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HOMO Stabilisation in -Extended Dibenzotetrathiafulvalene Derivatives for Their 
Application in OFETs 
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Abstract: Three new organic 
semiconductors, where either two 
methoxy units are directly linked to the 
dibenzotetrathiafulvalene (DB-TTF) 
central core and a 2,1,3-
chalcogendiazole is fused on the one 
side or four methoxy groups are linked 
to the DB-TTF, have been synthesised 
as active materials for organic field-
effect transistors (OFETs). Their 

electrochemical behaviour, electronic 
absorption and fluorescence emission 
as well as photoinduced intramolecular 
charge transfer were studied. The 
electron-withdrawing 2,1,3-
chalcogendiazole unit significantly 
affects the electronic properties of these 
semiconductors, lowering the HOMO 
and LUMO energy levels and hence 
increasing the stability of the 

semiconducting material. The solution-
processed single crystal transistors 
exhibit high performance with a hole 
mobility up to 0.04 cm2 V-1 s-1 as well 
as good ambient stability. 
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field effect transistors • ring-fused 
systems • molecular electronics 

Introduction 

Organic field-effect transistors (OFETs) are of intensive scientific 
and technological interest due to their appealing electronic 
applications, for instance low-cost integrated circuits and flexible 
displays.[1] Over the past two decades, a vast number of organic 
semiconductors including acene, rubrene and tetrathiafulvalene 
(TTF) molecules have been reported as active materials in OFETs.[2]

In particular, solution-processed single crystal transistors based on 
dibenzotetrathiafulvalene (DB-TTF) show excellent OFET 
performances with a high mobility on the order of 0.1-1 cm2/Vs, 
although thin films of this material become easily doped in air.[3] 

Consequently, a few alkyl substituted, fluorinated, phthalimide- or 
pyrazine-fused DB-TTF derivatives were investigated to explore the 
relationship between structures and OFET characteristics such as 
charge carrier mobility, on/off ratio, threshold voltage as well as 
ambient stability.[4] Here, with the aim of gaining environmental 
stability, electron-deficient nitrogen heterocycles such as 2,1,3-
chalcogendiazole and electron-rich methoxy groups have been 
considered to directly fuse into the DB-TTF skeleton (Compounds 
1-3, Figure 1). Recently, 2,1,3-benzothiadiazole[5-7] has become a 
key ingredient in the design of new organic semiconductors and it is 
often embedded in simple conjugated structures or polymers, 
whereby its electron-deficient character serves to stabilize and 
spatially localize the lowest-unoccupied molecular orbital (LUMO), 
hence it functions as an ELUMO lowering π-extender. On the one 
hand, an enhanced stability to oxygen can be achieved by the direct 
fusion of the 2,1,3-chalcogendiazole moiety to the DB-TTF core due 
to the lowering of the HOMO levels.[8] Moreover, rigid donor-
acceptor (D-A) ensembles such as 2 and 3 can impart a strong 
dipole-dipole interaction leading to enhanced intermolecular 
interactions and a large transfer integral between molecules.[9] Such 
factors are crucial for achieving high carrier mobility. For a 
comparative and systematic study, tetramethoxy substituted DB-
TTF (1) is also presented. In the present work, we have reported 
synthesis, characterization and electronic properties of compounds 
1-3 (Figure 1) and explored their application in OFETs.. 
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Figure 1. Chemical structures of three new TTF-based semiconductors.

Results and Discussion 

Synthesis: The synthetic pathway to prepare 1-3 is outlined in 
Scheme 1. The target compound 1 was prepared by a phosphite-
mediated homo-coupling reaction of the corresponding ketone 
precursor 5. The preparation of 5 is accomplished by a reaction of 
4,5-bis-thiobutylveratrole[10] with CS2 followed by oxidation in the 
presence of Hg(OAc)2. The formation of the compound 4 involved 
the well-known cleavage of the C-S bond in liquid ammonia by 
alkali metals[11] to afford an intermediate disodium salt of 1,2-dithio-
4,5-dimethoxybenzene that can easily react with CS2. The target 
compounds 2 and 3 were obtained by a phosphite-mediated cross-
coupling reaction of the corresponding thione precursor 6[12] or 7[13]

with ketone 5. All new compounds were purified by 
chromatographic separation and/or recrystallisation. Their identity 
was established by NMR, HRMS data and elemental analysis.  

Scheme 1. Synthetic routes to targets 1-3. 

Electrochemistry: The oxidation potentials of 1-3 were measured 
by cyclic voltammetry using a Pt wire as a counter and working 
electrode and a silver wire as a pseudo-reference electrode (Table 1 
and Figure S1). Ferrocene/Ferrocenium (Fc/Fc+) was used as 
internal reference, showing an oxidation potential of 0.44 V vs Ag(s) 
in the experimental conditions employed (see experimental section). 
The three compounds show two oxidation waves attributed to the 
formation of the TTF radical cation and dication species. The fusion 
of the electron-withdrawing 2,1,3-benzochalcogendiazole (BCD) 
unit leads to a positive shift of the oxidation potentials, thus 
increasing the stability to oxygen. Under the premise that the energy 
level of ferrocene/ferrocenium is 4.8 eV below the vacuum level,[14]

the the highest-occupied molecular orbital (HOMO) energy levels of 
1-3 can be estimated according to: EHOMO = -[Eonset

ox1 + 4.8] (eV), 

where Eonset
ox1 is the onset oxidation potential of the first redox wave 

versus Fc/Fc+.[15] For the three molecules the HOMO levels were 
found in the range -4.5 to -4.8 eV. No reduction processes were 
observed under the used conditions for any of the molecules down 
to -1.5 V vs Ag(s).  

Optical properties and DFT calculations of the energy levels: 
The optical absorption spectra of 1-3 in THF solution are shown in 
Figure 2. All these compounds exhibit intense absorption bands at λ 
< 400 nm with extinction coefficients on the order of 2  104 M-1cm-

1. Additionally, compounds 2 and 3 show an intense absorption band 
peaking at 485 nm and 511 nm, respectively, which is absent for 
compound 1. According to our previous observations,[6,12,13] this 
lowest energy absorption band corresponds to an intramolecular 
charge-transfer transition from the HOMO localized on the TTF 
core to the LUMO localized on the BCD moiety, as depicted in 
Figure 3. Moreover, both compounds, 2 and 3, are emissive with an 
emission maximum at 652 nm and 695 nm, respectively. Therefore, 
the optical HOMO-LUMO energy gaps of 2 and 3 can be 
determined from the intersection of the absorption and emission 
spectra in THF. The obtained Eg

opt values are in good agreement 
with the corresponding Eg

calc (see below) values (Table 1). It is 
worthwhile to note that band gaps can be tuned by the incorporation 
of different substituents into the DB-TTF structures as well as by the 
variation of the heteroatom in the 2,1,3-chalcogendiazole moiety.   

Figure 2. Optical absorption and emission spectra of 1 (solid line), 2 (dotted line) and 3
(dashed line) in THF at room temperature.  

Density functional theory (DFT) calculations were performed 
for 1-3 using the B3LYP functional[16] and a 6-311G+(d, p) basis set 
as implemented in the Gaussian 09 code.[17] All of the investigated 
molecules have a quite planar molecular skeleton, beneficial for 
intermolecular interactions, which favours charge-carrier mobility. 
Compared to 1, it is clear that 2 and 3 possess relatively lower-lying 
HOMO and LUMO levels upon replacing dimethoxy groups with 
the 2,1,3-chalcogendiazole unit. Exchanging sulfur by selenium 
appears to slightly decrease the LUMO energy level further. The 
match between the relative magnitudes and absolute quantitative 
values of the calculated HOMO energy levels and HOMO-LUMO 
gaps and the corresponding experimental HOMO values and energy 
gap values obtained from cyclic voltammetry and absorption 
spectral data, respectively, is in nearly all cases rather good. The 
small differences between experiment and theory (typically ≤ 0.3 
eV) are quite acceptable especially considering the approximations 
in the theoretical calculations (e.g. absence of explicit solvent 
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effects and intermolecular interactions). As expected, in all cases the 
HOMO is localised on the TTF core, while the LUMO is mainly 
located on the 2,1,3-chalcogendiazole unit in compounds 2 and 3 
and on the TTF core in compound 1 (see Figure 3). 

Table 1. Redox Potentials (V versus Fc/Fc+), lowest energy absorption and emission 
maxima, Amax and Emax respectively, extinction coefficient , Stokes shift ST, optical 
band gap Eg

opt as well as the calculated HOMO and LUMO energies (EHOMO and ELUMO) 
and HOMO-LUMO gaps Eg

calc of compounds 1-3. 

Compound 1 2 3 

Electrochemical 
data 

E1/2
ox1 -0.29[b] -0.01.[a] 0.11[a]

E1/2
ox2 0.25[b] -0.46[a] 0.59[a]

Eonset
ox1 -0.34 -0.11 0.02 

EHOMO eV[c] -4.5 -4.7 -4.8 

Amax cm-1 33110 20620 19570 

 M-1cm-1 2.81104 1.06104 1.16104

UV-Vis and 

emission 
spectral data 

Emax cm-1 - 15337 14388 

ST cm-1 - 5283 5182 

Eg
opt eV 3.26[d] 2.21[e] 2.01[e]

DFT 

calculations 

EHOMOeV -4.46 -5.08 -5.08 

ELUMOeV -1.14 -2.70 -2.79 

Eg
calc eV 3.32 2.38 2.29 

[a] reversible peak. [b] quasi-reversible peak. [c] estimated from the onset oxidation 

potentials using empirical equations: EHOMO = -[Eonset
ox1  + 4.8]eV. [d] determined from 

the onset of the lowest energy electronic absorption in the UV-vis spectrum in THF. [e] 

determined from the intersection of the absorption and emission spectra in THF. 

Figure 3. HOMO and LUMO orbitals of molecules 1-3.

Crystal structure of 1: Orange coloured single crystals for X-ray 
analysis, with a block-shaped morphology, were grown by slow 
evaporation of a CH2Cl2/hexane (1:1) solution of 1. The compound 
crystallises in a solvate free form in the monoclinic space group 
P21/c. The molecule lies on an inversion centre, therefore the 
asymmetric unit comprises half of the molecule. An ORTEP 

drawing of 1 is shown in Figure 4a. The molecule is distinctly 
planar; the rms deviation from a least-squares plane through all 
atoms (excluding the hydrogen atoms) is only 0.049 Å, and for the 
TTF core alone it is 0.017 Å. In the crystal structure, adjacent 
molecules are arranged in a nearly orthogonal manner forming an 
herringbone packing (Figure 4b, and Figure S2-S3). Close S···S 
intermolecular contacts of 3.758 Å in the bc plane are found, and 
also there are some short CS contacts of 3.375 Å and 3.468 Å and 
weak OH interactions with distances of 2.510 Å. 

Dimers of 1 taken from the experimental crystal structure were used 
to calculate the hole transfer integrals, th. Following ref [18], DFT 
calculations using the PW91 functional[19] and a 6-31G(d,p) basis set 
were employed for calculating the HOMO energy splitting  in the 
dimers (where the th are taken to be half of the HOMO splitting 
energies). This parameter gives information about the strength of the 
interactions between the HOMO electronic levels of the molecules 
involved in the charge-transfer process. Considering the crystal 
structure, three close pairs of neighbouring molecules were 
considered (two of them are indicated in Figure 4b). A large transfer 
integral was found in the d1 direction (224.0 meV) and also a 
significant value along the edge-to-face d2 direction (56.2 meV). 
However, almost negligible electronic interactions (0.1 meV) can be 
found between neighbouring molecules along the a axis. Similar 
intermolecular interactions in TTFs have been shown to be efficient 
for leading to high electronic intermolecular overlap and high 
charge carrier field-effect mobility.[2a,20]

Organic field-effect transistors: Solution grown single crystal 
OFETs were fabricated with compounds 1-3 by drop casting on 
Si/SiO2 substrates a solution of the molecules in 1,2-
dichlorobenzene at a concentration of c = 0.5 mg/ml at T = 100°C 
for compounds 1-2, and at room temperature for compound 3. In all 
cases, elongated plate-like crystals were obtained. Afterwards 
graphite source and drain electrodes were painted on top of single 
crystals of 1 and 2, while for 3 prefabricated Cr/Au electrodes were 
used as source and drain. The OFET characteristics of a typical 
single crystal based on 1, measured under ambient conditions and in 
darkness, are illustrated in Figure 5. This OFET based on 1 shows 
typical electrical p-channel characteristics. The channel dimensions 
were measured with the optical microscope and found to be W = 170 
μm, L = 550 μm. A negligible hysteresis was observed between 
forward and reverse VD sweeps. Furthermore, a low threshold 
voltage of about VTH = -1.1 V was extracted in the saturation regime, 
indicating a low level of unintentional doping of the active material. 
From the saturation regime a field-effect mobility of μFE = 0.020 ± 
0.003 cm2/Vs was extracted. This mobility is of the same order of 
other solution processed TTF OFETs.[4b,21] A set of 4 devices was 
measured exhibiting similar values in terms of device performance 
and OFET characteristics. Single crystal OFETs based on 
compounds 2 and 3 exhibited good performance with typical field 
effect mobilities in the saturation regime of about μFE = 0.014 ± 
0.005 cm2/Vs and μFE = 0.04 ± 0.02 cm2/Vs, respectively (Figure S4 
and S5). The threshold voltages were found to be VTH = -4 V and 
VTH = -0.3 V, for 2 and 3, respectively. These values are considered 
to be quite low in OFETs and point towards a favourable 
organic/dielectric interface with a very modest number of charge 
trapping sites and undoped organic semiconductors. All these device 
data parameters are collected in Table 2. It should be highlighted 
that all the devices turned out to be stable in air for over a week. 
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Figure 4. a) ORTEP drawing and atomic numbering scheme of 1. Ellipsoids are set at 
50 % probability, hydrogen atoms have been omitted for clarity. b) Crystal packing of 1. 

Additionally, thin film transistors were also fabricated by 
thermal evaporation of the organic material in a bottom-gate 
bottom-contact configuration on Si/SiO2/OTS substrates (OTS 
stands for octadecyltrichlorosilane). Gold was used as source and 
drain electrodes. The first electrical characterisation carried out 
under darkness and vacuum (P = 50 mbar) was done right after 
transferring the devices from the evaporation chamber to the 
microscope probe station. Table 2 shows a summary of the field-
effect mobility and threshold voltage of the measured 1-3 thin film 
transistors. We observe that the VTH extracted for all three 
compounds gave negative values, which might be an indication of 
structural disorder at the very edge of the semiconductor/dielectric 
interface, especially in compounds 2 and 3. The mobilities extracted 
in the saturation regime exhibited values around one order of 
magnitude lower than the single crystals, showing good 
performance and reproducibility for all the devices. Similar field 
effect mobilities in the range of 0.8  10-3 - 4.2  10-3 cm2/Vs were 
obtained for compounds 1-3. Afterwards the samples were measured 
in air and, in agreement with the calculated and experimentally 
found HOMO levels, compound 1 with the highest HOMO value 
showed the lowest stability under ambient conditions. This was 
reflected in the fact that in the device measurements performed in 
air a large shift of the threshold voltage of around +14 V was found 
for devices based on 1, whereas for the devices employing 2 and 3
as organic semiconductor, a smaller VTH shift of +7 V was observed. 
Thus, we can affirm that the 2,1,3-chalcogendiazole moiety supports 
the stabilisation of the materials. 

Table 2. Main average device parameters of single crystal (SC) and thin film (TF) 
OFETs based on 1-3. FE field effect mobility extracted in the saturation regime and VTH 

threshold voltage extracted in the saturation regime.

 1 2 3 

FE102

(cm2/Vs) 

VTH 

(V) 

FE102

(cm2/Vs) 

VTH 

(V) 

FE102

(cm2/Vs) 

VTH 

(V) 

SC 2.0  -1.1  1.4  -4.0  4.0  -0.3  

TF 0.4  -11  0.08  -34  0.2   -30  

Thin film devices were also prepared on Si/SiO2 without OTS. 
In all cases, slightly lower performances and less air stable devices 
were obtained probably due to a less favourable organic 
semiconductor/dielectric interface (Figure S6 and S7). 

Figure 5. Electrical characterization of a solution grown single crystal of 1. Output 
characteristics (top) and corresponding transfer characteristics (bottom). 

Both solution grown single crystals and thermally evaporated 
thin films of 1-3 were characterized by X-ray powder diffraction 
(XRD). In all cases, the obtained XRD patterns for both device 
types, i.e. solution grown single crystal and thermally evaporated 
thin film OFETs exhibited the same group of reflections, which is a 
strong indication that the crystal structure of the measured materials 
belonged to the same crystalline phase (Figure S8). Furthermore, in 
the case of 1, the XRD reflections coincide with the aforementioned 
resolved single crystal structure of this material (Figure 6). 
Considering that the observed reflections correspond to the [h00] 
ones, we can affirm that the measurements in the crystals and thin 
films of 1 were performed in the bc plane, which matches with the 
directions where short S···S contacts are found and also large 
transfer integrals have been calculated.  
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Figure 6. XRD diffraction pattern of solution grown single crystals of 1 and thermally 
evaporated thin films of 1 on top of a Si/SiO2/OTS substrate exhibiting the same group 
of reflections. 

For all thermally evaporated thin-films AFM analysis were 
carried out (Figure S9-S10). Figure 7 shows typical AFM images of 
1-3 grown on top of a Si/SiO2/OTS substrate with micro crystals 
clearly visible in topography.. The crystallites have an average size 
of around 0.25 m2, but the films were very rough (surface 
roughness (rms) of 172 nm). On the contrary, the crystallites size in 
thin films of 2 and 3 were smaller (around 0.1 m2) and the thin film 
roughness was lower (rms of 17.5 and 8.8 nm for 2 and 3, 
respectively). We believe that the smaller size of the crystals of 2-3
at the organic semiconductor/dielectric interface might cause the 
formation of a larger amount of grain boundaries and defects which 
accounts for the higher negative threshold voltage found for these 
devices. 

Figure 7. AFM topography images of thermally evaporated thin films of 1-3 (from top 
to bottom) on top of Si/SiO2/OTS.  

Summary 

Rigid electron donor-acceptor conjugates (2-3) where a TTF acts as 
an electron donor and a 2,1,3-benzochalcogendiazole (BCD) as an 
electron acceptor, have been synthesized and probed with respect to 
the heteroatom effect on the electronic properties of -extended DB-
TTF derivatives. For a comparative and systematic study, 
tetramethoxy substituted DB-TTF (1) is also described. Their 
electrochemical, optical absorption, photo-induced intramolecular 
charge-transfer, and fluorescence characteristics have been 
presented in detail. Compared to 1, the electron-withdrawing BCD 
moiety in 2 and 3 plays a crucial role in tuning the electronic 
properties. Based on the electrochemistry data and DFT-calculations, 
one can conclude that the dominant electronic transitions of 2-3 in 
the visible region show significant intramolecular charge-transfer 



6

character. This result can be accounted for the direct fusion of the 
BCD unit to the TTF core forming a rigid and planar -conjugated 
molecular system. Particularly, our investigation of the chalcogen-
property relationship in these compounds reveals a lowering of the 
HOMO and LUMO energy levels on going from 1 to 3 leading to an 
increase in the air-stability of the OFETs prepared with these 
semiconducting materials but without affecting the device mobility. 
It has been demonstrated that solution-processed single crystal 
transistors based on 3 exhibit a remarkable hole mobility as well as 
good ambient stability.  

In essence, the present work gives insight into the HOMO 
stabilisation in -extended DB-TTF derivatives by virtue of the  
electron-deficient character of 2,1,3-chalcogendiazole, thus leading 
to improvement in the ambient stability of the OFET devices.  
Further work will focus on finely-tuning TTF-BCD topologies via 
appropriate molecule functionalisation to modulate the 
intermolecular interactions and morphologies for high-performance 
OFET devices. 

Experimental Section 

General: Air and/or water-sensitive reactions were conducted under Ar in dry, freshly 
distilled solvents. Elemental analyses were performed on an EA 1110 Elemental 
Analyzer CHN Carlo Erba Instruments. 1H NMR spectra were recorded on a Bruker 
Avance spectrometer. Chemical shifts are reported in parts per million (ppm) and are 
referenced to the residual solvent peak (chloroform, 1H = 7.26 ppm, 13C = 77.0 ppm; 
DSMO, 1H= 2.50 ppm, 13C = 39.6 ppm). Coupling constants (J) are given in hertz (Hz) 
and are quoted to the nearest 0.5 Hz. Peak multiplicities are described in the following 
way: singlet (s). FT-IR spectra were recorded on a Perkin-Elmer One FT-IR 
spectrometer. Mass Spectra were recorded with an Auto Spec Q spectrometer for ESI. 
Cyclic voltammetry (CV) was performed in a three-electrode cell equipped with a Pt-
wire as working electrode and counter-electrode, and a silver wire was used as the 
pseudo-reference electrode. The electrochemical experiments were carried out with a 
VersaSTAT 3 under dry and an oxygen-free atmosphere in 1,2-dichlorobenzene with 
Bu4N(PF6) (0.1 M) as a support electrolyte, at a scan rate of 100 mV/s and at 150-160°C 
in order to completely dissolve the compounds. In these conditions, the Fc/Fc+ redox 
process occurs at 0.44 V vs Ag(s). Optical absorption spectra were recorded on a Perkin 
Elmer Lambda 900 UV/Vis/NIR spectrometer. Emission spectra were measured on a 
Perkin Elmer LS50B luminescence spectrometer. Melting point was measured with 
Büchi B-540 microscope apparatus. X-ray diffraction (XRD) measurements for both 
thermally evaporated thin-films and solution grown crystalline films were performed 
using a modular X-ray powder diffractometer RIGAKU. Atomic Force Microscopy 
(AFM) images were taken with a 5500LS SPM system from Agilent Technologies 
under ambient conditions. 

Materials: Unless stated otherwise, all other reagents were purchased from commercial 
sources and used without additional purification. 4,5-Bis-thiobultylveratrole,[10] 

[1,3]dithiolo[4,5-f]-2,1,3-benzothiadiazole-6-thione (6)[12]  and [1,3]dithiolo[4,5-f]-
2,1,3-benzoselenadiazole-6-thione (7)[13] were prepared according to literature 
procedures.  

Synthesis of 5,6-dimethoxy-1,3-benzodithiol-2-thione (4): NH3 (250 mL) was 
condensed at -78°C in a three-necked flask containing 4,5-bis-thiobultylveratrole (20 g, 
63 mmol). Sodium (6.42 g, 279 mmol) was added portion by portion. The reaction 
mixture became blue. NH4OH (21g, 600 mmol) was added portion by portion followed 
by water (1L). The solution was then acidified with concentrated HCl and extracted 
three times with CH2Cl2 (800 ml). Organic phases were collected and washed with 
water until pH = 7. After evaporation of CH2Cl2, the residue was dissolved in water 
(250 mL) containing KOH (7 g). CS2 (19 g, 250 mmol) was then added. Afterwards the 
precipitate was filtered, washed with water and dried in air. Purification by 
chromatography (Silica gel, CH2Cl2) yielded 4 (7.7 g, 50%) as a yellow powder. m.p. 
240-241°C; IR (KBr):  = 3434, 2962, 1590, 1494, 1431, 1371, 1273, 1217, 1074, 1036, 
936, 878, 832, 794 cm-1; 1H NMR (300 MHz, CDCl3, 25°C):  = 6.94 (s, 2H), 3.91 ppm 
(s, 6H); 13C NMR (300 MHz, CDCl3, 25°C):  = 221.8, 149.9, 132.6, 104.3, 56.5 ppm; 
HRMS (ESI): m/z calcd for C9H8O2S3: 243.9686; found: 243.9678; Elemental analysis 
calcd (%) for C9H8O2S3: C 44.24, H 3.30; found: C 44.30, H 3.17. 

Synthesis of 5,6-dimethoxy-1,3-benzodithiol-2-one (5): Hg(OAc)2 (1.9 g, 6 mmol) 
was added to a solution of 4 (488 mg, 2 mmol) in dichloromethane (10 mL). The 
mixture was stirred at room temperature for 30 min. After filtration and evaporation, 5
(415 mg, 91%) was obtained as a white solid. m.p. 211-212°C; IR (KBr):  = 3437, 

2961, 1649, 1496, 1434, 1368, 1270, 1218, 1040, 942, 866, 837, 794 cm-1; 1H NMR 
(300 MHz, CDCl3, 25°C):  = 6.95 (s, 2H), 3.88 ppm (s, 6H); 13C NMR (300 MHz, 
CDCl3, 25°C):  = 191.4, 149.4, 123.5, 106.1, 56.5 ppm; HRMS (ESI): m/z calcd for 
C9H8O3S2 : 227.9915; found: 227.9905; Elemental analysis calcd (%) for C9H8O3S2: C 
47.35, H 3.53; found: C 47.59, H 3.45. 

Synthesis of 2-(5,6-dimethoxy-1,3-benzodithiol-2-ylidene)-5,6-dimethoxy-1,3-
benzodithiole[22] (1): Triethyl phosphite (16 mL) was added to a suspension of 5 (456 
mg, 2 mmol) in toluene (8 mL) under Ar. The mixture was refluxed for 3 h. After 
cooling to room temperature, the resultant precipitate was collected by filtration and 
washed with MeOH three times to yield 1 (370 mg, 87%) as an orange solid. m.p. 
decomposed at 340-341°C; IR (KBr):  = 3437, 2927, 1589, 1568, 1488, 1454, 1435, 
1370, 1264, 1209, 1178, 1129, 1041, 854, 832, 787, 771, 691 cm-1; 1H NMR (300 MHz, 
DMSO-d6, 25°C):  = 7.22 (s, 4H), 3.74 ppm (s, 12H); 13C NMR (300 MHz, DMSO-d6, 
25°C):  =148.0, 125.9, 116.5, 55.9 ppm; MS (ESI): m/z calcd for C18H16O4S4: 423.99; 
found: 423.99. Elemental analysis calcd (%) for C18H16O4S4: C 50.92, H 3.80; found: C 
51.16, H 3.72. 

General procedure for phosphite-mediated cross-coupling reaction: Triethyl 
phosphite (8 mL) was added to a suspension of [1,3]dithiolo[4,5-f]-2,1,3-
benzochalcogendiazole-6-thione (1 equivalent) and 5 (2.5 equivalents) in toluene (4 
mL) under Ar. The mixture was refluxed for 3 h. After cooling down to room 
temperature, the resultant precipitate was collected by filtration and washed with MeOH. 
Purification either by chromatography or by recrystallization affords the analytically 
pure product. 

Synthesis of 6-(5,6-dimethoxy-1,3-benzodithiol-2-ylidene)[1,3]dithiolo[4,5-f]-2,1,3-
benzothiadiazole[22] (2): A reaction starting with 6 (92 mg, 0.4 mmol) and 5 (228 mg, 1 
mmol) was performed. The crude product was purified by column chromatography on 
silica gel eluting initially with CH2Cl2 and then THF to afford 2 (60 mg, 36%) as a deep 
red solid. m.p. 358-359°C; IR (KBr):  = 3437, 2918, 1631, 1491, 1435, 1371, 1268, 
1245, 1214, 1164, 1079, 1046, 839, 811, 780 cm-1; 1H NMR (400 MHz, DMSO-d6, 
80°C):  = 8.51 (s, 2H), 7.52 (s, 2H), 4.08 ppm (s, 6H), 13C NMR data are unavailable 
due to its poor solubility; MS (ESI): m/z calcd for C16H10N2O2S5: 421.93; found: 421.93. 
Elemental analysis calcd (%) for C16H10N2O2S5: C 45.47, H 2.39, N 6.63; found: C 
45.09, H 2.18 N 6.64. 

Synthesis of 6-(5,6-dimethoxy-1,3-benzodithiol-2-ylidene)[1,3]dithiolo[4,5-f]-2,1,3-
benzoselenadiazole[22] (3): A reaction starting with 7 (116 mg, 0.4 mmol) and 5 (228 
mg, 1 mmol) was performed. The resultant precipitate was washed with MeOH and 
CH2Cl2. Then the crude product was recrystallized in toluene to yield 3 (67 mg, 36%) as 
a deep purple solid. M.p.: 360-361°C; IR (KBr):  = 3436, 2921, 1589, 1536, 1489, 
1436, 1420, 1370, 1344, 1319, 1266, 1212, 1182, 1077, 1045, 1023, 839, 789, 739, 721 
cm-1; 1H NMR (400 MHz, DMSO-d6, 80°C):  = 8.27 (s, 2H), 7.51 (s, 2H), 4.08 ppm (s, 
6H), 13C NMR data are unavailable due to poor solubility; HRMS (ESI): m/z calcd for 
C16H10N2O2S4Se: 469.8790; found: 469.8788. Elemental analysis calcd (%) for 
C16H10N2O2S4Se: C 40.93, H 2.15, N 5.97; found: C 41.0, H 2.2, N 5.4. 

Crystallography: The single crystal of 1 was mounted with Paratone on a glass needle 
and used for X-ray structure determination at 173 K. All measurements were made on a 
Oxford Diffraction SuperNova area-detector diffractometer[23] using mirror optics 
monochromated MoKα radiation (λ = 0.71073 Å). The unit cell constants and an 
orientation matrix for data collection were obtained from a least-squares refinement of 
the setting angles of 2975 reflections in the range 2.41° <  < 25.63°. A total of 1152 
frames were collected using ω scans, 60 seconds exposure time and a rotation angle of 
1.0° per frame, and a crystal-detector distance of 66.2 mm. Data reduction was 
performed using the CrysAlisPro[23] program. The intensities were corrected for Lorentz 
and polarization effects, and an absorption correction based on the multi-scan method 
using SCALE3 ABSPACK in CrysAlisPro[23] was applied. The structure was solved by 
direct methods using SIR97,[24] which revealed the positions of all non-hydrogen atoms. 
The non-hydrogen atoms were refined anisotropically. All H-atoms were placed in 
geometrically calculated positions and refined using a riding model where each H-atom 
was assigned a fixed isotropic displacement parameter with a value equal to 1.2 Ueq of 
its parent atom atom (1.5 Ueq for the methyl group). Refinement of the structure was 
carried out on F2 using full-matrix least-squares procedures, which minimized the 
function Σw(Fo

2 – Fc
2)2. The weighting scheme was based on counting statistics and 

included a factor to downweight the intense reflections. All calculations were performed 
using the SHELXL-97[25] program. Crystallographic data, CCDC 991425 (1) can be 
obtained free of charge from the Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

Preparation of solution processed single crystal OFETs: Bare Si/SiO2 wafer pieces 
were used as a substrate (purchased at Si-Mat). Highly n-doped silicon was used as a 
common gate electrode. The thickness of the dielectric layer was about 50 nm. 
Compounds 1 and 2 were dissolved in 1,2-dichlorobenzene with a concentration of c = 
1/2 mg/ml at T = 100°C. Silicon substrates were stored within an oven at T = 100°C 
before drop-casting the hot solution and covered with a Petri dish to slow down the 
evaporation process. After the solvent evaporated completely the samples were cooled 
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down slowly to room temperature to prevent stress in the crystals. Single crystals of 
compound 3 were grown at ambient temperature from 1,2-dichlorobenzene with a 
concentration of c = 1/2 mg/ml. Source and drain electrodes were fabricated with 
graphite paste (Dotite XC-12) [26] for 1 and 2. After drying the graphite paste for 1 h at 
ambient conditions, the electrical characterization was carried out with a Keithley 
2612A Source Meter under ambient conditions and darkness. For 3 prefabricated Cr/Au 
electrodes were used as source and drain. Channel length and width of all devices were 
measured with an Olympus BX51 optical microscope.  

Preparation of thermally evaporated thin film OFETs: Si/SiO2 wafer pieces with 
ITO/Au as source and drain inter-digitated electrodes (W = 10 mm, L = 20, 10, 5 m) in 
a bottom-gate bottom-contact geometry (purchased at Fraunhofer, IPMS) were used as a 
substrate. Highly n-doped silicon was used as a common gate electrode. The thickness 
of the dielectric layer was about 230 nm. TTF derivatives 1-3 were thermally 
evaporated at T = 170-200°C, 180-200°C and 190-230°C, respectively. The pressure 
within the vacuum chamber was about p = 210-6 mbar and the evaporations were 
carried out employing a rate of about 0.5 Å/s. Two different device-types were prepared, 
where in the first case the organic material was directly evaporated on bare SiO2, while 
in the second case an OTS (octadecyltrichlorosilane) monolayer was applied to the SiO2

before the deposition of the active material. After the deposition of the active material 
the samples were transferred to the electrical characterization system as quickly as 
possible (i.e. less than 1 minute) to reduce exposure to ambient conditions. The 
measurement system was equipped with micromanipulators for easy connection in a 
vacuum chamber (p ~ 50 mbar). The electrical characterization was done with an 
(Hewlett-Packard semiconductor parameter analyzer 4156A) under darkness. With the 
aim to obtain information regarding ambient stability of the evaporated films, the 
devices were measured under environmental conditions and darkness (RH = 40-60 %) 
with a Keithley 2612A Source Meter and home made routines for device control. Field-
effect mobility and the threshold voltage were extracted in the saturation regime using 
relation: [27]

Theoretical calculations of the HOMO-LUMO and transfer integrals: In order to 
calculate the electronic energy levels, density functional theory (DFT) calculations 
using the B3LYP functional and a 6-311G+(d, p) basis set as implemented in the 
Gaussian 09 code[17] were used. The results were obtained by single point energy 
calculations using the structure obtained by single crystal X-ray diffraction in the case 
of 1, and by optimizing the structure in the cases of 2 and 3. TTF derivatives relax to a 
bent boat-like conformation in free space whereas they exhibit a planar conformation in 
molecular crystals. In order to approximate this structural tendency, we restricted the 
atoms to lie in a single plane in the structural optimisations of molecules 2 and 3.[28] We 
note that this minor structural restriction only destabilises the molecules by 3-4 kJ/mol 
but improves the agreement with experiment with respect to the HOMO and energy gap 
by 0.1-0.15 eV. 
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