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Tuning Redox Properties and Self-Assembly of Thienoacene-

Extended Tetrathiafulvalenes 

Cecilie Lindholm Andersen,[a] Michal Zalibera,[b] Karol Lušpai,[b] Mikkel A. Christensen,[a] Denisa 

Darvasiová,[b] Vladimir Lukes,[b] Peter Rapta,[b] Michael M. Haley,[c] Ole Hammerich,[a] Mogens 

Brøndsted Nielsen*[a] 

Abstract: Turning on and off associations between molecules by a 

reversible change in their redox states is a convenient way of 

controlling self-assembly and hence for advancing supramolecular 

chemistry. Here we present systematic studies on a selection of 

extended tetrathiafulvalenes with thienoacene spacers. By cyclic and 

differential pulse voltammetry and in situ EPR/UV-Vis-NIR 

spectroelectrochemistry, in combination with computations, we have 

elucidated how the number and orientations of thiophene rings in the 

spacer between the two dithiafulvene rings influence both the donor 

strength and association properties. The radical cations and their 

associates were found to cover a remarkable large region of the UV-

Vis-NIR spectrum, but the appearance of the absorption spectrum of 

the radical cations as well as of the unassociated dications also 

depended strongly on the exact molecular structure. 

Introduction 

Tetrathiafulvalene (TTF) is a redox-active molecule that 

undergoes two reversible one-electron transfers upon oxidation, 

for which reason it has attracted considerable interest in 

supramolecular chemistry and materials science for five 

decades.[1] Molecular systems that self-assemble upon 

oxidation/reduction are interesting for development of advanced 

functional materials,[2] and on account of the reversible 

oxidations of TTF, it is an attractive tecton for such redox-

controlled self-assembly. Yet, associations are very weak for 

oxidized species of the parent TTF with an association constant 

of only 6 M-1 for the complex between TTF and TTF+• (mixed 

valence species; MV) and of 0.6 M-1 for the complex between 

two TTF+• species (-dimer).[3] The interactions can, however, be 

strengthened when the species are linked together by a 

constraining chain such as for example a covalent spacer,[4] if 

the free species are captured in a cage,[5] if they are part of a 

mechanically interlocked system,[6] or if they are connected to 

entities that promote supramolecular macrocyclization by 

enforcing a favorable geometry by  intramolecular hydrogen 

bonds.[7] Complex formation can be followed by cyclic 

voltammetry and optical spectroscopy measurements. The 

signature from cyclic voltammogram is a broad first oxidation 

wave, while a broad absorption band in the near infrared (NIR) 

region is observed in the optical spectrum of a MV complex.[4] 

We have observed the same characteristics when separating 

the 1,3-dithiafulvene (DTF) units of TTF by various indacene[8] 

and thienoacene[9] spacers; thus a broad first oxidation wave in 

the cyclic voltammogram and a broad NIR absorption band in 

the optical spectrum were observed. These findings were 

interpreted in terms of association to form MV and -dimer 

complexes upon oxidation, and from simulations of the cyclic 

voltammograms we found association constants on the orders of 

103-104 M-1. 

 

Figure 1. Structures of diindenothienoacene-tetrathiafulvalenes. 

The -extended TTF analogues subject of interest here are 

the diindenothienoacene-tetrathiafulvalenes shown in Figure 1. 

The compounds consist of one central thiophene ring (1 and 

2a,b), or two (3 and 4) or three (5) fused thiophene rings as -

conjugated spacers between the two DTF units. Introduction of 

thiophene rings in the spacer is particularly interesting in regard 
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to potentially increasing the association strength between 

species upon oxidation and in regard to tuning the donor 

properties as a function of how the thiophene rings are fused 

together. Compounds 1 and 2a are isomers as are compounds 

3 and 4. The orientations of the DTF units are either opposite of 

the sulfur in the nearest thiophene unit (1 and 3) or parallel (2a, 

2b, 4, and 5), introducing differences in the conjugation pathway 

between the two DTF units. Compounds 2b, 3 and 4 have 

previously been investigated by some of us.[9] In addition to 

expanding the series, in this full paper we present detailed in situ 

EPR/UV-Vis-NIR spectroelectrochemical studies in order to 

obtain a more detailed description of the influence exerted by 

one or more central thiophene rings and the influence of 

connecting the two dithiafulvene units in a cross-conjugated or 

linearly conjugated manner.    

Results and Discussion 

Synthesis  

The new compounds 1 and 5 were prepared according to 

Scheme 1. The known diones 6 and 7[10] were treated with the 

known phosphonate esters 8 and 9,[8,11] respectively, and 

sodium hexamethyldisilazide. Compound 1 was obtained as a 

yellow solid, while 5 was obtained as a dark red solid. 

 

 
Scheme 1. Synthesis of extended TTFs 1 and 5. NaHMDS = sodium 
hexamethyldisilazide. 

 

Geometries – Computational Study. As we shall see in the 

following sections, insight into the structural differences of 1-5 is 

crucial in order to understand the electrochemical and 

spectroscopic results. Crystal structures of 2a, 3, and 4 have 

been presented earlier;[9] however, no single crystals could be 

grown of 1 or of 5. Therefore, the following discussion will 

instead be based on the optimized geometries (Figure 2) 

obtained from B3LYP/6-31G(d,p) calculations where the starting 

geometries for 2a, 3 and 4 were taken from corresponding X-ray 

structures while for 1 and 5 the spatial orientation of SR 

substituents was taken from 2a and 3, respectively. In the case 

of reference B3LYP/cc-pVDZ calculations, the SBu substituents 

of 3, 4, and 5 were reduced to SEt groups (see Figure S1 in 

Supporting Information). The geometries obtained from the 

crystal structures and the calculated structures of 2a, 3, and 4 

only deviate slightly in the orientation of the DTF units of 2a; 

otherwise, there is good agreement between the structures. For 

2a, 3-5 the central -system including the DTF units is planar, 

whereas for 1 the orientation of the central thiophene causes a 

short distance between the bulky DTF groups, which therefore 

flip out of plane and twist the central -system. The dihedral 

angle between the DTF units is calculated to be 57o for both 

basis sets (see Figure S1). As it will become evident from the 

following discussions, the non-planarity of 1 has a large effect on 

the compound’s electrochemical and optical properties. The 

calculated geometries of the compounds in the first and second 

oxidation states exhibit the same characteristics as the neutral 

species and will not be discussed further (these structures are 

included in the SI). 

 

 
 
Figure 2. Geometries of the neutral molecules 1, 2a, 3, 4, and 5 calculated at 
the B3LYP/6-31G(d,p) level of theory; two views are shown for each 
compound.  

Electrochemistry. The electrochemical oxidation of compounds 

1-5 was studied by cyclic voltammetry (CV) (Figure 3) and 

differential pulse voltammetry (DPV) (Figure S2). The currents 

on the y-axes are concentration-normalized in order to facilitate 

comparison of voltammograms obtained at different 

concentrations. The voltammograms of 3 and 4 have been 

presented earlier;[9] they are, however, included in the present 

study for comparison. The DPV peak potentials are listed in 

Table 1. 

We begin our discussion with the voltammogram of 1 that  

shows two reversible one-electron transfers corresponding to 

the formation of the radical cation and dication at   
   = 0.34 V 

and   
   = 0.60 V (vs. Fc/Fc+), respectively. It is seen that the 

shape of the voltammograms is concentration independent, and 

the DPV peak potentials represent for that reason the formal 

potentials,     , as indicated. Even though compounds 1 and 2a 

are isomers, their cyclic voltammograms are quite different. For 

2a, two oxidation steps are observed at  

  
   = 0.12 and  

  
  = 0.32 V. At concentrations above 0.14 mM, a sharp peak is 

observed during the back scan (    0.08 V for the 1.15 mM 
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solution), which is likely to be caused by desorption of the 

adsorbed dication from the working electrode surface. The 

height of the desorption peak decreases with decreasing 

concentration and is barely present at a concentration of 0.29 

mM. For the previously studied compound 2b, adsorption 

phenomena were not observed,[9] and it appears that the length 

of the alkyl substituent is crucial for the dication to stay in 

solution. Another important observation for the cyclic 

voltammograms recorded for 2a is the broadness of the first 

oxidation wave as compared to the second. Upon dilution the 

peak sharpens up, while the shape of the second wave is 

essentially unchanged and at concentrations between 0.07 mM 

and 0.036 mM the shape of the voltammogram is essentially 

constant (Figure S3). The cyclic voltammograms of 3 and 4 have 

been discussed elsewhere,[9] and are similar to that of 5. In all 

three cases the first oxidation step is very broad and consists of 

at least two overlapping waves. Upon dilution the peak sharpens 

up, but a constant shape was not obtained within the 

concentration range applicable in cyclic voltammetry. The shape 

of the second wave is essentially concentration independent for 

3 and 4, while it for 5 also sharpens up upon dilution.  

Digital simulations demonstrated that the cyclic 

voltammograms of 2b, 3, and 4 could only be satisfactorily 

reproduced by including neutral-neutral, neutral-cation (MV 

dimer) and cation-cation (-dimer) associates in the reaction 

mechanism.[9] This, however, is not sufficient to reproduce the 

voltammogram of 5, most likely because, in this case, also 

associates of higher order are present in solution. We see a 

clear trend in passing from one central thiophene unit (2a) to two 

units (3 and 4) and to three units (5), that the broadness of the 

first oxidation wave increases. This would indicate increasing 

strength of the association between the oxidized species and 

between the oxidized and neutral species. The normally shaped 

first oxidation wave of the non-planar 1 also shows that 

associations only occur for planar species.  

 

Table 1. Experimental and calculated electrochemical data for samples 1-5. 

Compound 
Concentration 

/ mM 
  

         
      

  
     / V 

[b]
 

1 0.125 +0.34
[c]

 +0.60
[c]

 +5.03 

2a 0.035 +0.12 +0.32 +4.83 

3 ~0.004 +0.32 +0.60 +4.92 

4 ~0.003 +0.09 +0.33 +4.82 

5 0.0175 -0.02 +0.40 +4.73 

[a] The potentials are the DPV peak potentials obtained at the concentrations 

indicated and given vs the Fc/Fc
+
 redox couple. [b] Absolute standard 

oxidation potentials resulting from B3LYP/cc-pVDZ calculations using the 

IEFPCM solvation model for CH2Cl2. [c] Formal potentials,    . 

 

Figure 3. Cyclic voltammograms of 1 (a), 2a (b), 3 (c),
 
4 (d), and 5 (e) at 

various concentrations measured in CH2Cl2 (0.1 M Bu4NPF6) using a glassy 
carbon working electrode at voltage scan rate 0.1 V s

-1
. The current has been 

background subtracted and concentration normalized. The cyclic 
voltammograms of 3 and 4 are replicates from previous work.

[9]
  

As reported earlier,[9] it is noticeable that the first oxidation 

potential of the regioisomers 3 and 4 differ by 200-300 mV. The 

same large difference in oxidation potentials is found for the 

isomers 1 and 2a (~200 mM). On the other hand, compounds 1 

(0.34 V) and 3 (0.32 V) as well as compounds 2a (0.12 V), 4 

(0.09 V), and 5 (-0.02 V) are oxidized at similar potentials. 

Furthermore, it is noteworthy that within the series of 1 and 3 

and of 2a, 4, and 5 the oxidation potentials are lowered as the 

size of the central -system increases. These trends are 

supported by calculations, where the oxidation potentials are 

calculated (  
    , in Table 1) from the Gibbs Free Energies at 
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298 K, G298, at the B3LYP/cc-pVDZ level of theory including the 

Integral Equation Formalism Polarizable Continuum Model 

(IEFPCM) of solvation for CH2Cl2 (G298 values are listed in Table 

S1), by employing the following equation: 

 

  
     = (G298(radical cation) – G298(neutral))  27.21 eV/Hartree 

 

The   
     also predict that 1 and 3 are more difficult to oxidize 

than their respective isomers 2a and 4, and that 5 is the 

strongest electron donor. This correlates well with the B3LYP/6-

31G(d,p) HOMO energies of neutral TTFs where 1 and 3 exhibit 

similar values which are more negative as found for 2a, 4, and 5 

(Table S2).     

As mentioned earlier, 2a, 4, and 5 share the structural 

characteristic that the DTF units are positioned next to the sulfur 

in the nearest thiophene unit, whereas the DTF units of 1 and 3 

are placed opposite to the sulfur. Thereby, differences in the 

conjugation pathway through the central system are 

introduced. For 2a, 4, and 5 the unpaired electron of the radical 

cation can be delocalized over the entire central system, 

whereas cross-conjugation in 1 and 3 prohibits delocalization 

(see Figure 4 and calculated spin densities in Figure S4); thus 

the radical cations of the former are stabilized, which lowers the 

oxidation potential.  

 

 

 

 

 

 
 

Figure 4. The conjugation pathway of 1
+•

 and 2a
+•

. The cross-conjugation is 

highlighted in red, whereas the direct conjugation is highlighted in green; the 
latter allows delocalization of the unpaired electron over the entire spacer. 

In situ EPR/UV-Vis-NIR Spectroelectrochemistry. To shed 

further light on the association phenomena observed in the 

cyclic voltammograms, in situ EPR/UV-Vis-NIR 

spectroelectrochemical measurements were performed.  Before 

discussing these results, however, the UV-Vis-NIR spectra of 

the neutral species are presented (Figure 5). The optical spectra 

of 1-5 were recorded at a concentration of 10-5 M in a CH2Cl2 

solution containing 0.2 M Bu4NPF6 electrolyte. The longest-

wavelength absorption maxima (max) are 486 nm (1), 524 nm 

(2a), 475 nm (3), 535 nm (4), and 540 nm (5). It is noteworthy 

that the spectra of 2a, 4, and 5 exhibit significant fine structure, 

whereas the spectra of 1 and 3 are nearly featureless. Therefore, 

the absorption maxima of 1 and 3 were determined from 

deconvolution of the absorption bands following the standard 

procedure in the OriginPro software (Figure S5). In continuation 

of the conclusions drawn from the electrochemical results, the 

spectroscopic investigation also reveals large differences 

between the isomer couples of 1 / 2a and 3 / 4. The max of 2a 

and 4 are redshifted by 38 nm and 60 nm from their respective 

isomer. On the other hand, the difference between maxof 1 and 

3 is only 11 nm, between 2a and 4 only 9 nm, and max of 5 is 

redshifted only 5 nm from 4. These observations can be 

rationalized by the inherent differences in the conjugation 

pathway between the DTF units; thus the direct conjugation 

pathway between the DTF units of 2a, 4, and 5 lowers the 

HOMO-LUMO gap, and thereby decreases the electronic 

transition energy. The fact that max of 5 is redshifted compared 

to those of 2a and 4 is expected due to the extended 

conjugation of 5. 

 

Figure 5. UV-Vis-NIR spectra of the neutral compounds at concentrations of 

10
-5

 M in CH2Cl2 and 0.2 M NBu4PF6. 

Selected UV-Vis-NIR and EPR spectra obtained for a 

solution of 1, 2a, and 5 in CH2Cl2 and 0.2 M Bu4NPF6 electrolyte 

at various potentials are presented in Figures 6-8, and the 

spectroscopic data for 1-5 are collected in Table 2. We begin our 

discussion with 1 at a concentration of 0.5 mM (Figure 6), for 

which no association phenomena were observed in the CV 

(Figure 3). Upon oxidation within the first oxidation step, the 

absorption peak of the neutral compound at 486 nm decreases, 

while peaks at 597 nm and 816 nm occur. In the near-infrared 

region a broad charge transfer (CT) band at 1692 nm is 

observed. Simultaneously, a singlet EPR signal occurs at a g-

value of 2.0075 indicating more localized unpaired spin with a 

sulfur heteroatom in the neighborhood. The signals arising upon 

oxidation are ascribed to the formed radical cation. Upon further 

oxidation to the dication, the EPR signal decreases, and in the 

UV-Vis-NIR spectrum the CT band decreases, the band at 816 

nm redshifts to 845 nm, and a new band at 524 nm appears. It is 

important to mention that at all applied potentials the observed 

EPR signal exhibits the same g-value and line-shape. Since the 

thin layer conditions were not achieved in our EPR 

spectroelectrochemical cell, the EPR signal intensity of the 

corresponding cations did not decrease to zero in the potential 

range of the second electron transfer (see blue and orange line 

in Figure 6b). This is a consequence of their diffusion from the 

electrode surface into the bulk solution, where they are still 

observable by EPR; however, these conditions helped us to 

ascribe the EPR as well as UV-Vis-NIR spectra to particular 

species also for more complicated cases as will be discussed 

S

S

S S

SEtS

SEt SEt

SEt
S
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below. Comparing Figures 6a and 6b it can be concluded that 

UV-Vis-NIR and EPR spectra of 1+• are almost the same for 1+• 

surrounded by neutral 1 (initial stage of oxidation), for 1+• 

surrounded by 1+• (see red and green lines in Figure 6 at the 

maximum and behind the first oxidation peak) as well as for 1+• 

surrounded by 12+ (see blue and orange lines in Figure 6). This 

confirms unambiguously that no association processes take 

place in solution as already indicated in the cyclic voltammetric 

studies, and the charge transfer band in the NIR region 

corresponds to an intramolecular charge transfer. 

 
Table 1. UV-Vis-NIR absorption maxima (max / nm) for the neutral, radical 

cation and associates, and dication species obtained from in situ EPR/UV-Vis-
NIR spectroelectrochemistry. 

Compound Neutral Radical cation and associates Dication 

1 486 597, 816, 1692 524, 845 

2a 524 667, 768, 1266, 1520, 1552 911, 998 

3 475 510, 723, 784, 1794 544, 918, 1532 

4 535 622, 678, 1100, 1350, 1600 925 

5 540 634, 670, 1050, 1147, 796, 985 

 

 

 

Figure 6. In situ EPR/UV-Vis-NIR spectroelectrochemistry of 1 (0.5 mM) in 

CH2Cl2 + 0.2 M n-Bu4NPF6. Optical (a) and EPR spectra (b) correspond to the 

potential marked with circles in the corresponding voltammogram (Pt-mesh 

working electrode, scan rate 7.0 mV s
−1

) shown as inset in (a). The color code 

is maintained throughout the figure. * in (a) marks a spectrometer artefact. 

  For a solution of the isomer 2a at 0.1 mM more 

complicated UV-Vis-NIR and EPR spectra are obtained (Figure 

7), where the signal shape and intensity strongly depend on the 

concentration and the anodic potential applied. The cyclic 

voltammogram at relatively low concentration of 0.1 mM reveals 

two well-defined reversible oxidation steps similar to the CV 

obtained at 0.14 mM in the standard CV cell (Figure 3). Upon 

oxidation to the start of the first oxidation peak, a new absorption 

band appears at 768 nm (pink spectrum), and simultaneously an 

EPR singlet line is observed at a g-value of 2.0055. By 

increasing the potential further within the region of the first 

oxidation peak, two new broad CT absorption bands appear in 

the near infrared region at 1266 and 1552 nm (red spectrum), 

and in the visible region a band at 667 nm starts to dominate. 

Furthermore, in the EPR spectrum the singlet line is shifted to a 

slightly higher g-value of 2.0056. Upon diluting the sample 

concentration to 0.02 mM, the relative intensities of the peaks at 

667 and 768 nm are equal (green spectrum), while at a higher 

concentration of 1 mM and at a lower temperature of 250 K, the 

intensity of the peak at 667 nm is more significant. The 

appearance of several bands that change in relative intensities 

in the optical spectra together with the shift in g-value in the EPR 

spectra support the hypothesis of the presence of both free and 

associated species. The much lower g-value observed for 2a+• 

compared to that of 1+• results from both the larger delocalization 

of the unpaired spin within the π-system of 2a+•, as depicted in 

Figure 4, as well as from the formation of the mixed valence 

species between 2a and 2a+•, where the most delocalized spin is 

expected. The visualization of possible theoretical TTF•••TTF 

associates is presented in Figure S6. At higher concentrations, 

lower temperatures and in the first stages of anodic oxidation, 

these complexes should dominate in solution. Consequently, 

looking at Figure 7, the NIR band at 1552 nm can be ascribed 

mostly to an intramolecular CT (more intense at very low 

concentrations), while the band at 1266 nm can be ascribed to 

an intermolecular CT within the MV complex (more intense at 

higher concentrations). The optical band at 768 nm corresponds 

to the MV complex while the optical transition at 667 nm can be 

ascribed to the isolated cations 2a+• and/or interacting cations 

2a+••••2a+•, respectively (if the interaction is pronounced enough). 

The only slight shift of the g-value going to the maximum of the 

first oxidation peak or even to the region of the second electron 

transfer confirms that for the isolated cation, the spin 

delocalization still remains relatively high and the interaction 

between cations is small even at high concentrations.   

During the second oxidation step of 2a, the intensity of the 

EPR signal decreases, and simultaneously in the optical spectra, 

two dominating absorption bands at 911 and 998 nm appear, 

which we assign to the dication. At the potential, where the back 

scan begins, the CT bands are no longer present; however, the 

optical band at 667 nm is still observable due to diffusion of the 

cations in the solution as already discussed above (see also the 

schematic illustration in Figure S7).  
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Figure 7. In situ EPR/UV-Vis-NIR spectroelectrochemistry of 2a in CH2Cl2 + 

0.2 M n-Bu4NPF6 at different concentrations and temperatures, from top to 

bottom: 0.1 mM / 298 K, 0.02 mM / 298 K, 1 mM / 298 K, and 0.05 mM / 250 K. 

a) Cyclic voltammogram (Pt-mesh working electrode; scan rates from top to 

bottom: 3.0, 3.0, 1.0, and 1.0 mV s
−1

). b) Optical spectra (* = spectrometer 

artefact) and c) EPR spectra corresponding to the potential marked wirh 

circles in the corresponding voltammogram in a). 

Changes in relative intensities of the absorption bands in the 

visible region during the first oxidation are also present in the 

optical spectra of 3, 4, and 5 (see Figure 8 and Figures S8-S10). 

For 3 the band at 784 nm is pronounced in the beginning of the 

oxidation, while a band at 723 is dominant in the end, and for 4 

and 5 the bands located at 622 / 678 nm and 634 / 670 nm, 

respectively, change in intensity throughout the first oxidation. 

Interestingly three different EPR spectra were observed upon 

oxidation (see Figure 8b). For 5+• the lowest g-value was found 

(2.0045) at higher concentrations as expected due to the high 

spin delocalization within the extended -system as well as the 

formation of MV 5•••5+• complex. In the region where the cation 

radicals dominate (see green lines in Figure 8), a new 

broadened EPR spectrum with g-value of 2.0056 appears with a 

hint of hyperfine splitting, and simultaneously the UV-Vis-NIR 

spectra show two strong maxima at 650 nm and 1010 nm as 

well as a new, weak broad band at around 2000 nm. These 

species could possibly be ascribed to a 5+••••5+• biradical species 

confirming the strong association between radical cations in this 

case. Going to the region of the second electron transfer, the 

concentration of such species strongly decreases, and 

remaining isolated cations (see Figure S10) exhibits a strongly 

shifted g-value of g = 2.0063, which confirms a lower delocalized 

spin in comparison to both the 5•••5+• and 5+••••5+• associates. 

Similar behavior was found for 3 and 4 (Figures S8 and S9, 

respectively) confirming our proposed formation of both 

TTF•••TTF+• and TTF+••••TTF+• associates. Calculated optical 

transitions both for isolated and associated forms are shown in 

Figure S11. The theoretically predicted shifts of optical 

transitions for differently charged and associated forms correlate 

well with the experimental date discussed above. We note that 

rather than originating from a paramagnetic -dimer, the EPR 

signal observed in the region where the cation radicals dominate 

could also be a consequence of a fast chemical exchange 

(electron hopping between two radicals of different g values, 

namely TTF+• at the electrode and TTF•••TTF+• in the bulk) on 

the EPR time scale. The signal position will depend here on the 

mutual concentration of the two species, or in other words the 

“time” the electron is sitting on one or the other. 

 

 

 

Figure 8. In–situ EPR/UV-Vis-NIR spectroelectrochemistry of 5, 0.5 mM in 

CH2Cl2 + 0.2 M n-Bu4NPF6. Optical (a) and EPR spectra (b) correspond to the 

potential marked with circles in the corresponding voltammogram (Pt-mesh 

working electrode, scan rate 3.0 mV s
−1

) shown as inset in (a). The color code 

is maintained throughout the figure. * in (a) marks a spectrometer artefact. 

Calculations on Dications – singlet vs triplet. Upon oxidation 

the positive charge is expected to be located in the DTF unit, 

while the unpaired electron is delocalized to a larger or minor 

degree in the central skeleton (see Figure S4). Focusing on the 

dicationic oxidation state, a linearly conjugated pathway can be 

drawn between the two DTF units for 2a, 4, and 5 (see Figure 9), 

and it thus allows the electrons to be paired. However, for the 

dications of 1 and 3 the DTF units are connected in a cross-

conjugated pathway, and no closed shell bond structure with all 

electrons paired can be drawn. Thereby, the 12+ and 32+ are 

expected to be in a triplet configuration in the ground state. In 

order to shed light on the ground state electronic configuration, 

calculations were performed both at B3LYP/6-31G(d,p) (Figure 

10) and B3LYP/cc-pVDZ (Figure S12) level of theory. Figure 10 

summarizes the B3LYP/6-31G(d,p) calculated Gibbs energy 

differences between the triplet and singlet ground states for all 

monomer dications and selected TTF+••••TTF+• associates. The 

calculations reveal that the triplet ground state (red bar) is 

indeed more stable than the singlet ground state for 12+ and 32+, 

and the compounds are best described as triplets. It should be 

noted that in the EPR experiments a decrease of the EPR signal 

was observed at the second oxidation peak for 1 (see Figure 6), 

what excludes the formation of so-called paramagnetic 
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biradicals for 12+. At room temperature, the triplet state was not 

observed, as expected, and the low temperature 

characterization is out of the scope of the present work. 

However, for 32+ the EPR signal intensity is still significant at the 

second voltammetric peak (see dark-yellow line in Figure S8) 

and in this case the formation of the biradical state might be 

feasible. On the other hand, the ground state of 2a2+ and 52+ are 

predicted to be open-shell singlets, while 42+ is found to be in the 

closed-shell singlet state. Interestingly, for the 4+••••4+• associate 

the theoretical calculation indicates that a paramagnetic -dimer 

is possible. 

 

 
 
Figure 9. Closed- and open-shell structures of the dications; for the closed-
shell structures the two radical dots are connected by a broken, green line (the 
electrons can be paired, corresponding to linear conjugation). 

 
Figure 10. The difference of the Gibbs Free Energy (at 298 K) between the 
triplet ground state and the singlet ground state for the dications of 1-5 and 
model TTF

+•
•••TTF

+•
 associates for 2a, 3, and 4. Calculations were performed 

at the B3LYP/6-31G(d,p) level of theory.  

Conclusions 

By systematic studies on the redox properties of a selection of 

thienoacene-extended tetrathiafulvalenes we have found that 

the donor strength depends strongly on the orientation of the 

central thiophene rings as the ability to delocalize the unpaired 

electron depends on whether the conjugation pathway is cross-

conjugated or linearly conjugated. The size of the -system also 

matters for the donor strength, but two thiophene rings instead 

of only one are not able to make up for the decreased donor 

strength provided by a cross-conjugated pathway (3 vs 2a). 

Compound 5 combines both a large π-system (three thiophene 

rings) and a linearly conjugated pathway and presents the 

strongest donor in the series. In addition, the redox properties 

are controlled by a remarkable ability of these molecules to 

associate, when not prevented herefrom by deviation from 

planarity (1). Compound 5 stood out here again as the one with 

the strongest associations between radical cations and between 

radical cations and neutrals. Although not quantified, it appears 

that this compound possesses the strongest association of all 

indacene- and thienoacene-extended tetrathiafulvalenes that we 

have studied so far. The intrinsic absorptions as well as those 

originating from associations of radical cations expand a 

remarkable broad region of the UV-Vis-NIR region, with 

absorption spectra that depend strongly on the structure of the 

spacer, and these thienoacene-extended tetrathiafulvalenes 

thus seem promising molecules for electrochromic materials 

applications. 

Experimental Section 

10,11-Bis[4,5-bis(ethylthio)-1,3-dithiol-2-ylidene]-10,11-

dihydrodiindeno[1,2-b:2',1'-d]thiophene (1). The phosphonate ester 8a 

(346 mg, 1.04 mmol) was dissolved in dry THF (6 mL), and the mixture 

was degassed for 15 min. The solution was cooled to –78 °C, and 

NaHMDS (1.73 mL, 0.6 M in toluene, 1.04 mmol) was added under inert 

atmosphere. After 15 min of stirring, the mixture was cannulated to a 

degassed and sonicated suspension of the dione 6 (30 mg, 0.10 mmol) 

in THF (4 mL) at –78 °C. The cooling bath was removed, and the mixture 

was stirred for 3 h, poured into saturated aqueous ammonium chloride 

(20 mL), and extracted with CH2Cl2 (2 x 40 mL). The organic phases 

were filtered, dried over Na2SO4, and the solvent was removed in vacuo. 

After flash column chromatography (SiO2, CH2Cl2:heptane – 1:1), the 

target compound 1 was obtained as a yellow solid (59 mg, 81%). MP: 

155 – 158 °C. 1H NMR (500 MHz, CS2 with DMSO-d6 lock tube) δ 7.20 (d, 

J = 7.7 Hz, 1H), 7.06 (d, J = 6.9 Hz, 1H), 6.98 – 6.87 (m, 2H), 2.68 (q, J = 

7.3 Hz, 2H), 2.57 (q, J = 7.3 Hz, 2H), 1.15 (t, J = 7.3 Hz, 3H), 1.06 (t, J = 

7.3 Hz, 3H). 13C NMR (126 MHz, CS2 with DMSO-d6 lock tube) δ 141.13, 

140.23, 138.42, 134.85, 133.72, 130.53, 126.78, 125.07, 124.27, 121.96, 

119.87, 117.86, 30.63, 14.81, 14.78. HRMS (MALDI+) m/z = 699.9668 

[M·+] (calcd. for C32H28S9
+: 699.9672). EA (C32H28S9, 701.12): calcd. C 

54.82, H 4.03; found C 54.68, H 3.94. IR (ART, cm-1): n = 2959 m, 2923 s, 

2853 m, 1527 s, 1483 s, 1446 s, 1369 s, 1262 m, 745 s, 716 m. 

Compound 5. The phosphonate ester 8b (87 mg, 0.22 mmol) was 

dissolved in dry THF (3 mL), and the mixture was degassed for 15 min. 

The solution was cooled to –78 °C, and NaHMDS (0.37 mL, 0.6 M in 

toluene, 0.22 mmol) was added under inert atmosphere. After 15 min of 

stirring, the mixture was cannulated to a degassed and sonicated 
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suspension of the dione 7 (30 mg, 0.075 mmol) in THF (3 mL) at –78 °C. 

The cooling bath was removed, and the mixture was stirred for 2 h, 

poured into saturated aqueous ammonium chloride (20 mL), and 

extracted with CH2Cl2 (2 x 40 mL). The organic phases were filtered, 

dried over Na2SO4, and the solvent was removed in vacuo. After flash 

column chromatography (SiO2, CS2), the target compound 5 was 

obtained as a dark red solid (27 mg, 39%). MP: 158 – 160 °C. 1H NMR 

(500 MHz, CS2 with DMSO-d6 lock tube) δ 7.28 (d, J = 6.8 Hz, 2H), 7.25 

(d, J = 7.5 Hz, 2H), 7.08 – 6.98 (m, 4H), 2.75 (2xt, J = 7.2 Hz, 8H), 1.59 – 

1.44 (m, 8H), 1.38 – 1.24 (m, 8H), 0.79 (2xt, J = 7.2 Hz, 12H). 13C NMR 

(126 MHz, CS2 with DMSO-d6 lock tube) δ 137.85, 137.12, 136.07, 

133.87, 133.18, 133.12, 132.42, 129.07, 129.01, 125.16, 123.98, 122.00, 

119.18, 118.40, 36.14, 36.10, 31.66, 31.59, 21.85, 21.83, 13.60, 13.58. 

HRMS (MALDI+) m/z = 924.0348 [M·+] (calcd. for C44H44S11
+: 924.0365). 

IR (ART, cm-1): n = 2955 s, 2925 s, 2587 m, 2358 vw, 1542 s, 1478 m, 

1461 m, 1427 m, 1320 m, 1220 w, 1166 m, 921 w, 858 s, 745 s 702 m, 

680 s, 624 w, 415 m. 

The corresponding NMR spectra are included in Supporting Information 

(Figures S13-S20). 

Computations. The quantum chemical calculations were performed 

using the Gaussian 09 program package[13]. The optimal geometries of 

studied molecules were calculated by DFT method with B3LYP (Becke’s 

three parameter Lee–Yang–Parr) functional[14,15] without any constraints 

(energy cut-off of 10−5 kJmol−1, final RMS energy gradient under 

0.01 kJmol−1
A−1). All calculations of open-shell (ionized) states were 

evaluated using the unrestricted formalism (UB3LYP) with spin 

contamination below 0.01. The 6-31G(d,p)[16] and cc-pVDZ[17] basis sets 

of atomic orbitals were applied. The optimized geometries of molecules 

were confirmed to be stable by vibrational analysis (no imaginary 

frequencies). In pursuance of optimized B3LYP geometries, the vertical 

transition energies and oscillator strengths between the initial and final 

electronic states were computed by time dependent (TD)-DFT method[18]. 

Next, the optimal geometry model dimer structures were calculated 

using B3LYP-GD3 functional including the empirical  Grimme's 

dispersion corrections[19] on the van der Waals interactions. 

The molecules and molecular orbitals were visualized using the Molekel 

program package[20] and GaussView. The Gibbs free energies were 

calculated at room temperature (298.15 K), and the implicit solvation 

model IEFPCM[21] for CH2Cl2 was included in the calculations of   
    . 

Cyclic voltammetry. The electrochemical properties were studied with 

cyclic voltammetry (CV) and differential pulse voltammetry (DPV). The 

concentration of the electroactive solute was between 0.5 and 1 mM in 

CH2Cl2. The measurements were performed with the Autolab PGSTAT12 

instrument and the Nova 1.11 software. The scan speed of the CV was 

0.1 V s-1, and the step potential and the modulation amplitude of the DPV 

were 2 mV and 25 mV, respectively. Compensation of the solution 

resistance (iR-compensation) was included. The measured potentials 

have been referenced to the scale of ferrocene, and the supporting 

electrolyte was a 0.1 M tetra-n-butylammonium hexafluorophosphate 

(Bu4NPF6) solution. The working electrode was a 3 mm GC electrode 

encapsulated in teflon, the counter electrode was a Pt wire, and the 

reference electrode was a silver wire immersed in the solvent-supporting 

electrolyte mixture and physically separated from the solution containing 

the substrate by a ceramic frit. The concentration-dependent 

measurements were performed by diluting the solute directly in the 

electrochemical cell, and a background subtraction was performed before 

plotting. All voltammograms have been recorded under an argon 

atmosphere. 

In situ EPR-UV-Vis-NIR spectroelectrochemistry. In–situ EPR/UV–

Vis–NIR spectroelectrochemical experiments were performed in an 

optical EPR cavity (ER 4104OR, Bruker Germany) of an X-band CW 

spectrometer EMX (Bruker, Germany). UV–Vis–NIR spectra were 

measured using the Avantes spectrometer AvaSpec-2048x14-USB2 with 

a CCD detector and AvaSpec-NIR256-2.2 with an InGaAs detector 

controlled by the AvaSoft 7.5 software. Both, the EPR and the UV–Vis–

NIR spectrometers were linked to a HEKA potentiostat PG 390 operated 

by the PotMaster v2x40 (HEKA Electronik, Germany) the software 

package that also triggered both spectral measurements. EPR flat cell 

with laminated platinum mesh as working electrode, a silver wire as the 

pseudoreference electrode, and a platinum wire as the counter electrode 

was used in spectroelectrochemical experiments. The temperature 

control, in variable temperature experiments, was provided by the EPR 

spectrometer ER4141VT Variable Temperature Accessory (Bruker, 

Germany). The solvent, dichloromethane (CH2Cl2, dried (max. 0.005 % 

H₂O) SeccoSolv®, Merck), was used as received. Tetrabutylammonium 

hexafluorophosphate (n-Bu4NPF6, 99%, Sigma-Aldrich) was dried under 

reduced pressure for 24h /70 °C and stored in desiccator before use. 
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