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ABSTRACT: 

Methyl- and dimethyl-ethylenedithio-tetrathiafulvalene ortho-diamide donors Me-EDT-TTF(CONH2)2 (1a) and 

DM-EDT-TTF(CONH2)2 (1b) have been prepared by the direct reaction of the corresponding diester precursors 

with aqueous ammonia solutions. The neutral (rac)-1a, (S)-1a and (S,S)-1b donors have been characterized by 

single crystal X-ray diffraction. In the three compounds, which crystallized in the non-centrosymmetric 

monoclinic space-group P21, the amide groups are disordered, yet they form the classical intramolecular 

hydrogen bond for such ortho-diamide motif. Electrocrystallization experiments afforded the mixed valence 

radical cation salts [(S,S)-1b]2XO4 and [(R,R)-1b]2XO4 (X = Cl, Re) containing four independent donors in the 

asymmetric unit, with the positive charge localized essentially on two donors while the two others are neutral. 

The topology of the organic layer is of β’-type. Single crystal resistivity measurements show semiconducting 

behavior for [(S,S)-1b]2ClO4 and [(R,R)-1b]2ReO4, with a room temperature conductivity of 5 10-5 S cm–1  and 

activation energies Ea ≈ 3000 K. Tight-binding band structure calculations of extended Hückel type in combination 

with DFT calculations are in agreement with the semiconducting behavior and suggest a localized Mott type 

semiconductor rather than a band gap semiconductor. 

 

 

INTRODUCTION 

Functionalization of tetrathiafulvalenes (TTF), a well-known electroactive platform for donor-acceptor 

systems,1,2,3 molecular conductors and superconductors,4,5 switchable systems,6 and redox-active ligands and 

complexes,7 with hydrogen bonding units provides an access to electroactive precursors and materials in which 

intra- and intermolecular hydrogen bonds play an important role in the resulting solid state architectures as they 

compete with other intermolecular interactions such as π-π stacking, S···S van der Waals and orbital overlap 

between open shell species in the case of radical cation salts.8 Therefore various hydrogen bonding donor and/or 

acceptor groups such as carboxylic acids,9,10,11,12 alcohols,13,14,15,16,17 nucleobases,18,19 imidazoles,20,21,22 
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phenols,23 catechols24,25,26,27 have been attached to TTF either directly or through spacers. In this respect the 

amide function proved to be particularly prolific when considering the large number of TTF 

monoamides,28,29,30,31,32 ortho-diamides,33,34,35 bis(amides)36 precursors and conducting radical cation salts 

reported to date, including chiral derivatives such as TTF-hydroxyamides,37 TTF-tetrakis(methyl-benzamides) 

providing conducting helical fibers,38 binaphthyl-TTF-diamides,39 or C3 symmetric benzene-1,3,5-tricarboxamides 

tris(TTF) derivatives which self-assemble in helical aggregates.40,41,42 In this respect, introduction of chirality into 

electroactive precursors proved its interest in recent years through the preparation of crystalline chiral 

conductors,43,44,45 in which differences of conductivity have been observed between the racemic and 

enantiopure forms either because of structural disorder46,47 or different crystal packings.48,49 Moreover, the 

direct synergy between electrical conductivity and chirality through the electrical magnetochiral anisotropy 

effect (eMChA)50,51 has been observed for the first time in crystalline chiral molecular conductors based on the 

dimethyl-ethylenedithio-tetrathiafulvalene (DM-EDT-TTF) donor (see in Scheme 1 the (S,S) enantiomer).52 More 

recently, we have shown that the decrease of the number of stereogenic centers from two in DM-EDT-TTF to 

one in methyl-ethylenedithio-tetrathiafulvalene (Me-EDT-TTF) (see in Scheme 1 the (R) enantiomer) resulted in 

the stabilization of a metallic triclinic phase for the enantiopure salts with the PF6
- anion,53 compared to the 

semiconducting monoclinic chiral phases of DM-EDT-TTF with the same anion.48 In the work described herein we 

have decided to investigate the influence of the number of stereogenic centers on the ethylene bridge (one or 

two methyl groups), on the solid state architectures of the resulting Me-EDT-TTF(CONH2)2 and DM-EDT-

TTF(CONH2)2 donors 1a and 1b (Scheme 1), respectively, and the radical cation salts of the latter with the ClO4
- 

and ReO4
- anions. The electron transport properties of the enantiopure salts of 1b have been determined and 

correlated with band structure calculations. 
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Scheme 1. Chiral methylated EDT-TTF donors; the ortho-diamides 1a and 1b are described in this work 

 

 

RESULTS AND DISCUSSION 

Synthesis and characterization of the neutral donors 

The bis-amide derivatives Me-EDT-TTF(CONH2)2 and DM-EDT-TTF(CONH2)2 of type 1a and 1b respectively, have 

been obtained by amidation reactions of the previously described donors (S)-2a, (R)-2a, racemic-2a,53 and (S,S)-



2b and (R,R)-2b,48  following the method described by Baudron et al. to obtain EDT-TTF(CONH2)2 from the diester 

precursor EDT-TTF(CO2Me)2 (Scheme 2).33 
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Scheme 2. Synthesis of the ortho-diamides 1a and 1b 

 

While the diester precursor DM-EDT-TTF(CO2Me)2 2b was obtained and subsequently used as pure 

enantiomers,48 Me-EDT-TTF(CO2Me)2 2a was synthesized as racemic mixture53 which provided the pure 

enantiomers by chiral HPLC (see the SI). The assignment of the absolute configurations of (S)-2a and (R)-2a has 

been done by comparison of the circular dichroism (CD) spectra and the optical rotations (see the SI) with those 

of the Me-EDT-TTF enantiomers.53 Accordingly, (R)-2a is dextrorotatory and (S)-2a is levorotatory, with specific 

optical rotation values of +47 and -46 deg·mL·g−1·dm−1 ([α]589
25 in CH2Cl2, see the SI), respectively. Moreover, this 

assignment was confirmed by the single crystal X-ray structure of (S)-1a. 

The racemic and (S) enantiomer of 1a have given single crystals for X-ray diffraction by slow evaporation from 

tetrahydrofuran solutions. The single crystals of (S,S)-1b have been obtained by slow diffusion of diethyl ether 

into a solution of compound in tetrahydrofuran followed by evaporation. X-ray analysis shows for all the crystals 

one independent molecule in the unit cell of the monoclinic non-centrosymmetric space group P21 (Figure 1). In 

all the cases the molecules show disorder on the two amide groups whereas the racemic of 1a shows an extra 

disorder on the ethylene bridge, ensuring the presence of the two enantiomers in the asymmetric unit. The 

molecules pack within the crystals via hydrogen bonding between the amide units NH···O═C of the same 

molecule and of neighboring molecules (Table S1 and Figure S1). Note the equatorial conformation of the methyl 

substituent in (S) and (rac)-1a, while the two methyl groups in (S,S)-1b lie in axial positions. DFT calculations on 

the DM-EDT-TTF donor shown that the axial and equatorial conformers are very close in energy,54 therefore the 

occurrence of one or the other in the solid state is very likely a consequence of the crystal packing. 



                          

 
Figure 1. Molecular structures of (S)-1a (top, left), (rac)-1a (top, right) and (S,S)-1b  (bottom) donors with atom labels. 

 

Radical cation salts 

Electrocrystallization of both enantiomers of 1b, in a 1/1 mixture of THF and 1,1,2-trichloroethane using 

[NBu4]ClO4 and [NBu4]ReO4 as supporting electrolytes, afforded the corresponding isostructural radical cation 

salts [(S,S)-1b]2XO4 and [(R,R)-1b]2XO4 (X = Cl, Re),  respectively, which crystallized in the monoclinic P21 space 

group. X-ray diffraction analysis of the single crystals shows four independent molecules in the unit cell, in 

different degrees of oxidation, and two anions for both [1b]2ClO4 and [1b]2ReO4 salts, giving thus a ratio of two 

donors for one anion. Within the four repeating units that give the parallel columns of TTFs we can distinguish 

two groups of donors, namely almost neutral (A and C) and mono-oxidized (B and D) (e.g. for [(S,S)-1b]2ClO4). 

Somewhat stronger intramolecular NH···O═C hydrogen bonding between the amide units have been observed 

in the neutral than in the oxidized donors, with values for the former similar to the ones in the neutral donor 

(S,S)-1b (Table 1). Similar oxidation degrees of the donors have been observed for the isostructural [(R,R)-

1]2ReO4. As also observed in most of the radical cation salts based on methylated EDT-TTF donors,48,53 the methyl 

groups adopt equatorial conformations, as a mean to maximize the orbital overlap between open shell species. 

 
Table 1. Central C=C bond lengths (Å) and intramolecular NH···O=C hydrogen bonding (Å) with the corresponding N···O=C 
distances in (S,S)-1b, [(S,S)-1b]2ClO4 and [(R,R)-1b]2ReO4 

[(S,S)-1b]2ClO4  [(R,R)-1b]2ReO4  (S,S)-1b 

Molecule C─C NH···O═C 

(N···O═C) 

Molecule C─C NH···O═C 

(N···O═C) 

C─C NH···O═C 

(N···O═C) 

A 1.3612(151) 1.966 (2.768) A 1.3261(130) 1.955 (2.755) 1.3455(70) 1.973 (2.744) 

 B 1.3839(132) 2.051 (2.836) B 1.3693(119) 1.975 (2.782) 

C 1.3244(132) 1.933 (2.753) C 1.3697(124) 2.029 (2.815) 

D 1.3743(142) 2.019 (2.807) D 1.3886(124) 2.096 (2.879) 

 

Strong lateral contacts through S···S interactions inferior to the sum of van der Waals radii give organic layers 

formed by A(DA)nD and B(CB)nC ribbons along the b axis (Figure 2). The parallel columns of TTFs interact laterally 



(A···C and B···D) through additional S···S contacts though longer compared to the ones within the ribbons. Parallel 

ribbons seem to close pack through intrastack S···S contacts giving head-to-head (h-to-h) dimers of AB and CD 

type within each column of TTFs (Figure S2). The strongest intra-dimer interaction is observed between the 

molecules of dimer CD whereas the shorter S···S contacts within AB are in the range of the inter-dimer distances 

(Table 2). The packing of the molecules in the crystal is of the β’-type, similar to the one previously described for 

the achiral [EDT-TTF(CONH2)2]2X (HSO4
-, ClO4

-, ReO4
-, and AsF6

-) salts.33 In contrast to [EDT-TTF(CONH2)2]2ClO4, 

the intra-stack interactions in [(S,S)-1b]2ClO4 are much weaker, most probably because of the steric hindrance 

due to the methyl substituents of the ethylene bridge, and as consequence the interactions within the columns 

of donors are very weak. Therefore these interactions have been considered negligible and the solely considered 

HOMO…HOMO interactions are the lateral interactions between donors B with D and A with C (vide infra).  

 
Figure 2. Packing in parallel stacks of the four types of molecules through short lateral S···S interactions along the b axis in 
[(S,S)-1b]2ClO4. 

 

Table 2. Short lateral and intra-stack S···S contacts in [(S,S)-1b]2ClO4 and [(R,R)-1b]2ReO4  

S···S in [(S,S)-1b]2ClO4  S···S in [(R,R)-1b]2ReO4  
 Lateral  Intra-stack Lateral Intra-stack 

A and C 3.284 Intra-Dimer  
(AB) 

3.780(6) A and C 3.286 Intra-Dimer  
(AD) 

3.772(5) 
3.394 3.793(5) 3.405 3.802(5) 
3.398 3.808(5) 3.424 3.813(4) 
3.422 3.922(6) 3.429 3.892(5) 
3.456   3.450 3.942(6) 
3.507   3.498   

B and D 
 

3.295 

Intra-Dimer 
(CD) 

3.686(5) B and D 
 

3.303 Intra-Dimer  
(BC) 

3.658(5) 
3.340 3.671(6) 3.355 3.697(4) 
3.377 3.721(5) 3.367 3.760(5) 
3.438 3.765(6) 3.429 3.744(4) 
3.441   3.450 3.926(6) 
3.469   3.459   

  Inter-Dimers  
(AB)···(CD) 

3.798(6)   Inter-Dimers  
(BC)···(AD) 

3.864(5) 
  3.879(5)   3.934(4) 
  3.979(7)   3.960(5) 

 



Besides lateral S···S contacts, the packing within the ribbons is strengthened by NH···O═C hydrogen bonding 

between the amide units. Thus, different columns interact in the ab plane as shown by the short NH···O═C 

distances between molecules A and D, and B and C (Table 3). Other inter-column interactions of NH···O═C 

hydrogen bonding type take place between identical molecules belonging to parallel ribbons (B···B and D···D) 

(Figure 3). 

 

Figure 3. Intermolecular NH···O═C hydrogen bonding between A and D, and B and C molecules of neighboring stacks of [(S,S)-
1b]2ClO4. 

 

 

Table 3. Intermolecular hydrogen bonding (Å) NH···O═C, NH···O(XO4) and CH···O(XO4) in [(S,S)-1b]2ClO4 and [(R,R)-1b]2ReO4 

[(S,S)-1b]2ClO4 [(R,R)-1b]2ReO4 
NH···O═C NH···O(ClO4) CH···O(ClO4) NH···O═C NH···O(ReO4) CH···O(ReO4) 
A and D A  Cl1 A and C A Re1 

2.064 2.613 (Cl1) 2.676 (A)a 2.094 2.585 (Re1) 2.430 (A)a 
2.104 2.611 (Cl1) 2.705 (A) 2.131 2.615 (Re1) 2.856 (A) 
2.109 2.109 (Cl2) 2.472 (B) 2.165 2.054 (Re2)  
2.311  2.568 (B) 2.296   

 B   B  
B and C 2.611 (Cl1) Cl2 B and D 2.069 (Re1) Re2 
2.047  2.402 (C) 2.051 2.667 (Re2) 2.575 (B) 
2.083  2.572 (C) 2.082 2.609 (Re2) 2.420 (C) 
2.133  2.450 (D) 2.133   
2.240 C 2.715 (D) 2.228 C  

 2.142 (Cl1)   2.649 (Re1)  
B and B 2.644 (Cl2)  C and C 2.567 (Re2)  
2.194 2.713 (Cl2)  2.320   

D and D D  D and D D  
2.252 2.559 (Cl2)  2.290 2.414 (Re1)  

a CH(bridge)···O(XO4) 

 

All four types of molecules are involved in intermolecular hydrogen bonding of the amide units with the anions 

(NH···O(XO4)) with values ranging from 2.109 Å to 2.713 Å. Thus, one of the anions (Cl1) is interacting with 



molecules A, B and C, whereas the other one (Cl2) with molecules A, C and D. The anions are involved in less 

strong interactions with the protons of the ethylene bridge and the methyl units (CH···O(XO4)), one interacting 

with molecules A and B whereas the other one with C and D (Table 3 and Figure 4). 

 

 

Figure 4. Intermolecular hydrogen bonding of the anions with the amide units (molecules labelled in black) and with the 
protons of the ethylene bridge and the methyl groups (molecules labelled in red) in [(S,S)-1b]2ClO4. 

For comparison all tables contain as well data of [(R,R)-1b]2ReO4 from which small differences with the ClO4 

counterpart could be noted such as average shorter hydrogen bonds for the ReO4
– salt (Table 3 and Figures S3 

and S4), while S···S distances are in the same range for all four radical cation salts ( Table 2).  

 

Electron transport properties and band structure calculations of the radical cation salts 

Single crystal temperature dependent resistivity measurements of the radical cation salts [(S,S)-1b]2ClO4 and 

[(R,R)-1b]2ReO4 show semiconducting behavior, with room temperature conductivities of the order of 5 10-5 S 

cm–1 and activation energies Ea ≈ 3000 K (Figure 5), as could be expected when considering the observed charge 

ordering in the donors layers and the long intrastack S···S distances. 



 
Figure 5. Temperature dependence of the electrical resistivity ρ for single crystals of [(S,S)-1b]2ClO4 (blue) and [(R,R)-1b]2ReO4  
(green). The continuous lines are the fit giving the activation energies. 
 

The donor layers of [1b]2(XO4) (X= Cl, Re) contain parallel chains along c built from four symmetry non-equivalent 

donors (A to D in Figure 6). The repeat unit of the layer contains two of these ABCD chains in the case of [(S,S)-

1b]2ClO4. The four donors exhibit different central C=C bond lengths ranging from 1.324 to 1.384 Å but as shown 

in Figure 7c the HOMO levels clearly fall into two separate groups, (A,C) and (B,D), thus suggesting different 

oxidation states for the two groups. 
 

 

 
Figure 6. Donor layer of the for [(S,S)-1b]2ClO4 salt . The four symmetry non-equivalent donor molecules are labelled A to D. 

The green dashed lines denote the only HOMO…HOMO interactions that are not negligible (see text). 
 



There are several short S…S contacts both within the chain and between the chains. However, because of the 

relatively large energy difference, the interaction between HOMOs of the two different groups will be weak. As 

shown in Figure 7b where the band structure of an individual chain along c is reported, the two pairs of HOMOs 

lead to two clearly separated pairs of bands which are only weakly dispersive (~ 0.05 eV). This clearly indicates 

weak interactions within the chains which is easily understandable because the donors of the two types alternate 

along the chain. Along the interchain direction the S…S contacts may be as short as 3.3-3.5 Å, especially among 

pairs of donors at the same level in the b-direction (i.e., B1…C2, B2…C1, etc.). However all of these contacts are 

between donors of different groups and, again, the HOMO…HOMO interactions are very weak. Other interchain 

interactions may occur between pairs of donors at different levels along the c-direction. However, because of 

the bulky substituents, those between donors of the same type (i.e. A1…A2, B1…B2, etc.) are not associated with 

short S…S contacts and the HOMO…HOMO interactions are also very weak. In contrast, some of those between 

different pairs of donors of the same group (i.e., A1…C2, D1…B2, etc.) are associated with both relatively short S…S 

contacts and HOMOs of similar energy. These are the only interactions which can provide a clear electronic 

connection between HOMOs of different donors (see the green dashed lines in Figure 6). However, as it can be 

seen in Figure 6, only half of these contacts are effective because the bulky substituents induce long distances in 

the other half of these contacts (for instance, the interaction of B1 with the D2 donor at the left is associated with 

short S…S contacts but that with the D2 donor at the right is not associated with short S…S contacts). 

Consequently, the only HOMO…HOMO interactions that are sizeable are those indicated by green dashed lines 

in Figure 6. Their strength can be estimated from the so-called |βHOMO-HOMO| interaction energies.55 Those for the 

A1…C2 (or A2…C1) and D1…B2 (or D2…B1) interactions are calculated to be 0.1059 and 0.071 eV, respectively. These 

values are non-negligible, but correspond to only moderate interactions.56,49,33 
 

 

Figure 7. Extended Hückel band structure for the donor layers (a) and for one of the chains along the c-direction (b) for the 
[(S,S)-1b]2ClO4 salt. Γ = (0, 0), Y = (b*/2, 0), Z = (0, c*/2) and M = (b*/2, c*/2) and the dashed line refers to the Fermi level 
assuming double occupation of the levels. (c) HOMO levels of the four donors. 
 



A look at Figure 6 clearly shows that there is not a continuous path of such non negligible HOMO…HOMO 

interactions along the solid. Consequently, whatever the strength of these interactions might be, the band 

dispersion must be weak. The calculated band structure for the donor layers in [(S,S)-1b]2ClO4 (Figure 7a) shows 

that this is indeed the case. This is specially observed for the four upper bands which are those associated with 

the holes. Analysis of the crystal orbitals associated with the four upper bands shows that these levels are more 

than 80% concentrated in the HOMOs of the B and D donors whereas those of the four bottom bands are more 

than 80% concentrated in the HOMOs of the A and C donors. Thus A and C should be formally considered as 

neutral whereas B and D are formally mono-cations.  Exactly the same situation is found both for the topology 

of the band structure and nature of the bands for the four salts reported here (for instance see the calculated 

band structure for the [(R,R)-1b]2ClO4 and for [(R,R)-1b]2ReO4 salts in the supplementary information).  

The repeat unit of the layer contains two ABCD chains so that the number of holes per repeat unit is four. Since 

there is a band gap separating the two pairs of upper bands it may be suggested that [(S,S)-1b]2ClO4 is an intrinsic 

(i.e. regular band gap) semiconductor. However, since the four upper bands are quite narrow and thus the 

electronic repulsions will favor an electronic localization, the system may also be a Mott insulator.  Although both 

situations are associated with an activated conductivity, the two possibilities correspond to very different 

physical situations. In the first case, all electrons are paired so that the four electrons of the B and D donors must 

be localized in the B1…D2 and B2…D1 pairs with the electrons of the B and D donors paired because of the dashed 

green interaction. This corresponds to an intrinsic semiconductor. In contrast, the second possibility is associated 

with a series of unpaired electrons located on the four B and D donors interacting more weakly than in the 

previous case and thus being able to lead to different magnetic states depending on the different coupling 

constants.  One of the factors distinguishing between the band gap and Mott situations is the strength of the 

green dashed interaction; the intrinsic semiconductor situation is favored when this interaction increases.  

In order to discriminate among the two possibilities we have carried out first-principles density functional theory 

(DFT) calculations for both the intrinsic semiconductor and several localized configurations for the [(S,S)-1b]2ClO4 

salt. We have found four different localized configurations which may be schematically described as in Figure 8, 

which is a simplified representation of Figure 6 where every type of donor is represented by a solid line with a 

different color: blue (A), black (B), green (C) and red (D). The length of the arrows indicates the magnitude of the 

spin density for the different donors. The FM state is a ferromagnetic state with four spin-up spins per repeat 

unit cell (see Figure S7 for the band structure). According to these calculations the unpaired spins (and thus the 

holes) are mostly located on the B and D (71 %). However there is a substantial delocalization towards the 

neighboring A and C donors (29 %). As a matter of fact, when the density of states of the intrinsic semiconductor 

given by the DFT calculations is analyzed, the hole distribution is very similar to that of the FM state, 68% are 

located in the B and D donors and thus 32 % on the A and C donors. Thus these ferromagnetic and intrinsic 

semiconductor states provide a textbook example of the difference between localized and delocalized systems 

with practically the same concentration of holes per molecule.  Note that the band structure of the intrinsic 

semiconductor as given by DFT (Figure 9a) shares all features of the extended Hückel one (Figure 7a); in particular 

a relatively small gap is found in both cases along the Γ to Z direction. As shown in Table 4, the ferromagnetic 



state is 17 meV per unit cell more stable than the intrinsic semiconductor thus pointing out the preference for 

localized holes in this salt and the weakness of the dashed green interactions in Figure 6. 
 

 

Figure 8. Schematic representation of the donor layer in Figure 6 where the different localized states (FM, AF 1, AF 2 and AF 
3) obtained for the [(S,S)-1b]2ClO4 salt through spin-polarized DFT calculations are shown. Every type of donor is represented 
by a solid line with a different color: blue (A), black (B), green (C) and red (D). The length of the arrows indicates schematically 
the magnitude of the spin density for the different donors. 
 

The previous result suggests that localized states where some of the magnetic couplings turn out to be 

antiferromagnetic could be more stable. The two most stable states that we have found are those labelled AF 1 

and AF 3 in Figure 8. In these cases the holes are completely localized in donors B and D and donors A and C are 

neutral. There are three types of magnetic coupling in these states: (i) indirect B-D coupling through A and C 

donors along the chains (c-direction), (ii) direct B-B and D-D coupling along the B/C or A/D ribbons along b (see 

Figure 6), and (iii) direct B-D inter-ribbons coupling.  States AF 1 and AF 3 exhibit antiferromagnetic coupling 

along the chains (four interactions per unit cell) but they differ in the direct couplings (inter- and intra-ribbon). 

Whereas in AF 1 the intra-ribbon interactions (4 per unit cell) are ferromagnetic and the inter-ribbon (2 per unit 

cell) are antiferromagnetic, in AF 3 occurs just the opposite. As shown in Table 4, both AF 1 and AF 3 are 

substantially more stable than the intrinsic semiconductor. State AF 3 with the maximum of antiferromagnetic 

interactions is marginally more stable. As shown in Figure 9 both AF 1 and AF 3 exhibit larger gaps than the 

intrinsic semiconductor so that they are more stable but less conductive than the intrinsic semiconductor.   

Table 4. DFT relative energy differences (meV/unit cell) for the delocalized intrinsic semiconductor and the different 
localized states in Figure 7 

 State Energy (meV/unit cell) 

Intrinsic semiconductor 46 

FM 29 

AF 1 4 

AF 2 30 

AF 3 0 



 

 

Figure 9. DFT band structures for the intrinsic semiconductor (a) AF 1 (b) and AF 3 (c) states for the [(S,S)-1b]2ClO4 salt. Γ = 
(0, 0, 0), Y = (0, b*/2, 0), Z = (0, 0, c*/2), M = (0, b*/2, c*/2) and X (a*/2, 0, 0). The dashed line refers to the highest occupied 
level in all cases. All levels are doubly filled in (a). Spin up and spin-down bands are shown in red and blue, respectively in (b) 
and (c). The spin-up and spin-down bands are identical although located in spatially different but equivalent sites in (c) so 
that only the blue bands are visible. 
 

It is interesting to note that the state labelled AF 2 in Figure 8 is also more stable than the intrinsic semiconductor 

(see Figure S8 for the band structure). From the physical viewpoint this state contains alternate chains with 

delocalized and localized electrons with antiferromagnetic coupling along the chains. This state is degenerate 

with another state that can be obtained by swapping the localized and delocalized electrons on the two chains. 

The stability of these two states is intermediate between that of the intrinsic semiconductor and the AF 1 and AF 

3 fully localized states. Again, this result confirms the tendency to the localization along the chains in this salt. 

We thus conclude that for [(S,S)-1b]2ClO4 and most likely the other three salts will behave as localized 

semiconductors, in agreement with the single crystal resistivity data (vide supra). 

 

CONCLUSIONS 

Chiral mono- and dimethylated EDT-TTF primary diamide derivatives 1a and 1b have been synthesized by direct 

amidation of the corresponding diester precursors and their solid state structures determined by single crystal 

X-ray diffraction. The crystal packing is mainly driven by the interplay between the intra- and intermolecular 

NH···O=C hydrogen bonding and intermolecular S···S interactions. Crystalline isostructural mixed valence radical 

cation salts have been obtained by electrocrystallization with the enantiopure donor 1b and ClO4
– and ReO4

– 

monoanions. According to the single crystal X-ray analysis there are four independent donor molecules and two 

anions in the asymmetric unit, with the positive charge unequally distributed, two TTF being essentially neutral 

and the two other in the mono-oxidized state. In the organic layers there is formation of parallel columns of 

donors with formation of weak dimers, between charge rich and charge poor molecules, laterally shifted one to 

the other, a packing reminiscent of β’-phases. However, both intrastack and interstack TTF···TTF transfer integral 

energies are relatively small, leading to weak dispersive energy bands, indicative of a band gap semiconductor 

or Mott insulator, according to tight-binding band structure calculations. Single crystal resistivity measurements 

on [(S,S)-1b]2ClO4 and [(R,R)-1b]2ReO4 show indeed semiconducting behavior with room temperature 

conductivity values of 5 10-5 S cm–1 and high activation energies. First-principles DFT calculations for both the 

intrinsic semiconductor and several spin localized configurations allow to conclude that the enantiopure salts 

described herein are localized semiconductors. These first examples of chiral methylated EDT-TTF donors and 

conducting radical cation salts demonstrate the rich opportunities opened by the association of hydrogen 



bonding donor/acceptor groups and chirality towards the preparation of chiral materials in which the anions play 

an active role through the establishment of strong intermolecular TTF-amide···anion hydrogen bonding. 

 
EXPERIMENTAL SECTION 

Materials and methods 

Commercially available reagents and solvents were used as received unless otherwise specified. 1,1,2-

trichloroethane and THF for electrocrystallization were used freshly distilled and purified by passage through 

activated alumina columns using a solvent purification system, respectively. All other reagents were used as 

received unless otherwise noted. Nuclear magnetic resonance spectra were recorded on a Bruker Avance DRX 

300 spectrometer operating at 300 MHz for 1H and 75 MHz for 13C. Chemical shifts are expressed in parts per 

million (ppm) downfield from external TMS. The following abbreviations are used: s, singlet; m, multiplet. MALDI- 

TOF MS spectra were recorded on Bruker Biflex-IIITM apparatus, equipped with a 337 nm N2 laser and MS-EI 

spectra on a double-focusing magnetic sector mass spectrometer Jeol JMS-700. Elemental analyses were 

recorded using Flash 2000 Fisher Scientific Thermo Electron analyzer. 

 

Syntheses 

(rac)-2-(5-methyl-5,6-dihydro-[1,3]dithiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-dithiole-4,5-dicarboxamide (rac)-1a 

To a solution of (rac)-2a53 (200 mg, 0.47 mmol) in 50 ml of acetonitrile was added an excess of aqueous NH3 (10 

ml) and the mixture stirred at r.t. for 24 hours. The formed solid was filtered and washed with acetonitrile and 

acetone to afford a dark mauve solid (130 mg, 70 %). 1H NMR (300 MHz, DMSO): δ 8.19 (d, J = 72.8 Hz, 4H, NH2), 

3.85-3.78 (m, 1H, CH), 3.38 (dd, J = 13.2, 3.0 Hz, 1H, -SCH2CH-), 3.18 (dd, J = 13.3, 6.9 Hz, 1H, -SCH2CH-), 1.39 (d, 

J = 6.7 Hz, 3H, CH3). 13C NMR (75 MHz, DMSO) δ ppm: 160.56(C=O), 133.22, 113.35, 111.87, 111.33, 105.95, (C=C), 

38.27 (S-CH), 35.89 (CH2), 20.57 (CH3). MS (EI) m/z: 393.91 (Mth =393.90). Elemental analysis calcld. (%) for 

C11H10N2O2S6: C 33.48; H 2.55; N 7.10; O 8.11; S 48.75. Found: C 33.64; H 2.41; N 7.23; O 8.08; S 48.83. 

 

(S)-2-(5-methyl-5,6-dihydro-[1,3]dithiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-dithiole-4,5-dicarboxamide (S)-1a and 

(R)-2-(5-methyl-5,6-dihydro-[1,3]dithiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-dithiole-4,5-dicarboxamide (R)-1a 

The same synthetic procedure was followed as for the racemic mixture starting from (S)-2a and (R)-2a, 

respectively.  

 

2-((S,S)-5,6-dimethyl-5,6-dihydro-[1,3]dithiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-dithiole-4,5-dicarboxamide [(S,S)-

1b] 

To a solution of (S,S)-2b48 (0.3 g, 0.68 mmol) in 50 ml of acetonitrile was added an excess of aqueous NH3 (10 ml) 

and the mixture stirred at r.t. for 24 hours. The formed solid was filtered and washed with acetonitrile and 

acetone to afford a dark mauve solid (0.178 g, 60 %). 1H NMR (300 MHz, DMSO) δ 8.31 (s, 2H), 3.53 (m, J = 5.3 

Hz, 2H), 1.33 (m, J = 6.1 Hz, 6H). 13C NMR (75 MHz, DMSO) δ 160.59, 133.19, 111.25, 110.50, 105.53, 42.87, 22.10. 

MS (MALDI-TOF) m/z: 407.6 (Mth = 407.92). Elemental analysis calcd. (%) for C12H12N2O2S6: C 35.27, H 2.96, N 

6.86, S 47.08; found: C 35.57, H 2.97, N 6.76, S 47.12. 



 

2-((R,R)-5,6-dimethyl-5,6-dihydro-[1,3]dithiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-dithiole-4,5-dicarboxamide 

[(R,R)-1b] 

The same synthetic procedure was followed as for the (S,S) enantiomer starting from (R,R)-2b.  

 

Electrocrystallization 

[(S,S)-1b]2ClO4. 21 mg of [NBu4]ClO4 were dissolved in 6 mL of THF/1,1,2-trichloroethane (1/1) and the solution 

was poured into the cathodic compartment of the electrocrystallization cell. The anodic chamber was filled with 

5 mg of [(S,S)-1] dissolved in 6 mL of THF/1,1,2-trichloroethane (1/1). Single crystals of the salt were grown at 20 

°C over a period of 5 days on a platinum wire electrode by applying a constant current of 1 μA. Black needles 

were obtained on the electrode and in solution. 

[(R,R)-1b]2 ClO4.  Same conditions and amounts as previously described were employed. 

[(S,S)-1b]2ReO4. 30 mg of [NBu4]ReO4 were dissolved in 6 mL of THF/1,1,2-trichloroethane (1/1) and the solution 

was poured into the cathodic compartment of the electrocrystallization cell. The anodic chamber was filled with 

5 mg of [(S,S)-1b] dissolved in 6 mL of THF/1,1,2-trichloroethane (1/1). Single crystals of the salt were grown at 

20 °C over a period of 7 days on a platinum wire electrode by applying a constant current of 0.5 μA for 2 days 

followed by 1 μA for 5 days. Black needles were obtained on the electrode and in solution. 

[(R,R)-1b]2 ReO4.  Same conditions and amounts as previously described were employed. 

 

Single Crystal X-ray Diffraction 

X-ray single-crystal diffraction data were collected on an Agilent SuperNova diffractometer equipped with Atlas 

CCD detector and mirror monochromated micro-focus Cu-Kα radiation (λ = 1.54184 Å) and on a Nonius Kappa 

CCD diffractometer using graphite-monochromated MoKα radiation (λ = 0.71073 Å). The structure was solved by 

direct methods, expanded and refined on F2 by full matrix least-squares techniques using SHELX programs (G.M. 

Sheldrick, 2016). All non-H atoms were refined anisotropically and the H atoms were included in the calculation 

without refinement. Multiscan empirical absorption was corrected using CrysAlisPro program (CrysAlisPro, 

Agilent Technologies, V1.171.37.35g, 2014). A summary of the crystallographic data and the structure refinement 

is given in Tables 5 and 6. CCDC 1971786 to CCDC 1971792 contain the supplementary crystallographic data for 

this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

  

http://www.ccdc.cam.ac.uk/data_request/cif


Table 5. Crystallographic data, details of data collection and structure refinement parameters for the neutral donors 
 (S)-1a rac-1a (S,S)-1b 
formula C11H10N2O2S6  C11H10N2O2S6 C12H12N2O2S6  
M [gmol-1] 394.57 394.57 408.60  
T [K] 150 150 293  
crystal system Monoclinic Monoclinic  Monoclinic 
space group P21  P21  P21  
a [Å] 6.2899(5) 6.2909(4) 6.5406(2)  
b [Å] 12.7007(11) 12.7266(9) 12.2892(16)  
c [Å] 9.6921(11) 9.6707(11) 11.0046(15)  
β [°] 90.056(9) 90.040(8) 106.850(5) 
V [Å3] 774.26(13) 774.25(11) 846.56(16)  
Z 2  2  2  
ρcalcd [gcm-3] 1.692 1.692 1.603  
μ [mm-1] 8.206 8.206 0.813  
goodness-of-fit on F2 1.029 1.088 1.066  
final R1/wR2 [I > 2σ(I)] R1 = 0.0594, wR2 = 0.1331 R1 = 0.0621, wR2 = 0.1664 R1 = 0.0472, wR2 = 0.1014  
R1/wR2 (all data) R1 = 0.0746, wR2 = 0.1413 R1 = 0.0651, wR2 = 0.1722 R1 = 0.0852, wR2 = 0.1162  
Absolute structure parameter 0.00(7) 0.06(11) 0.04(6) 

 
 

Table 6. Crystallographic data, details of data collection and structure refinement parameters for the radical cation salts 

 [(S,S)-1b]2ClO4 [(R,R)-1b]2ClO4 [(S,S)-1b]2ReO4 [(R,R)-1b]2ReO4 
formula C48H48Cl2N8O16S24  C48H48Cl2N8O16S24  C48H48N8O16Re2S24  C48H48N8O16Re2S24  
M [gmol-1] 1833.28  1833.28 2134.78  2134.78 
T [K] 150.0(1)  150.00(10)  150.00(10)  150.00(10)  
crystal system Monoclinic  Monoclinic Monoclinic Monoclinic  
space group P21  P21  P21  P21  
a [Å] 17.0529(9)  17.1432(8)  17.2074(6)  17.2047(3)  
b [Å] 12.6806(3)  12.6889(3)  12.6806(3)  12.6677(2)  
c [Å] 17.1325(9)  17.1636(7)  17.3633(5)  17.3593(3)  
β [°] 113.142(6) 113.455(5)  113.743(4)  113.712(2)  
V [Å3] 3406.6(3)  3425.1(3)  3468.0(2)  3463.96(10)  
Z 2  2  2  2 
ρcalcd [gcm-3] 1.787  1.778  2.044  2.047  
μ [mm-1] 8.357  8.312  14.087  14.104  
goodness-of-fit on F2 1.072  1.067  1.041  1.052  
final R1/wR2 [I > 
2σ(I)] 

R1 = 0.0831, wR2 = 
0.2315  

R1 = 0.0763, wR2 = 
0.2380  

R1 = 0.0458, wR2 = 
0.1180  

R1 = 0.0482, wR2 = 
0.1252  

R1/wR2 (all data) R1 = 0.1061, wR2 = 
0.2691  

R1 = 0.0952, wR2 = 
0.2566  

R1 = 0.0551, wR2 = 
0.1258  

R1 = 0.0557, wR2 = 
0.1328  

Absolute structure 
parameter 0.00(4) 0.125(16) 0.019(13) 0.033(17) 

 
 

Computational details 

The tight-binding band structure calculations were of the extended Hückel type.57 A modified Wolfsberg-

Helmholtz formula was used to calculate the non-diagonal Hµν values.58 All valence electrons were taken into 

account in the calculations and the basis set consisted of Slater-type orbitals of double-ζ quality for C, N and O 

2s and 2p, S 3s and 3p and of single-ζ quality for H. The ionization potentials, contraction coefficients and 

exponents were taken from previous work.59,34 

The first-principles spin-polarized calculations were carried out using a numeric atomic orbitals  density 

functional theory (DFT) approach60,61 developed for efficient calculations in large systems and implemented in 

SIESTA code.62,63,64 We used the generalized gradient approximation (GGA) to DFT and, in particular, the 



functional of Perdew, Burke, and Ernzerhof.65 Only the valence electrons are considered in the calculation, with 

the core being replaced by norm-conserving scalar relativistic pseudopotentials66 factorized in the Kleinman–

Bylander form.67 We have used a split-valence double-ζ basis set including polarization orbitals with an energy 

shift of 10 meV for all atoms.68 The energy cutoff of the real space integration mesh was 350 Ry. The Brillouin 

zone was sampled using a grid of (3 × 5 × 5) k-points.69 The crystal structure at room temperature was used for 

the calculations. 

 

Conductivity measurements 

Resistivity measurements were carried out on needle-shaped single crystals of [(S,S)-1b]2ClO4 and [(R,R)-

1b]2ReO4 in the temperature range 300−150K. To perform the electrical contacts, gold wires were attached 

directly to the crystals with silver paint. Two-probe DC measurements were performed applying a constant 

voltage in the range 2-10V and measuring the current using a Keithley 6487 Picoammeter/Voltage Source. Low 

temperature was provided by a home-made cryostat equipped with a 4 K pulse-tube. 
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