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Abstract 

Efficient syntheses of a vinylogue TTF derivative bearing four cyanoethylsulfanyl 
substituents, 9 is described. Cyclic voltammetry establishes that the novel compound 
shows good donor properties and a reduced on-site coulombic repulsion.  Single crystal 
X-ray structure determination shows that the molecule has a  planar structure of the 
conjugated moiety with a slipped π−π  stacking organization in the crystal parallel to the 
crystallographic a axis. EPR, UV-Vis and IR spectroscopies show that 9 forms a charge 
transfer complex with TCNQF4. EPR studies allow for the recognition of the 3:2 
stoichiometry ratio between donor and acceptor while IR spectroscopy gave the 
estimation of the ionicity of the complex, which was found to be 0.31. 
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1. Introduction 

The field of organic conductors has been continuously evolving from the first 
observation of high conductivity in an organic molecular complex.[1] The breakthrough 
that represented the metallic behaviour of the stable donor-acceptor complex  
tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ)[2] boosted the research on 
molecular charge transfer (CT) complexes  and ion radical salts, giving rise to a pleiad of  
synthetic metals and superconductors[3] with very interesting electrical, optical and 
magnetic properties that can be modulated either by external stimuli like temperature 
or pressure or by chemically changing the nature of the donor and acceptor 
components[4–7]. In addition, some charge transfer complex crystals have shown 
ferroelectric properties when the CT dipoles present a long range orientation.[8,9]  The 
donor and acceptor molecules play also a very important role as semiconductors in 
molecular electronics,[10,11]  and recently have also been successfully applied as p- or 
n- dopants to modulate the properties of electronic materials.[12–14] All the properties 
of CT complexes depend on the degree of charge transfer, that can be modulated by the 
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difference between the HOMO of the donor and the LUMO of the acceptor, and the 
control of the supramolecular organization. Therefore, the proper election of the 
component molecules is very important and it is interesting to have a library of 
molecular components as large as possible. One family of donors that has been 
extensively used as semiconductors[15] and as components of CT complexes are TTF 
derivatives.[16–18]  An extensive work has been done on the chemical modification of 
TTF in order to introduce electronic modifications and substituents promoting specific 
supramolecular organizations giving rise to the desired orbital overlap. [19–21] Among 
them, the vinylogous of TTF derivatives are less developed even though the 
incorporation of conjugated alkene linking groups between the two 1,3-dithiole rings of 
TTF should reduce the intramolecular Coulombic repulsions and promote the spatial 
extension of the π-framework. Indeed, the already reported TTF and 
Tetraselenafulvalene (TSF) vinyloguous derivatives show a low second oxidation 
potential and extended planar structures.[22–24,24–26] 

In this context we report here the synthesis, spectroscopic and structural 
characterization of a new TTF vinylogue derivative (TTFV 9, Scheme 1). So far our studies 
have shown that, as projected, the difference between the first and second oxidation 
potentials, which is only of 0.17 V, should derive in a lowering of the Coulombic 
repulsion. Further, the X-ray crystal structure reveals a planar π-extended system that 
crystallises in one-dimensional TTF stacks. The study of the charge transfer complex with 
TCNQF4 is also described.     

 

Scheme 1 Molecular structure of the TTF vinylogue derivative 9 

 

2. Experimental methods 

2.1 General Details. 
All reactions were carried out using solvents which were dried by routine procedures. 
Starting compounds were purchased from Sigma Aldrich and used without further 
purification. 
Infrared (IR) spectra were obtained in transmission mode with a Jasco 4700 Fourier 
transform (FTIR) spectrometer in the spectral range from 400-4000 cm-1 with a 
resolution of 4 cm-1 and 32 scans. Absorption spectra of the solutions and of the solid 
samples were obtained from a Varian UV-Vis-NIR Cary 5000 spectrophotometer. For 
both IR and UV-Vis measurements the powders of the pristine TCNQF4 and TTFV 9and 
the crystals of the charge transfer complex were dispersed in a 200 mg of spectroscopic 
grade KBr and used as pellet. 1H and 13C NMR spectra were recorded at 250 or 400 MHz 
in a Bruker Advance apparatus. The following abbreviations for stating the multiplicity 



of the signals have been used: s (singlet), bs (broad singlet), d (doublet), t (triplet), bt 
(broad triplet), st (pseudotriplet), m (multiplet), and q (quaternary carbon atom). 
Chemical shifts refer to signals of tetramethylsilane in the case of 1H and 13C NMR 
spectra. EPR spectra were obtained with a Bruker 300 spectrometer equipped with a TE 
102 microwave cavity, a variable temperature unit, and a field frequency lock system, 
and line positions were determined with a NMR gaussmeter. The modulation amplitude 
was kept well below the line width, and the microwave power was well below 
saturation. The cyclic voltammetric measurements were performed on a 
potentiostat/galvanostat 263a of EG&G Princeton Applied Research controlled by a 
personal computer and driven by dedicated software with a conventional three-
electrode configuration consisting of platinum working and auxiliary electrodes and an 
Ag/AgCl reference electrode. The experiments were carried out with a 10-3 M solution 
of the TTFV in dry CH2Cl2 containing 0.1 M of [(n-Bu)4N]PF6 as supporting electrolyte. 
Deoxygenation of the solutions was achieved by bubbling nitrogen for at least 10 min. 
Time-of-flight secondary ion mass spectrometric (ToF-SIMS) measurements were 
recorded under the following specific analysis conditions: primary gun energy 25 KV, 
extractor energy 8.5 KV, emission current 1.05 mA, employing Bi3+ with an intensity of 
the primary ions of 0.25 pA. The experiments were performed in vacuum at 8.3·10-9 
mbar. The spot size was 200·200 µm, with a resolution of 128·128 pixels, collecting in 
excess of 1·1012 of ionic intensity per spectrum. 
 

2.2  Synthesis  

Compounds 1,[27] 2,[28] and 3-5,[29] were synthesized following the literature 

procedures. 

Compound 6 

To a solution of 5 (0.917 g, 1.54 mmol) and glyoxal (2.9 mL, 62.2 mmol) in acetonitrile 
(40 mL), triethylamine (1.15 mL, 8.26 mmol) was added drop-wise with stirring at room 
temperature and in an argon atmosphere. After stirring for 21 h., water (70 mL) was 
added and the residue was twice extracted with dichloromethane (70 mL). The extract 
was dried over Na2S04, and concentrated in vacuum. The orange residue was purified by 
column chromatography (silica gel, CH2Cl2) to give an oil that by crystallization from ethyl 
acetate-propanol gave 0.250 g (57%) of compound 6 as orange microcrystals.  1H NMR 
(CDCl3, δ ppm): 9.43 (s, 1H, CHO), 6.70 (s, 1 H, CH), 3.17 (m, 4H, -SCH2), 2,78 (m, 4 H, 
CH2CN). IR (KBr, cm-1) 2925, 2250, 1633, 1501, 1453,1413, 1389,1280, 1040, 964, 810, 
752, 556, 472.  Anal. Calcd for:  C11H10N2OS4: C, 42.01; H, 3.21, N; 8.91; O, 5.08; S, 40,79. 
Found: C, 42.14; H, 2.99; N, 8.74; O, 5.45; S, 40.68. 

Compound 7 

To a cold (ice bath) solution of compound 4 (1.49 g, 4.65 mmol) in a mixture of 
anhydrous ethyl ether (100 ml) and acetic anhydride, was added dropwise 5 mL (103.01 
mmol) of tetrafluoroboric acid (54% in ether). The mixture was then stirred for 1 h. The 
beige precipitate formed was filtered and washed with ether resulting after drying in 



1.09 g (65%) of compound 7. The compound should be stored under argon and was used 
quickly for the next step.  1H NMR (CDCl3, δ ppm): 11.0 (s, 1H, CH+), 3.49 (t, 4H, J= 6.75 
Hz), 2.89 (t, 4H, J= 6.75 Hz). IR (KBr, cm-1) 2961, 2918, 2250, 1421, 1389,1235, 1083-
1038, 941, 739, 522  

Compound 9 

First, the phosphorene derivative 8 was generated by treatment of a solution of 7 (1.022 
g, 2.83 mmol) in dry MeCN with tributylphosphine (0.9 mL, 3.59 mmol) in dry acetonitrile 
(45 mL) under argon at 20°C and stirring for 1 h.  To the resulting orange solution, a 
solution of the aldehyde 6 (0.237 g, 0.75 mmol) in dry MeCN was added followed by the 
immediate addition of freshly distilled triethylamine (2.2 mL, 15.8 mmol). The mixture 
turned dark red with the formation of a precipitate. After stirring overnight, the solid 
was filtered and thoroughly washed with MeCN giving pure compound 9 (319 mg, 74%) 
as a yellow powder. Mp: 198-200 ºC.  1H NMR (CD2Cl2, δ ppm): 5.86 (s, 2H, -CH=CH-), 
3.09 (t, J= 6 Hz, 8H, -SCH2), 2,77 (t, J= 7 Hz, 8H, -CH2CN). IR (KBr, cm-1) 2922, 2854, 2253, 
1526, 1486,1413, 1319,1276, 1235, 955, 894, 809, 782, 728, 590.  Anal. Calcd for:  
C20H18N4S8: C, 42.08; H, 3.18, N; 9.81; S, 44,93. Found: C, 42.29; H, 2.85; N, 9.80; S, 45.40. 

2.3 X-Ray diffraction measurements.  

The diffractometer used was a Nonius Kappa CCD, equipped with monochromated MoKα 
(λ=0.71073 Å) radiation. The structure was solved by direct methods and refined by the 
full-matrix least-squares in F2 method with SHELXTL software[30]. Non-hydrogen atoms 
were refined with anisotropic displacement parameters. Hydrogen atoms bound to 
carbon atoms were refined with constraints in calculated positions. Crystallographic 
data for the reported structure have been deposited with the Cambridge 
Crystallographic Data Centre. Reference number CCDC 1872305 

 

Table 1.  Crystal data and structure refinement for crystal of the TTFV. 
 
Empirical formula  C20 H18 N4 S8 
Formula weight  570.86 
Temperature  233(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 (no.2) 
Unit cell dimensions a = 5.1844(2) Å α= 113.768(2)° 
 b = 15.7517(6) Å β= 98.300(2)° 
 c = 17.2326(7) Å γ = 96.630(2)° 
Volume 1250.77(8) Å3 
Z 2 
Density (calculated) 1.516 Mg/m3 
Absorption coefficient 0.732 mm-1 
F(000) 588 
Crystal size 0.45 x 0.1 x 0.05 mm3 
Theta range for data collection 1.48 to 25.00°. 
Index ranges 0<=h<=6, -18<=k<=18, -20<=l<=19 



Reflections collected 7692 
Independent reflections 4394 [R(int) = 0.0384] 
Reflections [I>2sigma(I)] 3531 
Completeness to theta = 25.00° 99.5 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4394 / 0 / 343 
Goodness-of-fit on F2 1.066 
Final R indices [I>2sigma(I)] R1 = 0.0540, wR2 = 0.1442 
R indices (all data) R1 = 0.0678, wR2 = 0.1539 
Largest diff. peak and hole 0.575 and -0.468 e.Å-3 



3. Results and discussion 
  

2.1 Synthesis of TTFV 

The TTFV 9 was prepared via the synthetic route outlined in Scheme 2. In this synthesis,  
the key intermediate is the aldehyde 6 that was obtained from the known phosphonium 
salt 5.[27] To a solution of 5 and glyoxal (C2H2O2) in dried acetonitrile, trimethylamine 
was added to achieve the deprotonation of 5 to form the ylide which in situ reacts with 
glyoxal to form the aldehyde 6. Triphenylphosphonium salt 5 is not reactive enough to 
react with the aldehyde 6, and for this, the analogous tributylphosphonium salt 8 was 
synthesised. Finally, the desired compound TTFV 9 was obtained through a Wittig 
reaction between 6 and the phosphorus ylide derived from salt 8 with a 74 % yield. 
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Scheme 2 Synthetic route for the synthesis of TTFV 9 . 

 

 



2.2 X-ray molecular and crystal structure 

X-ray quality single crystals of 9 were grown following two methodologies: i) from slow 
evaporation in a Petri dish of a 7 mM solution in DMF for several days and, ii) from a 
slow cooling down of a saturated solution in acetonitrile (ACN). The saturated solution 
in ACN was heated up to 80 °C in an oven and then cooled down to room temperature 
with a rate of 1 °C per hour. Both crystallization techniques gave rise to pale yellow 
needle shape crystals with the same crystal structure (Table 1). 
Molecules in the crystal of the TTFV 9 show a coplanar π system with the four cyanoethyl 
chains being almost perpendicular to this plane (Figure 1). The structure presents spatial 
disorder of two CN groups of the molecule. 

 
Figure 1 Molecular structure of TTFV 9 in which all hydrogen atoms have been omitted for clarity. 

 
 
Molecules of 9 in the crystal form π-stacks parallel to the crystallographic a axis with a 
displacement between them along the longest axis of the molecule that correspond 
almost to one dithiole ring. The shortest S···S intra-stack distance is 3.752 Å, which is 
slightly longer that the sum of van der Waals radii (1.8 Å) and there are no short S···S 
contacts between the neighbouring stacks.  
 

 
Figure 2 Two views of the crystal structure of 9 showing the π−π stacking of the central core (left) and the projection 
along the a axis of the molecule in the unit cell. 

 

 



2.3. Electrochemical characterization and charge transfer compounds preparation.  

The solution redox properties of 9 were studied by cyclic voltammetry (CV). The cyclic 
voltammogram of 9 (Figure 3) shows two reversible redox waves at E11/2 = 600 mV and 
E21/2 = 770 mV (vs. Ag/AgCl; Fc/Fc+ E1/2 = 459 mV), corresponding to two single-electron 
redox steps giving to the formation of the cation radical and the dication species, 
respectively.  The CV data show that the TTFV 9 has a good oxidation potential to behave 
as a stable p-type semiconductor, similar to the well-known and high performing 
semiconductor dibenzo tetrathiafulvalene.[31,32] Further, there is a small difference 
(∆E) between E11/2  and E21/2 which is indicative of an increased charge separation and 
thus reduced on-site  coulombic repulsion.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

Before the preparation of the CT compounds, the properties of the cation radical derived 
from 9 were studied. Oxidation of the TTFV 9 to the corresponding radical cation was 
performed in solution of anhydrous ACN by addition of an excess of a solution of NOBF4 
in the same solvent under inert atmosphere at room temperature. The solution turned 
dark and a signal appeared in the Electron Paramagnetic Resonance (EPR) spectrum 
corresponding to the formation of the cation radical.  Figure 4a shows the EPR of 9+· that 
consists in three lines centered at g= 2.0073 arising from the coupling of the free 
electron with the nuclear spin of the two hydrogens of the central vinylene with a 
coupling constant (laHI = 2.74 gauss), which is very similar to other known vinylogous 
TTF derivatives.[33] 

Figure 3 Cyclic voltammetry of 9 in CH2Cl2 containing 0.1 M Bu4NPF6 at room temperature vs 
Ag/AgCl. 



When a solution of 9 (10-5 M in ACN) and a solution of the strong acceptor 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (TCNQF4) in the same solvent, were 
mixed in a equimolar ratio the charge transfer complex was formed as ascertained from 
the EPR (Figure 4b) and UV-vis spectra. The EPR shows two signals centred at g=2.0079  
and g= 2.0032 corresponding to the cation radical 9+· and to the anion radical TCNQF4-·, 
respectively.[34] The measured area of both signals is in accordance with the formation 
of a 1:1 9-TCNQF4 complex. In the UV-vis absorption spectrum (Figure 5a) it is clearly 
observed the shift of the S0S1 transition of the neutral TCNQ F4 at 393 nm to 405 nm 
corresponding to the D0D2 transition and the appearing of other local maxima at 749 
and 831 nm due to the D0D1 transition of the formed specieTCNQF4-·.[14,35]  
 

 
Figure 4 EPR spectrum at room temperature of a) 9+· BF4- in acetonitrile solution b) the CT complex 9 -TCNQF4 formed 
in acetonitrile solution. c) An acetonitrile solution of the solid CT complex 9 -TCNQF4 formed by physical mixture of 
both components. 

 

Crystals of the CT complex of 9-TCNQF4 were obtained by slow evaporation of an 
equimolar solution of the donor and the acceptor in CH2Cl2. After overnight evaporation 
in an open vial, small green crystals were formed (Figure S1 left). Additionally, the 
crystals were also prepared by the diffusion method. In this case, 3 mg of the TTFV 9 
were dissolved in 4 ml of CH2Cl2 while 3.0 mg of TCNQF4 were dissolved in 2 ml of the 
same solvent. The latter solution was placed slowly over the solution of the TTFV in a 
test tube. Immediately the solution mixture changed from yellow to dark green and a 



suspension was formed. After 5 hours the solution turned to lighter green and some 
precipitate was formed. The test tube was sealed with the glass stopper and after four 
days the solution was filtered to collect very small amount of the crystals of the CT 
complex 9-TCNQF4 (Figure S1 right) that were characterized by IR spectroscopy (Figure 
S5).  
Unfortunately, only very small crystals with not enough quality to resolve the crystal 
structure were obtained from both crystallization procedures. Further methodologies 
were employed without any successful results. 

Taking into account the difficulty of growing good CT crystals, the study and 
characterization of the solid CT complex was performed with the sample resulting of the 
physical mixture of the donor TTFV 9 and the acceptor TCNQF4 grounded in an agate 
mortar without the addition of any solvent. 1.9 mg (3.3 mmol) of the donor and 0.85 mg 
(3.1 mmol) of the acceptor were mixed and grinded in the mortar giving a quick change 
from the parent colours to dark green (Figure S2), which denotes the CT complex 
formation.  UV-Vis-NIR spectrum of the solid sample (Figure 5b) shows a strong broad 
band centred at 1380 nm, confirming the formation of the CT complex. 
The CT complex was characterized by several spectroscopic techniques. EPR spectrum 
of the complex 9-TCNQF4 in acetonitrile solution (Figure 4c) clearly shows the 
contribution of both components of the complex being very similar to that obtained 
from the complex formed in solution except for the areas of both signals correlation. 
The relative concentrations of both components are consistent with the formation of a 
3:2 9-TCNQF4 complex.  

Similar experiments were performed with the 2,5-difluoro-7,7,8,8-
tetracyanoquinodimethane (TCNQF2) which has lower electron affinity than the TCNQF4 
and in this case, as evidenced by the spectroscopic characterization (Figure S3. EPR), the 
charge transfer degree was almost negligible (Figure S4, IR). 



 
Figure 5 Absorption spectra of a) Acetonitrile solution of 9 (dashed line)  and CT complex 9-TCNQF4 (solid line) b) 

Solid CT complex 9-TCNQF4. 

 

2.4. Estimation of the degree of CT  

The degree of charge transfer (ρ) from the donor to the acceptor moiety in a CT complex 
is a classical feature to characterize these kind of systems. It has been demonstrated 
how most of the physical properties of CT complexes are connected with the degree of 
charge transferred between donor and acceptor molecule but it is still an open issue the 
standardization of such estimation[6]. Nowadays two methods are commonly used: the 
bond lenghts distance by X-ray structure and the spectroscopic methods as Raman and 
Infrared. A comparison between the bond lengths of the neutral species and of the 
complex shows from X-ray structure that the geometry varies with the electron 
population of the molecular orbitals. In the specific case of TCNQ and its derivatives, a 
larger electron population implies a less quinoid character of the molecule, with 
consequence on the C-C bonds distances providing information on ρ through the bond 
length variation between neutral and charged TCNQs [36,37]. In general this method is 
the less accurate because  of  the  lack  of  literature  crystallographic  data. Further, in 
our specific case, this methos could not be applied due to the impossibility of obtaining  
single  crystals  suitable  for  the  X-ray structural analysis of  the salt. 



A more reliable method is represented by the estimation of ρ by looking at the frequency 
shift of charge sensitive vibrational modes. In our case the system has been identified 
by EPR measurements as 3:2 ratio between donor and acceptor so we can assume a 
mixed stack configuration. For mixed stack complexes the Raman active ag vibrations are 
coupled with the electronic transition and results in an overestimation of the real ρ.[38] 
The infrared charge sensitive vibrations for mixed stack configuration represent the best 
choice for the estimation of ρ in donor- acceptor systems. 

In previous work by Salzillo et al. [39,40]three charge sensitive vibrations for the TCNQF4 
were identified related to the C-C stretching, which for the pure compound were 1396, 
1550 and 1599 cm-1. In Figure 6a the comparison of the IR spectra of 9, TCNQF4 and the 
CT complex are reported and one out of three charge sensitive vibrations for the TCNQF4 
in the complex is identified (black arrow, Figure 6a) as the v2 stretching of the C=C double 
bond group and peaked at 1536 cm-1. Assuming a linear dependence of the charge 
sensitive vibrations shifts with the ionicity of the complex, we can estimate a ρ of 0.31. 

 

Figure 6 a) Infrared spectra of 9 (dash-dot line), TCNQF4 (dash line) and of the charge transfer complex (solid line); b) 
CN group stretching region comparison for the three species. 

 

In figure 6b the comparison of the IR spectra in the region of the CN stretching is 
illustrated. A strong shift of the CN group of the TCNQF4 from 2226 to 2194 cm-1 is 
observed, which confirms the formation of the charge transfer complex. The use of this 
charge sensitive vibration is often used for the estimation of the ionicity of the CT 
complex[41] but usually is giving an overestimation due to the external position of such 



functional group and the consequent interaction with the neighbour molecule in the 
crystal structure. 

 

Conclusions 

A vinylogue TTF derivative bearing four cyanoethylsulfanyl substituents (9) has been 
synthesized and studied. According to the electrochemical properties, the novel 
compound shows very good donor properties and a reduced on-site coulombic 
repulsion. The crystal structure exhibited a planar structure of the conjugated moiety 
with a slipped π−π stacking organization in the crystal.  Charge transfer complex 
formation between the TTFV 9 and TCNQF4 has been corroborated by EPR, UV-Vis and 
IR spectroscopic studies.  

Unfortunately, it has not been possible to grow single crystals of the CT complex 9-
TCNQF4 suitable for x-ray structural analysis. Nevertheless, a fully spectroscopic study 
of the donor-acceptor CT complex prepared by mechanochemistry has been performed 
and used to characterize the system. EPR studies allow for the recognition of the 3:2 
stoichiometry ratio between donor and acceptor while IR spectroscopy gave the 
estimation of the ionicity of the complex, which was found to be 0.31. 
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