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A Compact Tetrathiafulvalene-Benzothiadiazole Dyad and its Highly Symmetrical 
Charge-Transfer Salt: Ordered Donor π-Stacks Closely Bound to Their Acceptors 

 Yan Geng,[a] Raphael Pfattner,[b,c] Antonio Campos,[b] Jürg Hauser,[a] Vladimir Laukhin,[b,c,d]

Joaquim Puigdollers,[e] Jaume Veciana,[b,c] Marta Mas-Torrent,*[b,c] Concepció Rovira,[b,c] Silvio 
Decurtins,[a] and Shi-Xia Liu*[a]

Abstract: A compact and planar 
donor–acceptor molecule 1 comprising 
tetrathiafulvalene (TTF) and 
benzothiadiazole (BTD) has been 
synthesised and experimentally 
characterised by structural, optical and 
electrochemical methods. Solution 
processed and thermally evaporated 
thin films of 1 have also been explored 
as active material in organic field-effect 
transistors (OFETs). For these devices, 
a hole field-effect mobility of μFE = (1.3 
± 0.5) ×10-3 cm2/Vs and of μFE = (2.7 ± 
0.4) ×10-3 cm2/Vs could be determined 

for the solution processed and 
thermally evaporated thin films, 
respectively. An intense intramolecular 
charge-transfer (ICT) transition around 
495 nm dominates the optical 
absorption spectrum of the neutral dyad, 
which also shows a weak emission 
from its ICT state. The iodine induced 
oxidation of 1 leads to a partially 
oxidised crystalline charge-transfer 
(CT) salt {(1)2I3}, and eventually also 
to a fully oxidized compound {1I3}·½I2. 
Single crystals of the former CT 
compound, exhibiting a highly 

symmetrical crystal structure, reveal a 
fairly good room temperature electrical 
conductivity of the order of 2 S cm-1. 
The one-dimensional spin system bears 
compactly bonded BTD acceptors 
(spatial localisation of LUMO) along 
its ridge.  
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Introduction 

Introducing electron donor (D) and acceptor (A) units together into a 
planar π-conjugated molecular backbone is a promising strategy to 
obtain a pronounced electrochemical amphotericity and strong 
photoinduced intramolecular charge-transfer transitions within the 
resulting fused dyad. Herein, this paper puts forward a study of a 
compact π-conjugated molecule, which results from fusing 
tetrathiafulvalene (TTF) and 2,1,3-benzothiadiazole (BTD) into a 
single planar molecular structure, namely the tetrathiafulvalene-
benzothiadiazole (TTF-BTD) dyad 1 (Figure 1a). As is well known, 

TTF and its derivatives[1-5] are used as strong π-donors mainly in the 
field of organic conductors and superconductors,[1] as p-type organic 
semiconductors in organic field-effect transistors (OFETs)[5] and as 
electron donor units in D–A ensembles. Thereby, these building 
blocks favour the spatial localisation of the highest occupied 
molecular orbital (HOMO) within the molecular ensembles.[2-4]

Equally, the fused bicyclic BTD[6] molecule has become a key 
ingredient in the design of new organic semiconductors where it is 
often embedded in simple π-conjugated structures or polymers, 
whereby its electron-deficient character serves to stabilise and 
spatially localise the lowest unoccupied molecular orbital (LUMO), 
hence it can function as an ELUMO lowering π-extender. 

Recently, we reported the first synthesis and characterization of 
some TTF-BTD derivatives.[7] As a continuation of previous studies, 
we describe herein its simple prototype in form of the compact TTF-
BTD dyad 1, which bears no extra substituents on the π-conjugated 
backbone. Besides its structural, optical and electrochemical 
characterisation, this material has been investigated as 
semiconductor in OFETs. Although it is widely known that devices 
based on π-conjugated polymers with aromatic and/or 
heteroaromatic backbones as active layers have shown a high OFET 
performance, soluble molecular semiconductors are currently also 
attracting interest.[8] Prime examples are soluble pentacene 
derivatives[9a] or benzothieno[3,2-b][1]benzothiophene derivatives[9] 

showing field-effect mobility values of the order of 10 cm2/Vs. 
TTFs are also attracting great interest in this field since they are 
usually soluble in common organic solvents and they have also 
shown to exhibit high OFET mobilities.[10] In addition, recently it 
has been reported that TTF based dyads reveal ambipolar OFET 
characteristics.[11] Therefore, it is worth examining more closely the 
OFET characteristics based on active layers constructed with thin 
films of this new dyad compound 1. 

Furthermore, the oxidation of 1 has been probed and the point 
that can be made is that a partially oxidised crystalline charge-
transfer (CT) salt with a simple stoichiometry {(1)2I3} is formed. 
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This is an interesting finding because not only single crystals with a 
highly symmetrical molecular structure can be grown, but also a 
novel case is given in that the wires formed by regular π-stacks of 
TTF+0.5 bear compactly bonded BTD acceptors representing the 
LUMO localisation along their ridges (Figure 1b). A further point is 
that these regular and linear π-stacks of TTF+0.5 are well segregated 
and lie parallel in the crystalline bulk material, thus forming a highly 
symmetrical 1D spin system (Figure 1c). This observation is 
significant because it is well established that the electronic structure 
of conducting/semiconducting materials is greatly dependent on the 
molecular stacking types.[12] In the actual case, what we wish to 
emphasise is that single crystals of this CT salt reveal a fairly high 
room temperature electrical conductivity of the order of 2 S cm-1. 
Finally, it is demonstrated, that a fully oxidised CT compound 
{(1)2I3} could also be characterised by single crystal structure 
determination.  

Figure 1. a) Molecular structure of TTF-BTD (1); b) {(1)2I3}: a wire of TTF+0.5 π-stacks 
bearing compactly bonded BTD acceptors along its ridge; c) {(1)2I3}: illustration of 
fragments of segregated parallel π-stacks of TTF+0.5 in the crystalline solid. 

Results and Discussion 

Synthesis: As illustrated in Scheme 1, the target compound TTF-
BTD (1) was obtained by a phosphite-mediated cross-coupling 
reaction of the corresponding ketone precursor 3 with vinylene 
trithiocarbonate. The transformation of compound 2 to the precursor 
3 was accomplished in good yield in the presence of Hg(OAc)2. By 
slow diffusion of iodine into a solution of 1, the crystalline charge-
transfer salts {(1)2I3} and {1I3}·½I2 were obtained. The new 
compounds have been fully characterised.  

Scheme 1. A synthetic route to the TTF-BTD dyad 1. 

Crystal structures of TTF-BTD (1): Red coloured single crystals 
for X-ray analysis, with a thin plate morphology, were grown by 
slow evaporation of a CH2Cl2 or CH2Cl2/MeOH (1:1) solution of 1
giving rise to two solvate free polymorphs 1 and 1.   

In the former case, 1 crystallises in the triclinic space group P-1 
(Table 1). The asymmetric unit encompasses one complete molecule, 
thus all atoms lie on general positions. An ORTEP drawing of 1 is 
shown in Figure 2. The molecule is nearly planar; the rms deviation 
from a least-squares plane through all atoms is 0.0375 Å. The planar 
molecules are arranged in layers parallel to (9 1 1), for example 
inclined by 16.7˚ to (1 0 0), showing within these layers short 
intermolecular S···S contacts of 3.464 Å (S3···S4), N···S contacts 

of 3.226 Å (N2···S5) and C6H6···S2 hydrogen bonds of 2.839 Å 
(Figure S1); the layer to layer distance (best plane to best plane) is 
3.441 Å. 

Figure 2. ORTEP drawing and atomic numbering scheme of TTF-BTD (1) in the 
triclinic space group P-1. Ellipsoids are set at 50 % probability; hydrogen atoms have 
been omitted for clarity. 

Interestingly, while using a mixture of solvents, namely 
CH2Cl2/MeOH (1:1), 1 crystallises in a solvate free form in the 
monoclinic space group P21/c (Table 1). The asymmetric unit of this 
modification now contains two crystallographically independent 
molecules (1A and 1B), whereby all atoms lie on general positions. 
An ORTEP drawing of both molecules is shown in Figure S2. The 
molecules are slightly bent; the rms deviations from a least-squares 
plane through all atoms are 0.2949 Å for 1A and 0.1664 Å for 1B. 
The molecules 1A and 1B are alternatingly stacked along the b axis 
in a head-to-tail orientation with some close contacts of 3.438 
(C8···S11) and 3.487 (C2···S12) Å (Figure S3). Within the ac plane, 
short intermolecular S···S contacts of 3.389 Å (S2···S5) and N···S 
contacts of 3.229 Å (N2···S14) occur (Figure S4). 

Photophysical properties of TTF-BTD (1): The optical absorption 
spectrum of 1 in a THF solution is shown in Figure 3. In analogy to 
a similarly fused TTF-BTD compound,[7] the intense absorption 
bands at 240 nm and 330 nm are assigned to electronic ππ* 
transitions, which are mainly localized on the TTF and BTD 
moieties. The absorption spectrum in the visible region is clearly 
dominated by a broad and strong band centered at 495 nm. Based on 
the computational results from analogous D-π-A molecules,[13,14]

this electronic excitation can unequivocally be characterized as an 
intramolecular charge-transfer transition (ICT). Essentially, it 
corresponds to a one-electron excitation from the HOMO localized 
on the TTF moiety to the LUMO localized on the BTD fragment, 
hence, an electronic transition which typically occurs within fused 
D-π-A molecules. Similar to other TTF fused D–A systems,[13a]

dyad 1 also shows a weak fluorescence with a max at 625 nm and a 
quantum yield of 1%. The fluorescence excitation spectrum, 
measured at 630 nm emission wavelength, matches well with the 
corresponding absorption profile, hence the emission originates 
from the ICT state. Furthermore, taking the crossing-point (560 nm) 
of the absorption and fluorescence spectra, an optical 
HOMO−LUMO gap of 2.21 eV is calculated, which indeed matches 
fairly well with the electrochemical HOMO−LUMO gap of 2.08 eV 
(see below). Finally, it is worthwhile to note that such a strong 
optical absorption at relatively low energy is a rare characteristic for 
small closed-shell molecules; it is clearly the outcome of an 
electronic interaction due to the compact fusion of donor and 
acceptor units into a planar π-conjugated system.  
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Figure 3. Absorption and emission (ex = 495 nm) spectra of TTF-BTD (1) in THF at 
room temperature. 

Table 1. Crystallographic data for 1, {(1)2I3} and {1I3}·½I2. 

1 1 {(1)2I3} {1I3}·½I2

Formula C10H4N2S5 C10H4N2S5 C20H8I3N4S10 C10H4I4N2S5

Formula 
weight 

312.45 312.45 1005.6 820.05 

Shape 

Elongated 

plates 

Elongated 

plates 

Elongated 

plates 
Blocks 

Crystal 

system 
Triclinic Monoclinic Monoclinic Triclinic 

Space group P-1 P21/c C2/m P-1 

a (Å) 7.1606(3) 23.4212(3) 20.6674(4) 8.49883(16) 

b (Å) 7.4763(2) 7.30207(10) 9.91920(10) 9.5305(2) 

c (Å) 11.8068(4) 13.97552(18) 7.25330(10) 11.5940(3) 

 (°) 97.006(3) 90 90 94.267(2) 

 (°) 106.131(3) 98.1826(11) 106.926(2) 93.2693(17) 

 (°) 105.061(3) 90 90 101.7275(3) 

V (Å3) 573.34(4) 2365.81(5) 1422.54(4) 914.43(4) 

Z 2 8 2 2 

calc (g/cm3) 1.81 1.754 2.348 2.978 

 (mm-1) 0.983 0.952 4.052 7.379 

Temperature 

(K) 
173(2) 253(2) 173(2) 173(2) 

No. Refl. 2840 6385 14235 27994 

R1; wR2 [I > 

2(I)] 
0.0228; 

0.0568 

0.0387; 

0.0836 
0.0239; 0.057 0.02; 0.0476 

Electrochemical properties of TTF-BTD (1): Cyclic voltammetry 
reveals that dyad 1 can be oxidised on its donor site (HOMO 
localisation) to its radical cation (TTF+•) and dication (TTF2+) 
sequentially and reversibly at 0.72 V and 1.16 V (vs Ag/AgCl), 
respectively, which are comparable with the oxidation potentials 
(0.73 V and 1.08 V) of a dyad where the acceptor dipyrido[3,2-
a:2’,3’-c]phenazine is fused to the TTF donor.[13a] Moreover, the 
molecule exhibits one reversible reduction wave at -1.36 V 
corresponding to the reduction of the BTD moiety (LUMO 
localisation). Consequently, the electrochemical HOMO−LUMO 
gap is 2.08 eV.  
Organic field-effect transistor characteristics based on TTF-
BTD (1): A crystalline thin film of 1 was prepared by drop casting a 
solution of the molecule in 1,2-dichlorobenzene on Si/SiO2

substrates at 100 ºC. Afterwards graphite source and drain 
electrodes were painted on top of the crystal (Figure S5). The OFET 
characteristics of these films in bottom-gate top-contact architecture 
are illustrated in Figure 4. This material shows typical electrical p-
channel characteristics. A very small hysteresis was observed 
between forward and reverse VD sweeps. Furthermore, a low 
threshold voltage of about VTH = -3.3 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 = (1.3 ± 0.5) × 10-3 cm2/Vs was extracted. A set of 4 
devices was measured under ambient conditions and darkness, 
exhibiting similar values in terms of device performance. 
Additionally, thin film transistors were fabricated by thermal 
evaporation of the organic material in a bottom-gate bottom-contact 
configuration on both Si/SiO2 and Si/SiO2/OTS substrates (OTS 
stands for octadecyltrichlorosilane, Figure S6). The field-effect 
mobility extracted in the saturation regime was found to be μFE = 
(1.4 ± 0.2) × 10-3 cm2/Vs and μFE = (2.7 ± 0.4) × 10-3 cm2/Vs for 
devices based on bare SiO2 and OTS-treated substrates, respectively. 
Both device types exhibited slightly negative threshold voltages 
when measured as prepared under vacuum and darkness. 
Interestingly, the devices based on OTS treated SiO2 showed higher 
stability under ambient conditions reflected in a less pronounced 
shift of the threshold voltage to more positive values. The field 
effect mobility did not exhibit a significant change when the devices 
were exposed to ambient conditions for ten days (Figures S7, S8 and 
Table S1).  Both solution grown and thermally evaporated thin films 
of TTF-BTD (1) were characterized by powder X-ray diffraction 
(Figure S9). The reflections observed in both cases do not coincide 
with any of the two polymorphs of TTF-BTD (1) resolved and 
previously mentioned. The reflections from the solution grown films 
do not coincide with those of the thermally evaporated thin films 
either. This result indicates the formation of two new polymorphs 
when the material is crystallised on surface, an effect commonly 
found in organic semiconductors, including TTFs.[15]
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Figure 4. Electrical characterization of a solution grown crystalline film of TTF-BTD 
(1). Output characteristics (top) and corresponding transfer characteristics (bottom) in 
the saturation regime with extraction of field-effect mobility and threshold voltage.  

Crystal structure of the CT salt {(1)2I3}: Controlled chemical 
oxidation by slow diffusion of I2 in a solution of TTF-BTD (1) 
induces the crystallisation of the CT salt {(1)2I3} as black shiny 
elongated plate-like crystals. This salt crystallises in the monoclinic 
space group C2/m (Table 1). The partially oxidised TTF-BTD 
molecule lies across a crystallographic mirror plane and thus only 
half of the molecule comprises the asymmetric part of the unit cell 
(S1, C4 and C5 lie on special positions with Wyckoff letter i); 
consequently, there is only one crystallographically unique TTF-
BTD molecule in the crystal structure, and therefore it bears a 
positive charge of +0.5. Similarly, the I3

- anion lies on special 
positions with Wyckoff letters d and i for I1 and I2, respectively. 
Figure 5 shows an ORTEP view with the labeling scheme of the 
partially oxidised (TTF-BTD)+0.5 and I3

-. The skeleton of the 
molecule shows a nearly planar geometry, apart from a slight 
bending at the BTD site; the rms deviation from a least-squares 
plane through all the atoms is 0.1138 Å and a least-squares plane 
through the atoms of the TTF core alone reveals a rms deviation of 
only 0.0452 Å. 

Figure 5. ORTEP drawing and atomic numbering scheme of (TTF-BTD)+0.5 and I3
- of 

{(1)2I3}. Ellipsoids are set at 50 % probability; hydrogen atoms have been omitted for 
clarity. 

A significant aspect of the crystal structure of {(1)2I3} is the 
stacking model of the partially oxidised TTF-BTD molecules. As 
illustrated in Figure 6, these stacks extend along the crystallographic 
c axis without offset to the side (molecular short axis) within the 
columnar π-stack, which leads to a partial ring-over-bond type 
arrangement (Figures S10 and S11). In addition, the D–A character 
of each molecule creates a significant dipole, causing adjacent 
molecules to align in a head-to-tail manner in order to cancel the 
dipole in the solid. The separations along the π-stack between 
adjacent coplanar least-squares planes through the TTF cores show 
alternating values of 3.463 Å and 3.623 Å. Similarly, the four short 
S···S distances between adjacent TTFs within a stack are 
alternatingly 3.529 Å and 3.728 Å; these values are close to the van 
der Waals distance (3.60 Å) of sulfur. 

Figure 6. (Left) View of the (TTF-BTD)+0.5 head-to-tail packing along the c axis for 
{(1)2I3}; (Right) analogous space filling representation of the π-stack, viewed down the 
b axis. 

A projection of the structure along the (TTF-BTD)+0.5 stacking 
direction highlights a two-dimensional regular pattern of the 
molecules. Figure 7 shows a fragment of such an array in the ab
plane and illustrates that the D–A polarity arrows for all molecules 
point in the same direction within a layer; this orientation changes 
by 180° from layer to layer. Close N···S contacts (3.203 Å) from 
heads to tails among neighbouring molecules occur. This packing 
arrangement results in separated stacks of the molecules, whereby 
the large cavities between them are occupied by linear I3

- anions. 
Their terminal iodine atoms establish four short contacts (3.082 Å) 
to the H-atoms of the benzene units which are situated in two 
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neighbouring layers, whereas the distances to two next positioned 
S1 atoms from BTD moieties amount to 3.632 Å. A crude approach 
can relate these values to the relevant van der Waals distances 3.18 
Å (H···I) and 3.72 Å (S···I). 

Figure 7. Projection approximately down the c axis of the structure of {(1)2I3}. The 
dashed lines show short N···S contacts among neighbouring molecules (3.203 Å). 

Conductivity properties of {(1)2I3}: Resistivity measurements 
performed from 310 K down to ~100 K have shown that single 
crystals of the CT salt {(1)2I3} reveal semiconductor-like behaviour 
with a room temperature conductivity of ca. 2 S cm-1. Notably, the 
activation energy is not constant for the region from room 
temperature to 100 K and lies in the range of 150 to 100 meV 
(Figure 8).  

Figure 8. Electrical resistivity of a single crystal of {(1)2I3} as a function of the 
reciprocal temperature.  

Crystallisation and crystal structure of the CT salt {1I3}·½I2:
The oxidation and crystallisation process which leads to the partially 
oxidised crystalline CT salt with the formula {(1)2I3} does 
eventually, after a longer time period (see Experimental section) 
also result in the formation of a few prismatically shaped black 
crystals of formula {1I3}·½I2. This compound, where the TTF-BTD 
molecule is now fully oxidised, crystallises in the triclinic space 
group P-1 (Table 1). The asymmetric unit comprises the (TTF-
BTD)+1 cation and the I3

- anion whose atoms lie on general positions, 
and only the I2 molecule lies on a special position with an inversion 
center. An ORTEP drawing of (TTF-BTD)+1 is shown in Figure S12. 
The skeleton of the fully charged molecule shows a nearly planar 

geometry; the rms deviation from a least-squares plane through all 
the atoms is 0.0608 Å and a least-squares plane through the atoms of 
the TTF core alone reveals a rms deviation of only 0.0358 Å. The 
crystal packing is shown in Figure S13. In contrast to the partially 
oxidised CT salt, the crystal structure of the fully oxidised 
compound shows no extended π-stacks; the (TTF-BTD)+1 cations 
are arranged as isolated dimers in a head-to-tail manner with some 
close S···S contacts of 3.306 Å (S3···S4) and 3.336 (S2···S5) Å.  

As well established for CT salts, the partial charge residing on a 
TTF moiety can be estimated using the bond lengths of the central 
C=C bond and the C–S bonds of the dithiole ring (labelled as a···d
in Figure 2, Table 2). These distances depend most sensitively on 
the oxidation state of the TTF moiety in the donor molecule.[16] For 
instance, the average bond length of the central C=C bond is 1.32 Å 
in the neutral state and 1.38 Å in the fully oxidised state with a 
charge of +1.[17-19] Although in the case of {(1)2I3}, it can directly be 
inferred from the stoichiometry of the compound and from the fact 
that there is only one crystallographically unique TTF-BTD 
molecule in the crystal structure, that each TTF-BTD molecule has 
the formal charge of +0.5, nevertheless it is valuable to account for 
the occurring bond length variations. Table 2 lists some relevant 
distances and these values confirm the expectation. The central C=C 
bond length of 1.399(3) Å for the TTF unit in {1I3}·½I2 confirms its 
fully oxidized state. However, it is also noticeable that the 
annulation of an acceptor unit to the TTF skeleton leads per se to a 
systematic lengthening of the central C=C bond.[13,14]

Table 2. Interatomic distances (Å)[a] of TTF-BTD (1) and its CT salts {(1)2I3} and 
{1I3}½I2 for comparison.  

1 (space 
group P-1) 

1 (space group P21/c) {(1)2I3} {1I3}½I2

Molecule 
A

Molecule 
B

a 1.3459(18) 1.341(3) 1.338(3) 1.364(5) 1.399(3) 

(b+b’)/2 1.7557 1.754 1.757 1.7405(19) 1.720 

(c+c’)/2 1.7398 1.736 1.732 1.728(3) 1.719 

d 1.321(2) 1.320(4) 1.324(4) 1.339(5) 1.344(4) 

[a] Labels a...d refer to Figure 2.  

Conclusion 

This experimental study about the compact tetrathiafulvalene-
benzothiadiazole (TTF-BTD) dyad 1 makes a number of valid 
points. In contrast to most of the reported fused donor–acceptor 
systems, compound 1 bears no substituents, a fact which will mainly 
influence its solid state assembly in a favourable manner with 
respect to thin film formation, a process which is relevant for OFET 
applications leading to a field-effect mobility of up to 2.7 ×10-3

cm2/Vs for this dyad. Furthermore, beneficial to the occurrence of 
intense optical absorptions at relatively low energy is the specific 
type of molecular structure, as given through the compact fusion of 
the donor and acceptor units into a π-conjugated skeleton which 
thereby leads to a low-lying ICT state. In addition, the redox activity 
of 1 leads to the crystallisation of a unique charge-transfer salt with 
formula {(1)2I3}, which due to its simple and compact molecular 
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moiety (no substituents, see above) exhibits a highly symmetrical 
crystal structure. Single crystals of this semiconducting CT salt 
show a room temperature electrical conductivity of the order of 2 S 
cm-1. Most interestingly, this CT salt now represents a case in which 
the regular π-stacks of TTF+0.5 are closely bonded to the BTD 
acceptors (bonded along the ridge), which represent the LUMO 
localisation. A detailed theoretical investigation of this specific 
electronic structure is the scope of a further study. Finally, a fully 
oxidised CT salt of stoichiometry {1I3}·½I2 could be verified by a 
single crystal structure determination. 

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 300 (300 MHz) 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; DMSO, 1H = 2.50 ppm, 13C = 39.6 ppm). Peak multiplicities are described in 
the following way: singlet (s). FT-IR spectra were recorded on a Perkin–Elmer One FT-
IR spectrometer. HRMS data was obtained with ESI (electrospray ionization) mode on 
LTQ Orbitrap XL. Photophysical measurements were performed on degassed solutions 
of 1 dissolved in THF. The absorption spectrum was recorded on a Cary 5000 UV/Vis 
spectrophotometer. Emission and excitation spectra were measured on a Horiba 
Fluorolog 3. The luminescence quantum yield ΦF of 1 was determined by relative 
measurements[20] with respect to the standard value of a solution of Rhodamin 6G in 
EtOH (ΦF = 95%) at the excitation wavelength 480 nm.[21] Atomic Force Microscopy 
(AFM) images were taken with a 5500LS SPM system from Agilent Technologies 
under ambient conditions. Powder X-ray diffraction (PXRD) measurements for both 
thermally evaporated thin films and solution grown crystalline films were performed 
using a modular X-ray powder diffractometer RIGAKU. 

Materials: Unless otherwise stated, all reagents were purchased from commercial 
sources and used without additional purification. [1,3]Dithiolo[4,5-f]-2,1,3-
benzothiadiazole-6-thione (2),[13a] was prepared according to the literature procedure.  

Synthesis of [1,3]dithiolo[4,5-f]-2,1,3-benzothiadiazole-6-one (3): Hg(OAc)2 (480 mg, 
1.5 mmol) was added to a solution of 2 (120 mg, 0.5 mmol) in dichloromethane (10 
mL). The mixture was stirred at room temperature for 30 min. The light yellow solid 
was filtered off and the filtrate was collected and evaporated by rotavapor to afford 3 as 
a pale-yellow powder. Yield: 102 mg (91%); m.p.: 192-193°C; IR (KBr): ν = 3436, 
2919, 1648, 1423, 1242, 1074, 879, 854, 844, 821 cm-1; 1H NMR (300 MHz, CDCl3): δ 
= 8.18 (s); 13C NMR (300 MHz, CDCl3): δ = 188.0, 152.9, 136.7, 114.9; elemental 
analysis calcd (%) for C7H2N2OS3: C 37.15, H 0.89, N 12.38; found: C 37.32, H 0.88, N 
12.16. 

Synthesis of 2-(1,3-dithiol-2-ylidene)-[1,3]dithiolo[4,5-f]-2,1,3-benzothiadiazole (1):
Triethyl phosphite (4 mL) was added to a mixture of 3 (79 mg, 0.35 mmol) and 
vinylene trithiocarbonate (117 mg, 0.875 mmol) in toluene (2 mL) under Ar. The 
resulting solution was refluxed for 3 h. After cooling to room temperature, the crude 
product was collected by filtration, washed with MeOH and then purified by column 
chromatography on silica gel using a mixture of hexane and dichloromethane (2:1) as 
eluent to afford 1 as a deep red powder. Yield: 51 mg (47%); m.p.: 246-247°C; IR 
(KBr): ν = 3437, 2918, 1635, 1477, 1426, 1386, 1242, 1076, 841, 812, 800, 634 cm-1; 
1H NMR (300 MHz, DMSO-d6): δ = 8.24 (s), 6.83 (s); 13C NMR (300 MHz, DMSO-d6): 
δ = 152.9, 142.1, 119.8, 119.5, 112.3, 102.9; HRMS (ESI): m/z calcd for C10H4N2S5: 
311.8978; found: 311.8965. 

Crystallisation of {(1)2I3} and {1I3}·½I2: In a typical experiment, I2 (0.02 mmol) in 
MeOH (5 mL) was layered over a solution of 1 (0.01 mmol) in dichloromethane (5 mL). 
Black, elongated plate-like crystals of formula {(1)2I3} were formed during two weeks. 
Yield: 3.1 mg (61.0%); IR (KBr): ν =3437, 2918, 1635, 1489, 1426, 1386, 1336, 1242, 
1076, 869, 812, 800, 647, 462, 448 cm-1; elemental analysis calcd (%) for C20H8I3N4S10: 
C 23.89, H 0.80, N 5.57; found: C 23.67, H 0.74, N 5.13. After filtering off the crystals 
and keeping the solution for slow evaporation for another couple of days, some few 
black prismatic single crystals appeared. A single crystal X-ray diffraction measurement 
revealed the stoichiometry as {1I3}·½I2.  

X-Ray structure determination: Suitable single crystals of 1, {(1)2I3} and {1I3}·½I2
were selected and mounted with Paratone on a glass needle and used for X-ray structure 
determination at 253 K and 173 K, respectively. All measurements were made on a 
Oxford Diffraction SuperNova area-detector diffractometer[22] using mirror optics 
monochromated Mo Kα radiation (λ = 0.71073 Å). Data reduction was performed using 
the CrysAlisPro[22] 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[22] was applied. The structure was solved by direct methods 
using SIR97,[23] 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. 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 program.[24] Crystal data, data 
collection and refinement parameters for 1, {(1)2I3} and {1I3}·½I2 are given in Table 1. 

Cyclic voltammetry (CV): CV was performed in a three-electrode cell equipped with a 
Pt-disk working electrode and a glassy carbon counter-electrode; Ag/AgCl containing 
2M LiCl (in ethanol) was used as the reference electrode. The electrochemical 
experiments were carried out at room temperature under Argon in dichloromethane 
(DCM) with Bu4N(PF6) (0.1 M) as a supporting electrolyte. The voltammograms were 
recorded on a PGSTAT 101 potentiostat. 

Conductivity measurements: Resistivity measurements were performed for elongated 
plate-like crystals of {(1)2I3} with typical sizes of 2×0.2×0.04 mm3 using a standard 
four-probe dc-method from 310 K down to ~100 K. Four annealed platinum wires (20 
μm in diameter) were attached to the crystals by a conductive graphite paste. All four 
contacts were placed on the same elongated conducting surface (in bc-plane or 
perpendicular to the a* axis).  

Preparation of solution processed crystalline film OFETs: Bare Si/SiO2 wafer pieces 
(purchased at Si-Mat) were used as a substrate for the solution grown crystalline films. 
Highly n-doped silicon was used as a common gate electrode. The thickness of the 
dielectric layer was about 50 nm. TTF-BTD was dissolved in 1,2-dichlorobenzene with 
a concentration of c = 1 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 complete evaporation of the solvent, the 
samples were slowly cooled down to room temperature to prevent stress in the 
crystalline films. Source and drain electrodes were fabricated with graphite paste 
(Dotite XC-12). 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. Channel length and width (W = 640 ± 100 μm, L = 
180 ± 50 μm) 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 interdigitated electrodes (W = 10 mm, L = 20, 10, 5 μm) 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-BTD was thermally evaporated at T = 
115-150 °C and P = 2×10-6 mbar with an evaporation rate of about 0.5 Å/s. Two 
different device types were prepared, where in the first case TTF-BTD 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 TTF-BTD, the samples were transferred to the electrical characterization 
system as quickly as possible 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 a Hewlett-
Packard semiconductor parameter analyzer 4156A under darkness.  

With the aim to obtain information regarding ambient stability of the thermally 
evaporated films, the devices were measured with a Keithley 2612A Source Meter and 
home made routines for device control under environmental conditions, after storage 
under ambient conditions and darkness (RH = 40-60 %) of up to ten days. The field-
effect mobility and the threshold voltage were extracted in the saturation regime using 
the relation [25]
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