-tetro-
chloroethane, chlorobenzene, and dichlorobenzene. However, 
their solubility differed greatly in the order  1   >   3   >   2  ( Table    1  ). 
The melting points of compounds  1–3  also followed the same 
order as that of the solubility (Table  1 ). Considering the sim-
ilar chemical structures of compounds  1–3  
and the soluble nature of the alkyl chains, 
the variation of their solubility and melting 
points should be mainly determined by the 
intermolecular interactions in the solid state. 
The large difference of solubility and melting 
points of  1–3  suggests the strong impact of 
side alkyl chain orientation on their intermo-
lecular interactions in the solid state.    

 2.2. DFT MO Calculations 

 To better understand the impact of alkyl chain 
orientations on the HOMO and LUMO energy 
heim Adv. Funct. Mater. 2013, 23, 2277–2284
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   Table  1.     Solubilities, melting points, optical absorption data, electrochemical data, and theoretical calculation results of the OSCs  1 ,  2 , and  3 . 

Compd Solubility 
[mg/mL] a)  

Melting point 
[ ° C]

 l  max  sol  
[nm]

 l  max  fi lm  
[nm]

 E  red  
[V] b)  

 E  ox  
[V] b)  

LUMO 
[eV] c)  

HOMO 
[eV] d)  

 E  g  
[eV]

LUMO 
[eV] e)  

HOMO 
[eV] e)  

1 40 138 710 674  − 0.12 1.08  − 4.32  − 5.52 1.20  − 4.16  − 5.61

2  < 25 231 705 605  − 0.13 1.17  − 4.31  − 5.61 1.30  − 4.19  − 5.73

3  < 40 163 720 720  − 0.11 1.14  − 4.33  − 5.58 1.25  − 4.26  − 5.68

    a) In CHCl 3 ;  b) 0.1 mol L  − 1  Bu 4 NPF 6  in CH 2 Cl 2  solutions with a scan rate of 50 mV s  − 1  and SCE as the reference;  c) Estimated from  E  LUMO   =  –( E  red   +  4.44);  d) Estimated from 
 E  HOMO   =  –( E  ox   +  4.44);  e) Theoretical calculation results.   
levels, the DFT MO calculations at the B3LYP-6-31 G(d) level of 
Gaussian 03 program were carried out to evaluate the frontier 
molecular orbital of compounds  1 – 3 . The long branched alkyl 
chains were replaced by isobutyl groups to reduce the calculation 
time and minimize the negative effect of the alkyl chain replace-
ment. The  π -conjugated backbone with no alkyl chain substitu-
ents ( DCM-DTTQ ) was also calculated for comparison ( Figure    1  ). 
All the calculated compounds showed the same electron density 
distributions on HOMO and LUMO. In addition, the HOMO 
and LUMO energy levels of  1–3  (see Table  1 ) were shifted upward 
slightly compared with that of the  DCM-DTTQ  (HOMO:  − 5.85 eV; 
LUMO:  − 4.39 eV), which is ascribed to the weak electron-
donating property of alkyl chains. The LUMO electron densities 
were fully delocalized across the whole conjugated core except 
the sulfur atoms, indicating that the alkyl substituents contrib-
uted equally to the LUMO energy levels. However, the distribu-
tions of HOMO electron densities were different on the 2,2 ′ -, 
3,3 ′ - and 6,6 ′ - positions, suggesting the alkyl chain orientations 
would affect the HOMO energy levels of  1 – 3 . No electrons in 
the HOMO orbital were localized in the 3,3 ′ - positions, which 
resulted the lowest calculated HOMO energy levels of  2  and was 
consistent with the experimental result.    

 2.3. Electrochemical and Photophysical Properties 

 Cyclic voltammetry measurements were conducted to inves-
tigate the electrochemical properties of compounds  1–3 . Plat-
inum electrodes were used as the working electrode and the 
counter electrode, and a saturated calomel electrode (SCE) was 
used as the reference electrode. The redox potentials were deter-
mined as the midpoints between peak potentials in the forward 
© 2013 WILEY-VCH Verlag Gm

     Figure  1 .     Calculated HOMO and LUMO of semiconductors  DCM-DTTQ ,  1 ,
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and reverse scan. As shown in  Figure    2  a, compounds  1–3  
displayed one reversible reduction process and one reversible 
oxidative process in dichloromethane solution. The  E  red  of all 
compounds were more positive than  − 0.14 V and the LUMO/
HOMO energy levels estimated from the CV were  − 4.32/ − 5.52, 
 − 4.31/ − 5.61, and  − 4.33/ − 5.58 eV for  1–3  respectively. The low 
LUMO energy level (lower than  − 4.0 eV) suggests the potential 
application of  1–3  as ambient-stable n-channel OSCs. [  28  ]  The 
HOMO energy levels of  2  was slightly lower than those of  1  and 
 3 , which was consistent with the trend obtained by DFT cal-
culation. The HOMO-LUMO energy gaps calculated from CV 
were 1.20, 1.30, and 1.25 eV for  1–3 , respectively.   

Figure  2 b illustrates the solution and thin-fi lm absorption 
spectra of  1 – 3 , and the optical data is shown in Table  1 . The 
thin-fi lms were prepared from the corresponding 20–30 mg/mL 
chloroform solution by spin coating at 2000 rpm for 20 s on 
a quartz glass substrate. The solution absorption spectra of 
 1 – 3  were nearly identical which indicated that the orientation 
of 2-decyltetradecyl substituents did not lead to fundamental 
changes or distortions of the  π -conjugated backbone. The 
maximum absorption wavelength of the thin-fi lm of  1  and  2  
was blue shifted about 36 and 100 nm, respectively, while the 
absorption band of  3  become broader while the peak wave-
length was unchanged compared with in solution, suggesting 
that  1 – 3  adopt different molecular packing in thin fi lms. 

 Thermal annealing usually improves the order of molecules 
in the fi lm and leads to higher transistor performance. The thin 
fi lms of  1 – 3  were also treated by a thermal annealing technique 
( Figure    3  ). As depicted in Figure  3 a, the thermally annealed thin 
fi lm of  1  exhibited a large blue shift in comparison with that of 
the as-deposited fi lm, which was caused by the molecule rear-
rangement in the annealing process. In remarkable contrast, 
2279wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     a) Cyclic voltammograms of  1 ,  2 , and  3  (10  − 3  mol/L) with 0.1 mol/L Bu 4 NPF 6  in CH 2 Cl 2  solutions under scan rate of 50 mV s  − 1 ; b) UV-vis 
absorption spectra of  1 ,  2 , and  3  in dichloromethane solution (1  ×  10  − 9  mol/L) and on a quartz substrate (as a deposited thin-fi lm).  
even annealed at 200  ° C—slightly lower than the melting 
point (231  ° C)—the thin fi lms of  2  displayed identical absorp-
tion spectra, suggesting the molecular packing patterns in the 
as-deposited thin fi lms were highly ordered and optimized. 
We assumed this was caused by the strong intermolecular 
interactions of  2 . Different from the H-type molecular aggrega-
tion of compounds  1  and  2  in the solid state, the thin fi lms of 
 3  adopted J–type aggregation after annealing, [  29  ]  proved by the 
red shifted absorption compared with that of solution and the 
as-deposited thin fi lm. The signifi cant absorption differences of 
 1 – 3  thin fi lms further confi rmed that the alkyl chain orientation 
strongly affected the molecular packing in the thin fi lms.    

 2.4. Thin-Film Microstructures and Morphologies 

 The atomic force microscopy (AFM) and X-ray diffraction 
(XRD) were employed to investigate the microstructures and 
morphologies of the thin fi lms, which were correlated with the 
FET device performance ( Figure    4   and  Figure    5  ). The quality 
of the as-deposited fi lm of  1  was poor, as indicated by the weak 
peaks in the XRD scan and the featureless textures in the AFM 
images. Upon annealing the thin fi lm at 80 and 120  ° C, inten-
sive sharp XRD peaks and successive refl ections, which reached 
up to the the fi fth order, were observed and plate-like textures 
were found in the AFM images. The lattice d-spacing deter-
mined from the refl ection peaks was 34.40 Å.   

 The as-deposited thin fi lms of  2  displayed multiple single 
family Bragg refl ections, suggesting the high crystallinity of thin 
fi lms. AFM images revealed that the as-deposited fi lm of  2  was 
continuous and exhibited granular features. Thermal annealing 
the thin fi lms at 80, 120, and 160  ° C did not lead to more intensive 
80 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  3 .     UV-vis absorption spectra of thin fi lms before and after thermal a
peaks (in XRD) and not signifi cantly enlarge the size of the grains 
(AFM images). These observations were consistent with the thin-
fi lm absorption spectra. The d-spacing calculated from the dif-
fraction peaks was 33.20 Å, slightly shorter than that of  1 . Further 
increasing the annealing temperature to 200  ° C, more elaborate 
diffraction peaks were clearly observed and large terrace-like crys-
talline grains with step height of 3.36 nm and size larger than 1 
 μ m were formed. However, the grain boundary increased dramat-
ically and the continuity of the fi lm became worse. 

 For the thin fi lms of  3 , the intensity of refl ections was 
enhanced and the grain sizes were enlarged with the increase of 
thermal annealing temperature. Nevertheless, the crystallinity 
of thermal annealed fi lms of  3  was signifi cantly lower than 
that of  1  and  2 , since only two refl ections were observed for  3  
(thermal annealed 150  ° C) and the refl ections for  1  (thermal 
annealed at 120  ° C) and  2  (thermal annealed at 200  ° C) were up 
to fi fth and ninth order, respectively. The lattice d-spacing of  3  
estimated from diffraction peaks was 26.44 Å, obviously shorter 
than compound  1  and  2 .   

 2.5. Thin Film Transistors Characterization 

 Thin fi lm transistors with top-contact/bottom gate device con-
fi gurations were fabricated with spin-coated thin fi lms of  1 – 3  
on octadecyltrichlorosine (OTS)-treated SiO 2 /Si wafers. The gate 
is n-type heavily doped Si and the dielectric layer is a 300 nm 
thermally grown SiO 2 . The Au source and drain electrodes were 
deposited through a shadow mask by vacuum evaporation, which 
gave a channel length of 31  μ m and a width of 173  μ m. All the 
devices were thermally annealed and measured under ambient 
conditions. The electron mobilities and threshold voltages were 
mbH & Co. KGaA, Weinheim

nnealing: a)  1 , b)  2 , and c)  3 .  
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     Figure  4 .     AFM images (5 mm  ×  5 mm) of thin fi lms of  1 : a) As deposited, and annealed at b) 80  ° C and c) 120  ° C);  2 : d) as deposited, and annealed 
at e) 80  ° C, f) 120  ° C, g) 160  ° C, and h) 200  ° C; and  3 : j) as deposited, and annealed at k) 80  ° C, m) 120  ° C, and n) 150  ° C.  
calculated from the saturation regimes. The transistors per-
formances were collected in the  Table    2   and the representative 
transfer and output plots were shown in  Figure    6  .   

 The as-deposited thin fi lms of  1  exhibited no transistor per-
formance, which is be due to the poor quality of the fi lms, as 
proved by the XRD and AFM data. After thermal annealing,  1  dis-
played typical n-channel characteristics, and the highest electron 
mobility was 1.84  ×  10  − 4  cm 2  V  − 1  s  − 1 . In contrast to  1 , the transis-
tors based on as-deposited thin fi lms of  2  showed high perform-
ance with electron mobilities up to 0.15 cm 2  V  − 1  s  − 1 . The elec-
tron mobility of  2  was slightly enhanced after thermal annealing 
at 120 and 160  ° C ,  and a highest mobility of 0.22 cm 2  V  − 1  s  − 1  
was observed, three orders of magnitude higher than that 
of  1 , when the thin fi lms were thermal annealed at 120  ° C. 
Further increasing the annealing temperature to 200  ° C, no FET 
response was observed, ascribed to the increased grain boundary 
of the fi lms. The transistors based on as-deposited thin fi lms of 
 3  exhibited an electron mobility of 3.91  ×  10  − 3  cm 2  V  − 1  s  − 1 . With 
thermal annealing, a mobility as high as 1.03  ×  10  − 2  cm 2  V  − 1  s  − 1  
© 2013 WILEY-VCH Verlag Gm

     Figure  5 .     X-ray diffraction patterns of the spin-coated thin fi lms of a)  1 , b)  2

Adv. Funct. Mater. 2013, 23, 2277–2284
was achieved. This value was two orders of magnitude higher 
than that of  1  and one order of magnitude lower than that of  2 .   

 2.6. Grazing-Incidence X-ray Diffraction (GIXD) 

 In order to further understand the effect of alkyl chain orienta-
tions on transistor performance, 2D GIXD was used to identify 
the molecular packing behavior in the thin fi lms ( Figure    7  ). 
All compounds displayed successive diffraction features in the 
q z  axis, indicating the conjugated cores were adopted lamellar 
packing model parallel to the surface with an edge-on orien-
tation of the conjugated core. The thin fi lms of  1  and  2  also 
contained a small populations of crystallites with tilted orienta-
tions as well as face-on domains, as inferred from arc shape 
refl ections along q z . The thin fi lms of  3  exhibited stronger arc 
shape refl ections along q z  compared with those of  1  and  2 , 
which indicated the thin fi lms of  3  contained a larger fraction 
of face-on and tilted orientation domains.  
2281wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  2.     The performances of solution processed thin fi lm transistors 
of OSCs  1 – 3 . 

Compd  T  [ ° C] a)    μ   e  [cm 2  
V  − 1  s  − 1 ]

 I  on/off   V  th 
[V]

1 As deposited NA NA NA

120 (0.72–1.40) × 10  − 4 10–10 3  − 10–5

2 As deposited 0.08–0.15 10 3  − 10 5 3–15

120 0.14–0.22 10 4  − 10 5 3–13

3 As deposited (1.93–3.91) × 10  − 3 10 2  − 8-8

150 (0.59–1.03) × 10  − 2 10 3  − 8–6

    a) Annealing temperatures given in this table were those that gave the best device 
performance.   
 The intermolecular  π – π  stacking is another important factor 
related to the FET performance. For the thin fi lms of  1 , the 
d-spacing calculated from all the refl ections were larger than 
4 Å. Such large d-spacing indicated that no long-term  π – π  
stacking transporting path existed in the thin fi lms of  1 , which 
could explain the low devices performance of  1  even though 
the prepared thin fi lms were smooth, continuous, and crystal-
line. The 2D GXRD patterns of compound  2  exhibited several 
short streak-like progressions, implying the high crystallinity 
of the fi lms. The progressions were neither in q z  nor q xy  axis, 
and a d-spacing of 3.5 Å correlated with marked progression in 
Figure  7 b, which arose from the  π – π  stacking diffraction, was 
observed, suggesting that the long axis of the conjugated back-
bone was tilted on the substrate. For the thin fi lms of  3 , a  π – π  
stacking refl ection with d-spacing of 3.5 Å was clearly displayed 
along q xy  axis. The 2D GXRD results further confi rmed the 
strong impact of alkyl chain orientation on molecular packing 
patterns and intermolecular interactions.    

 3. Conclusions 

 In summary, a series of dicyanomethylene-substituted 
2,5-di(thiophen-2-yl)thieno[3,2-b]-thienoquinoid derivatives with 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  6 .     Solution processed thin fi lm transistor characteristics: a) transfer a
and f) output curves of  3 .  
2-decyltetradecanyl substituted at the 2,2 ′ - 3,3 ′ - and 6,6 ′ -positions 
(namely, compounds  1 – 3 ) was strategically designed and suc-
cessfully synthesized. The nearly identical CV scans and absorp-
tion spectra of these compounds in solution indicated that the 
orientation of alkyl substituents did not cause large distortions 
of the  π -conjugated backbone and did not signifi cant change the 
electron density distribution on the frontier molecular orbital; 
this was also supported by DFT calculations. However, com-
pounds  1 – 3  adopted different molecular packing in the solid 
state which was evident from the XRD and thin fi lm absorp-
tion spectra. Additionally, 2D GIXD spectra showed no long-
term  π – π  stacking transporting paths existed in the thin fi lms 
of  1,  while  π – π  stackings with d-spacing of 3.5 Å were observed 
for the thin fi lms of  2  and  3 . All compounds exhibited ambient 
stable TFT performance. The highest electron mobility of 
0.22 cm 2  V  − 1  s  − 1  was recorded for thin fi lms of  2,  which was 
one and three orders of magnitude higher than those of  3  and 
 1 , respectively. The wide variation of FET performances is 
ascribed to the different molecular packing patterns in the thin 
fi lm and different fi lm morphology of  1–3  which is caused by 
the alkyl chain orientation. These results indicate that modi-
fying the side alkyl chain orientation is an important method, 
likely to receive more attention for the rational design of high 
performance OSCs.   

 4. Experimental Section 
  Synthesis of Compound  1  : Malononitrile (168 mg, 2.54 mmol) was 

added to an ice-salt cooled suspension of sodium hydride (122 mg, 
5.07 mmol) in 1,2-dimethoxyethane (20 mL) under a nitrogen stream. 
The mixture was stirred at room temperature for another 20 min. Then, 
 4  (0.72 g, 0.63 mmol) and tetrakis(triphenylphosphine)palladium (147 mg, 
0.13 mmol) were added, the solution was heated under refl ux for 4 h. 
The resulting solution was treated with saturated bromine water (20 mL) 
and the precipitation was fi ltered. After washed with water and dried 
under vacuum, the crude product purifi ed by fl ash chromatographyon 
silica. Light petroleum-dichloromethane (ratio 1:1) eluted compound 
 1  (0.32 g, 45.7%).  1 H NMR (300 MHz, CDCl 3,   δ ): 0.88 (t,  J   =  6.6Hz, 
12H; CH 3 ), 1.25 (Br, 80H; CH 2 ), 1.79 (Br, 2H; CH), 2.83 (d,  J   =  5.1Hz, 
4H; CH 2 ), 7.13 (Br, 2H; Ar H), 7.27 (Br, 2H; Ar H);  13 C NMR (100 MHz, 
CDCl 3,   δ ): 14. 11, 22. 88, 26. 08, 29. 35, 29. 61, 29. 65, 29. 83, 29. 94, 31. 
bH & Co. KGaA, Weinheim

nd b) output curves of  1 , c) transfer and d) output curves of  2 , e) transfer 
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     Figure  7 .     Two-dimensional grazing-incidence X-ray diffraction (2D-GIXD) 
of thin fi lms. a)  1  (annealed at 120 ºC); b)  2  (annealed at 200 ºC); and 
c)  3  (annealed at 150 ºC)   
91, 32. 63, 34. 34, 38. 06, 113. 88, 115. 33, 119. 73, 138. 05, 145. 07, 146. 
67, 148. 09, 151. 86, 166. 99; MS (MALDI-TOF)  m / z : 1103.7 (M  +   + H); 
HRMS (MALDI,  m / z ) [M + H]  +   calcd for C 68 H 103 N 4 S 4 , 1103.7067; found, 
1103.7060. Anal. Calcd for C 68 H 102 N 4 S 4 : C, 73.99; H, 9.31; N, 5.08%; 
Found: C, 73.80; H, 9.29; N, 4.97%. 

  Synthesis of Compound  2  :  2  was prepared according to the procedure 
for the synthesis of compound  1  in 45.0% yield.  1 H NMR (300 MHz, 
CDCl 3,   δ ): 0.88 (t,  J   =  6.6Hz, 12H; CH 3 ), 1.26 (Br, 80H; CH 2 ), 1.84 (Br, 
2H; CH), 2.75 (d,  J   =  6.9Hz, 4H; CH 2 ), 7.08 (s, 2H; Ar H), 7.20 (s, 2H; 
Ar H);  13 C NMR (100 MHz, CDCl 3,   δ ): 14.12, 22.69, 26.23, 29.36, 29.64, 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2277–2284
29.92, 31.91, 33.28, 36.31, 37.45, 113.48, 114.33, 121.34, 132.89, 136.30, 
145.31, 152.33, 155.64, 167.11; MS (MALDI-TOF)  m / z : 1103.7 (M  +   + H); 
HRMS (MALDI,  m / z ) [M + H]   +   calcd for C 68 H 103 N 4 S 4 , 1103.7074; found 
1103.7060. Anal. Calcd for C 68 H 102 N 4 S 4 : C, 73.99; H, 9.31; N, 5.08%; 
Found: C, 73.80; H, 9.59; N, 4.97%. 

  Synthesis of Compound  3  :  3  was prepared according to the procedure 
for the synthesis of compound  1  in 46.6% yield.  1 H NMR (300 MHz, 
CDCl 3,   δ ): 0.88 (t,  J   =  6.6Hz, 12H; CH 3 ), 1.24 (Br, 80H, CH 2 ), 1.93 (Br, 2H; 
CH), 2.79 (d,  J   =  7.5, 4H; CH 2 ), 7.29 (d, J  =  5.4, 2H; Ar H), 7.56 (d, J  =  5.4, 
2H; Ar H);  13 C NMR (100 MHz,CDCl 3,   δ ): 14. 10, 22. 67, 26. 21, 29. 34, 
29. 62, 29. 68, 29. 90, 31. 90, 33. 26, 36. 29, 37. 43, 113. 47, 114. 31, 121. 
39, 132. 87, 136. 28, 145. 29, 152. 27, 155. 63, 167. 10; MS (MALDI-TOF) 
 m / z : 1103.7(M  +   + H); HRMS (MALDI,  m / z ) [M + H]   +   calcd for C 68 H 103 S 4 N 4 , 
1103.7066; found 1103.7060. Anal. Calcd for C 68 H 102 N 4 S 4 : C, 73.99; H, 
9.31; N, 5.08%; Found: C, 73.85; H, 9.14; N, 4.78%. 
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