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ABSTRACT: The diradical acceptor-donor-acceptor triad 1··, based on two 

polychlorotriphenylmethyl (PTM) radicals connected through a tetrathiafulvalene(TTF)-vinylene 

bridge, has been synthesized. The generation of the mixed-valence radical anion, 1·-, and 

triradical cation species, 1···+, obtained upon electrochemical reduction and oxidation, 

respectively, was monitored by optical and ESR spectroscopy. Interestingly, the modification of 
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electron delocalization and magnetic coupling was observed when the charged species were 

generated and the changes have been rationalized by theoretical calculations.  

TOC GRAPHICS 

 

In the last few years, there is an increasing interest in the design and synthesis of novel 

organic materials exhibiting intramolecular electron transfer (IET) phenomena. Challenging are 

dyadic systems formed by donor (D) and acceptor (A) units connected by conjugated bridges due 

to their potential applications as molecular wires or switches.1-8 Organic mixed-valence (MV) 

compounds containing at least two redox sites with two different oxidation states connected 

through a conjugated bridge are good examples for this kind of compounds.9-14 On the other 

hand, research on organic molecules containing several stable radical centres linked through 

ferromagnetic coupling bridges have also received much attention during the past decades.15-22 In 

fact, there are recent examples of diradical compounds that can switch the magnetic interaction 

between the radical centres by changing the chemical nature of the bridge.19,20 Thus, switching 

the magnetic response of organic molecular materials through the application of an external 

stimulus is an interesting phenomenon since they mimic elemental electronic operations. 

In our group, we have recently reported an organic radical D-A dyad, based on the 

electron π-donor tetrathiafulvalene (TTF) connected to the electron acceptor 
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polychlorotriphenylmethyl (PTM) radical, that exhibits bistability in solution through the 

application of external stimuli such as the polarity of the solvent or temperature.23-28 In 

order to study the effect of having two acceptor PTM units linked to the same TTF 

moiety, we have synthesized and characterized the quadrupolar species based on a 

diradical acceptor-donor-acceptor (A-D-A) triad 1·· consisting on two PTM radical units 

connected by a bis-vinylene-TTF bridge. Moreover, we have studied the reversible 

formation of the mixed-valence 1·- and triradical cation 1···+ species by one-electron 

reduction and oxidation respectively (Scheme 1). Both species exhibit different optical 

and magnetic properties as the electron delocalization was suppressed for the generated 

charged species. This molecular tristable redox system can gate their physical properties 

upon the application of an electrical input in a reversible way under ambient conditions.  

 

Scheme 1. Molecular structures of diradical 1··, mixed-valence 1·- and triradical cation 1···+. 
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Diradical triad 1·· was synthesized in three steps as shown in Scheme 2. First, the precursor 

diformyl TTF 2 was obtained as a mixture of (E) and (Z) isomers, as previously reported.29 It is 

important to note that all the reported compounds derived from 2 were obtained as a mixture of 

isomers,30-34 which are difficult to isolate due to the easiness of a E-Z isomerisation during the 

chromatographic separation.35 Crystallization also resulted fruitless for their purification. 

Compound 4 was obtained through a Horner-Wadsworth-Emmons reaction of diformyl TTF 2 

and two equivalents of phosphonated PTM derivative 3.9 The two vinylene units were obtained 

in trans-configuration according to the coupling constants in the 1H-NMR spectra and to the 

nature of the base (tert-butoxide) that always favours the formation of trans-olefins36 (see Figure 

S1). DFT calculations show that E and Z isomers of 4 lie extremely close in energy (ca. 0.1 

kcal/mol). In addition the computational analysis suggests that the cis configuration of the 

vinylene units is ca. 2 kcal/mol disfavoured with respect to the trans one (see Table S4). Finally, 

subsequent deprotonation of 4 with two equivalents of TBAOH and oxidation of corresponding 

dicarbanions using silver nitrate yield diradical 1·· (E + Z) in 71%, as a brownish powder. 
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Scheme 1. Three-step synthesis of 1··. TBAOH = tetrabutylammonium hydroxide. 

Cyclic voltammetry (CV) of diradical 1·· was recorded in CH2Cl2 at room temperature, with 

[(n-Bu)4N] PF6 (0.1 M) as supporting electrolyte, a Pt wire as a working electrode, and Ag/Ag+ 

as the reference electrode (Figure 1). The spectrum of 1·· shows two reversible oxidation 

processes (0.59 and 1.06 V vs Ag+/Ag) assigned to the oxidation of the TTF bridge to TTF+· and 

TTF2+ respectively, and one reversible reduction process (-0.21 V) that involves the 

simultaneous transfer of two electrons due to the reduction of the two PTM radical subunits. The 

CV suggests a negligible or very weak interaction between the two PTM radical subunits since 

we would expect to observe two electrochemical reduction waves in the case of a strong 

interaction between the two subunits.  
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Figure 1. Cyclic voltammetry of solution of diradical 1·· in CH2Cl2 vs. Ag/AgCl using n-Bu4PF6 

(0.1 M) as electrolyte at 300 K under argon at a scan rate of 0.1 V/s. 

 

UV-Vis-NIR spectrum of diradical 1·· was obtained in CH2Cl2 at 300 K (Figure 2) 

showing an intense band at 385 nm, characteristic of PTM radical chromophores. The 

shoulders around 420 and 540 nm are attributed to the electronic conjugation of the 

unpaired electron into the π-framework. Regarding the low-energy region, the weak broad 

band that appears around 900 nm is assigned to the intramolecular charge transfer process 

from the electron-donor TTF bridge to the two electron-acceptor PTM radical subunits. 

TDDFT calculations confirmed such assignments enabling to ascribe each band to certain 

MO transitions (see Table S3). 

Formation of radical anion mixed-valence species 1·- was carried out either by 

electrochemical or by chemical reduction using metallic Cu with [(Ph)4P]Br (0.1 M) as 

supporting electrolyte in CH2Cl2 (see Figures 2 and S8). The reduction process was followed by 

UV-Vis-NIR spectroscopy until the mixed-valence species was completely generated. It was 
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observed two isosbestic points at 480 and 730 nm during the course of the reduction indicating 

that there are no byproducts due to decompositions or further reactions. During the reduction, the 

initial band at 385 nm, characteristic of PTM radical chromophore, gradually decreases and two 

new intense bands at 520 and 604 nm appear which are attributed to the PTM anion 

chromophore. Moreover, the lowest-energy band at 900 nm gradually decreases indicating the 

suppression of charge transfer from the TTF bridge to one of the PTM radical subunit as the later 

group is not electron-acceptor anymore. It is important to note that it was not observed any band 

in the NIR region that could be assigned to the intervalence transition (IVT) as observed for 

other mixed-valence compounds indicating a weak coupling of the two terminal PTM subunits.13 

Finally, triradical cation 1···+ was generated either by electrochemical or by chemical oxidation 

of 1·· using FeCl3 (see Figures 2 and S9). Absorption spectrum of the oxidized species shows a 

decreasing in intensity of the shoulders at 420 and 540 nm and the appearance of two new bands 

at 550 and 690 nm associated with the formation of TTF·+ species.37-39 Moreover, the band at 900 

nm attributed to the IET gradually decreases in agreement with the lack of intramolecular charge 

transfer when the TTF bridge loses its electron-donor character. 
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Figure 2. UV-Vis-NIR spectra of a solution 0.05 mM of diradical 1·· (black line), mixed-valence 
species 1·- (red line) and triradical cation 1···+ (blue line) in CH2Cl2. Inset shows the low-energy 
range of the absorption spectra. 

 

CW X-band ESR spectra of 1·· were recorded in CH2Cl2 in the temperature range of 300-

200 K (Figure S10). The spectrum of 1·· at 240 K (Figure 3) shows at giso of 2.0027 three 

overlapped lines that are attributed to the coupling of the unpaired electron with two equivalent 

protons with a coupling constant aH = 0.9 G (∆Hpp = 0.9 G) which is half of the value showed by 

a PTM monoradical with one vinylene bridge (aH = 2 G). The appearance of three symmetrical 

lines indicate that the magnetic interaction of the two electrons of the PTM radicals have a 

magnetic exchange coupling constant, J, that fulfils the condition │J│>>│ai│, as it has been 

already observed for other PTM diradicals.9-13 The weak observed satellite lines are attributed to 

the hyperfine couplings with the naturally abundant 13C nuclei of the PTM subunits with 

coupling constants of aC,α = 14.9 G and aC,arom = 6.9 and 4.8 G that are also half the values for 
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typical PTM monoradicals. The spectrum of diradical 1·· was also recorded in frozen CH2Cl2 at 

140 K and it was possible to observe the forbidden ∆ms = 2 transitions at half field in the ESR 

spectra suggesting the presence of the thermally-populated triplet state in the molecule (Figure 

S11). DFT calculations confirmed that the two unpaired electrons of 1·· are localized in each 

PTM unit (see Table S1 and Figure S15 in SI), and are coupled by an almost-negligible magnetic 

interaction (𝐽𝐽1, see Table S2 and Figure S16 in SI). This is in agreement with the CV 

measurements discussed above. Even if the computed ground state is an open-shell singlet, the 

strength of the coupling suggests that the system effectively behaves as a paramagnet, with ca. 

75% population of triplet states. 

 

Figure 3. Experimental and simulated ESR spectra of 0.05 mM solution of diradical 1·· in 
CH2Cl2 at 240 K.  

On the other hand, ESR spectra of the mixed-valence 1·- in CH2Cl2 species were recorded 

in the temperature range of 220-300 K (Figure S12). All the recorded spectra at different 

temperatures show two symmetrical lines at a g value of 2.0026 which indicates the coupling of 

the unpaired electron with only one hydrogen atom of the ethylene moiety directly linked to the 
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PTM radical with the isotropic hyperfine coupling constants typical for a PTM monoradical with 

a vinylene bridge (aH = 1.7 G; ∆Hpp = 1.4 G) (Figure 4).11 This result, together with the lack of 

an intervalence (IVT) band transition in the absorption spectra, suggests that at these 

temperatures the unpaired electron of the radical anion 1·- is always localized on only one half of 

the molecule, like in a monoradical (i.e. the intramolecular electron transfer rate is below the 

EPR time scale) showing that this MV compound belongs to Class I.  

 

Figure 4. Experimental and simulated ESR spectra of 0.05 mM solution of mixed-valence 1·- in 
CH2Cl2 at 240 K.  

This localization effect observed for the radical anion 1·- is in contrast to other fused A-D-

A triads using a TTF as a bridge where the MV compounds have delocalized the unpaired 

electron at high temperatures.40-45 However, in all these examples the molecules are almost 

planar and in our case the molecule has several degrees of conformational freedom. Also it is 

important to mention the influence of the different topologies of the possible isomers on the ease 

of the electron transfer as it has been previously studied.9 

Finally, ESR spectra of the oxidized 1···+ triradical cation species were recorded in CH2Cl2 

in the temperature range of 240-300 K (Figure S13). The ESR spectrum of 1···+ consists of two 
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separated groups of lines centered at g-values of 2.0085 and 2.0034 that are attributed to the 

open-shell TTF·+ and PTM· radical subunits, respectively, that appear uncoupled (Figure 5). The 

ESR lines associated to the TTF bridge show a symmetric 5-lines signal indicating the coupling 

of the unpaired electron of the TTF·+ with two protons from the TTF subunit and two from the 

vinylene units (aH,TTF = 1.3 and aH,vin = 0.8 G). On the other hand, the group of lines 

corresponding to the PTM radical subunits shows only two overlapped symmetrical lines due to 

the coupling of the unpaired electron of the PTM subunits with only one proton of the bridge 

(aH,vin = 1.5 G). The fact that the two group of lines related to the TTF·+ and PTM· radicals 

appear uncoupled and separated suggests that the electrons at the two terminal PTM radical 

subunits remain localized at the ESR time scale. A worth noticing point is the moderately-strong 

antiferromagnetic (AFM) interactions calculated for 1···+ between the oxidized TTF and each of 

the PTM moieties (𝐽𝐽2 ≈ 𝐽𝐽3 ≈ −60 cm-1) (Table S2). Therefore, the resulting ground state is a 

doublet, with three unpaired electrons localized in the TTF and PTM (x2) units (see Figure S17). 

The quadruplet state lies higher in energy and, as a result, is poorly populated, which explains 

why the forbidden transition at half field in the ESR is not observed anymore. On the other hand, 

when temperature is lowered, the lines associated to the TTF·+ bridge do not disappear indicating 

the absence of dimerization process in contrast to the reported monoradical TTF-PTM dyad.27 

This is probably due to the steric hindrance of the two bulky PTM units that avoid the close 

interaction between the TTF·+ units. 
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Figure 5. Experimental and simulated ESR spectra of 0.05 mM solution of radical cation 1···+ in 

CH2Cl2 at 240 K.  

In order to demonstrate the reversibility of the system, we have carried out electrochemical 

redox reactions starting from 1·· that is oxidized to 1···+, then reduced to 1·- and oxidized back to 

the diradical species using CH2Cl2 with [(n-Bu)4N] PF6 (0.1 M) as supporting electrolyte, Pt wire 

as a working electrode, and Ag/Ag+ as the reference electrode (Figure 6). We performed several 

cycles and the electrochemical oxidation and reduction processes were monitored by UV-Vis 

spectroscopy at the wavelength of 650 nm showing that the absorbance intensity is completely 

recovered after each step demonstrating the high reversibility and stability of the resulted 

species. 
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Figure 6. Evolution of the UV-Vis intensity at 650 nm recorded during the stepwise 

oxidation and reduction cycles of 1··.  

In conclusion, we have reported a diradical A-D-A triad composed by two PTM 

radical subunits connected through a TTF-vinylene bridge that can reversible modulate 

the optical, electronic and magnetic properties by one-electron reduction and oxidation in 

a reversible way. Interestingly, the suppression of the electron delocalization was 

observed when passing from the diradical to the anion radical mixed-valence species 

indicating the preferable localization of the unpaired electron on only one of the two PTM 

radical moieties. On the other hand, the switching from an almost negligible 

ferromagnetic (FM) magnetic interaction to a moderate-strong antiferromagnetic (AFM) 

interaction between TTF and PTM moieties was observed when the TTF bridge was 

oxidized. Finally, the system was found to be highly reversible and can be viewed as a 

promising building block for the development of molecular switches.   

 



 14 

ASSOCIATED CONTENT 

Supporting Information. General methods, synthesis and characterization, chemical reduction 

and oxidation of 1··, ESR spectra of 1··, 1·- and 1···+ at different temperatures, and computational 

analysis are included.  

AUTHOR INFORMATION 

Notes 

The authors declare no competing financial interests. 

ACKNOWLEDGMENT 

This work was supported by the DGI grant (CTQ2013- 40480-R), the Networking 

Research Center on Bioengineering, Biomaterials, and Nanomedicine (CIBER-BBN), and 

the Generalitat de Catalunya (grant 2014-SGR-17). M. S. is enrolled in the Material 

Science Ph.D. program of UAB and is grateful to MEC for a FPU predoctoral grant. S.V. 

and M.F. are thankful to the LabEx-Chemistry of Complex Systems for post-doctoral 

grants (ANR-10-LABX-0026CSC) and to the regional High-Performance Computing 

(HPC) center in Strasbourg for computational resources. We thank Amable Bernabé for 

the MALDI spectroscopy. 

 

 

 

 

 

 



 15 

REFERENCES 

(1) Nishida, S.; Morita, Y.; Fukui, K.; Sato, K.; Shiomi, D.; Takui, T.; Nakasuji, L. Spin 

Transfer and Solvato-/Thermochromism Induced by Intramolecular Electron Transfer in 

a Purely Organic Open-Shell System. Angew. Chem. Int. Ed. 2005, 44, 7277-7280. 

(2) Yamamoto, Y.; et al. Photoconductive Coaxial Nanotubes of Molecularly Connected 

Electron Donor and Acceptor Layers. Science 2006, 314, 1761-1764. 

(3) Scott, A.; Ricks, A. B.; Colvin, M. T.; Wasielewski, M. R. Comparing spin-selective 

charge transport through donor-bridge-acceptor molecules with different oligomeric 

aromatic bridges. Angew. Chem. Int. Ed. 2010, 49, 2904-2908. 

(4) Kirk, M. L.; Shultz, D. A.; Stasiw, D. E.; Habel-Rodriguez, D.; Stein, B.; Boyle, P. D.  

Electronic and exchange coupling in a cross-conjugated D-B-A biradical: Mechanistic 

implications for quantum interference effects. J. Am. Chem. Soc. 2013, 135, 14713-

14725. 

(5) Sukegawa, J.; Schubert, C.; Zhu, X.; Tsuji, H.; Guldi, D. M.; Nakamura, E. Electron 

transfer through rigid organic molecular wires enhanced by electronic and electron-

vibration coupling. Nat. Chem. 2014, 6, 899-905. 

(6) Gilbert, M.; Albinssion, B. Photoinduced charge and energy transfer in molecular wires. 

Chem. Soc. Rev. 2015, 44, 845-862. 

(7) Bergkamp, J. J.; Decurtins, S.; Liu, S. Current advances in fused tetrathiafulvalene donor-

acceptor systems. Chem. Soc. Rev. 2015, 44, 863-874. 

(8) Venneri, S.; Wilson, J.; Rawson, J. M.; Pilkington, M. Structural, Magnetic and DFT 

studies on a Charge Transfer Salt of a TTF-pyridyl-(1,5-diisopropyl)verdazyl Diradical 

Cation. ChemPlusChem, 2015, 80, 1624-1633. 

(9) Rovira, C.; Ruiz-Molina, D.; Elsner, A.; Vidal-Gancedo, J.; Bonvoisin, J.; Launay, J.-P. 

Veciana, J. Influence of topology on the long-range electron-transfer phenomenon. Chem. 

Eur. J. 2001, 7, 240-250. 

https://www.scopus.com/record/display.uri?eid=2-s2.0-77950479100&origin=resultslist&sort=plf-f&src=s&st1=Scott%2c+A.%3b+Ricks%2c+A.+B.%3b+Colvin%2c+M.+T.%3b+Wasielewski%2c+M.+R.&nlo=&nlr=&nls=&sid=0C70513C308255B19FD947ADE8C62C97.FZg2ODcJC9ArCe8WOZPvA%3a90&sot=b&sdt=cl&cluster=scopubyr%2c%222010%22%2ct&sl=63&s=ALL%28Scott%2c+A.%3b+Ricks%2c+A.+B.%3b+Colvin%2c+M.+T.%3b+Wasielewski%2c+M.+R.%29&relpos=8&citeCnt=14&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-77950479100&origin=resultslist&sort=plf-f&src=s&st1=Scott%2c+A.%3b+Ricks%2c+A.+B.%3b+Colvin%2c+M.+T.%3b+Wasielewski%2c+M.+R.&nlo=&nlr=&nls=&sid=0C70513C308255B19FD947ADE8C62C97.FZg2ODcJC9ArCe8WOZPvA%3a90&sot=b&sdt=cl&cluster=scopubyr%2c%222010%22%2ct&sl=63&s=ALL%28Scott%2c+A.%3b+Ricks%2c+A.+B.%3b+Colvin%2c+M.+T.%3b+Wasielewski%2c+M.+R.%29&relpos=8&citeCnt=14&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-77950479100&origin=resultslist&sort=plf-f&src=s&st1=Scott%2c+A.%3b+Ricks%2c+A.+B.%3b+Colvin%2c+M.+T.%3b+Wasielewski%2c+M.+R.&nlo=&nlr=&nls=&sid=0C70513C308255B19FD947ADE8C62C97.FZg2ODcJC9ArCe8WOZPvA%3a90&sot=b&sdt=cl&cluster=scopubyr%2c%222010%22%2ct&sl=63&s=ALL%28Scott%2c+A.%3b+Ricks%2c+A.+B.%3b+Colvin%2c+M.+T.%3b+Wasielewski%2c+M.+R.%29&relpos=8&citeCnt=14&searchTerm=
https://www.researchgate.net/publication/281117327_Structural_Magnetic_and_DFT_studies_on_a_Charge_Transfer_Salt_of_a_TTF-pyridyl-15-diisopropylverdazyl_Diradical_Cation
https://www.researchgate.net/publication/281117327_Structural_Magnetic_and_DFT_studies_on_a_Charge_Transfer_Salt_of_a_TTF-pyridyl-15-diisopropylverdazyl_Diradical_Cation
https://www.researchgate.net/publication/281117327_Structural_Magnetic_and_DFT_studies_on_a_Charge_Transfer_Salt_of_a_TTF-pyridyl-15-diisopropylverdazyl_Diradical_Cation


 16 

(10) Dumur, F.; et al. Novel Fused D-A Dyad and A-D-A Triad Incorporating 

Tetrathiafulvalene and p-Benzoquinone. J. Org. Chem., 2004, 69, 2164-2177. 

(11) Lloveras, V.; Vidal-Gancedo, J.; Ruiz-Molina, D.; Figueira-Duarte, T. M. 

Nierengarten, J. F.; Veciana, J.; Rovira, C. Influence of bridge topology and torsion on 

the intramolecular electron transfer. Faraday Discuss. 2006, 131, 291-305. 

(12) Hankache, J.; Wenger, O. S. Organic mixed valence. Chem. Rev. 2011, 111, 

5138-5178. 

(13) Lloveras, V.; Vidal-Gancedo, J.; Figuerira-Duarte, T. M.; Nierengarten, J.-F.; 

Novoa, J. J.; Mota, F.; Ventosa, N.; Rovira, C.; Veciana, J. Tunneling versus hopping in 

mixed-valence oligo- p -phenylenevinylene polychlorinated bis(triphenylmethyl) radical 

anions. J. Am. Chem. Soc. 2011, 133, 5818-583. 

(14) Heckmann, A.; Lambert, C. Organic mixed-valence compounds: A 

playground for electrons and holes. Angew. Chem. Int. Ed. 2012, 51, 326-392.   

(15) Elsner, O.; Ruiz-Molina, D.; Vidal-Gancedo, J.; Rovira, C.; Veciana, J. 

Ferromagnetic interactions between triphenylmethyl radicals through an 

organometallic coupler. Chem. Commun. 1999, 579-580.  

(16) Elsner, O.; Ruiz-Molina, D.; Ratera, I.; Vidal-Gancedo, J.; Rovira, C.; 

Veciana, J. Ferrocene as a ferromagnetic coupler. Synthesis and characterization of a 

ferrocene bridged polychlorotriphenylmethyl diradical. J. Organomet. Chem. 2001, 

637-639, 251-257.  

(17) Ito, A.; Nakano, Y.; Urabe, M.; Kato, T.; Tanaka, K. Triradical cation of p-

phenylenediamine having two nitroxide radical groups: spin alignment mediated by 

delocalized spin. J. Am. Chem. Soc. 2006, 128, 1948-2953.  

(18) Rajca, A.; Shiraishi, K.; Rajca, S. Stable diarylnitroxide diradical with triplet 

ground state. Chem. Commun. 2009, 4372-4374. 

(19) Suzuki, S.; et al. Trinitroxide-Trioxytriphenylamine: Spin-State Conversion 

from Triradical Doublet to Diradical Cation Triplet by Oxidative Modulation of a p-

Conjugated System. Angew. Chem. Int. Ed. 2012, 51, 3193-3197.  



 17 

(20) Shil, S.; Herrmann, C. Increasing Magnetic Coupling through Oxidation of a 

Ferrocene Bridge. Inorg. Chem. 2015, 54, 11733−11740.  

(21) Bhattacharya, D.; Shil, S.; Misra, A.; Bytautas, L.; Klein, D. J. Borazine: Spin 

blocker or not? Phys. Chem. Chem. Phys. 2015, 17, 14223-14237.  

(22) Ratera, I.; Veciana, J. Playing with organic radicals as building blocks for 

functional molecular materials. Chem. Soc. Rev. 2012, 41, 303–349.   

(23) Grisanti, L.; D’Avino, G.; Painelli, A.; Guasch, J.; Ratera, I.; Veciana, J. 

Essential state models for solvatochromism in donor-acceptor molecules: The role of 

the Bridge. J. Phys. Chem. B 2009, 113 (14), 4718–4725.  

(24) D’Avino, G.; Grisanti, L.; Guasch, J.; Ratera, I.; Veciana, J.; Painelli, A. 

Bistability in Fc-PTM crystals: The role of intermolecular electrostatic interactions. 

J. Am. Chem. Soc. 2008, 130 (36), 12064–12072.  

(25) Ratera, I.; Ruiz-Molina, D.; Vidal-Gancedo, J.; Novoa, J. J.; Wurst, K.; 

Letard, J.-F.; Rovira, C.; Veciana, J. Supramolecular photomagnetic materials: 

photoinduced dimerization of ferrocene-based polychlorotriphenylmethyl radicals. 

Chem. Eur. J. 2004, 10, 603-616.  

(26) Guasch, J.; et al. Induced self-assembly of a tetrathiafulvalene-based open-

shell dyad through intramolecular electron transfer. Angew. Chem. Int. Ed. 2012, 51, 

11024-11028.  

(27) Guasch, J.; et al. Intra- and intermolecular charge transfer in aggregates of 

tetrathiafulvalene-triphenylmethyl radical derivatives in solution. J. Am. Chem. Soc. 

2013, 135, 6958-6967.  

(28) Souto, M.; et al. Thermomagnetic molecular system based on TTF-PTM 

radical: Switching the spin and charge delocalization. J. Phys. Chem. Lett. 2013, 4, 

2721-2726.  

(29) Andreu, R.; Garín, J.; Orduna, J.; Savíron, M.; Cousseau, J.; Gorgues, A.; 

Morisson, V.; Nozdryn, T.; Becher, J.; Clausen, R. P.; Bryce, M. R.; Skabara, P. J.; 

Dehaen, W. The first allylic alcohol derivatives of tetrathiafulvalene. A route to new 

covalently linked donors. Tetrahedron Lett. 1994, 35, 9243-9246.  

(30) Andreu, R.; Garín, J.; Orduna, J.; Savirón, M.; Uriel, S.; Cousseau, J.; 

Morrison, V.; Gorgues, A. Synth. Met. 1995, 70, 1111-1112. 



 18 

(31) Terkia-Derdra, N.; et al. π Conjugation Across the Tetrathiafulvalene Core: 

Synthesis of Extended Tetrathiafulvalene Derivatives and Theoretical Analysis of 

their Unusual Electrochemical Properties. Chem. Eur. J., 2000, 6, 1199-1213.  

(32) Saha, E.; Johansson, A.; Flood, H.; Tseng, H.; Zink, J. I.; Stoddart, J. F. A 

photoactive molecular triad as a nanoscale power supply for a supramolecular 

machine. Chem. Eur. J., 2005, 11, 6846-6858. 

(33) Hoi, S. H.; Frisbie, C. D. Transition from Tunneling to Hopping Transport in 

Long, Conjugated Oligo-imine Wires Connected to Metals. J. Am. Chem. Soc., 2010, 

132, 16191-16201. 

(34) Luo, L.; Balhorn, L.; Vlaisavljevich, B.; Ma, D.; Gagliardi, L.; Frisbie, C. D. 

Hopping Transport and Rectifying Behavior in Long Donor–Acceptor Molecular Wires. 

J. Phys. Chem. C 2014, 118, 26485-26497. 

(35) Souizi, A.; Robert, A.; Batail, P.; Lahcene, L. Acid-mediated trans-cis 

isomerization of substituted tetrathiafulvalenes. Selective precipitation of the trans 

isomer. J. Org. Chem. 1987, 52, 1611-1613. 

(36) Müllen, K.; Wegner, G. Electronic Materials: the Oligomer Approach, Wiley-

VCH: Weinheim, Germany; 1998. 

(37) Chiang, P.-T.; Chen, N.-C.; Lai, C.-C.; Chiu, S.-H. Direct observation of 

mixed-valence and radical cation dimer states of tetrathiafulvalene in solution at 

room temperature: association and dissociation of molecular clip dimers under 

oxidative control. Chem. Eur. J. 2008, 14, 6546 – 6552.  

(38) Hasegawa, M.; Doigoku, K.; Hashimoto, K.; Nishikawa, H.; Iyoda, M. Face-

to-Face Dimeric Tetrathiafulvalenes and Their Cation Radical and Dication Species 

as Models of Mixed Valence and Dimer States. Bull. Chem. Soc. Jpn. 2012, 85, 51-

60. 

(39) Tian, J.; Ding, Y.-D.; Zhou, T.-Y.; Zhang, K.-D.; Zhang, X.; Zhao, Z.; Wang, 

H.; Zhang, D.-W.; Liu, Y.; Li, Z.-T. Self-assembly of three-dimensional 

supramolecular polymers through cooperative tetrathiafulvalene radical cation 

dimerization. Chem. Eur. J. 2014, 20, 575-584.    



 19 

(40) Gautier, N.; Dumur, D.; Lloveras, V.; Vidal-Gancedo, J.; Veciana, J.; 

Hudhomme, P. Intramolecular Electron Transfer Mediated by a Tetrathiafulvalene 

Bridge in a Purely Organic Mixed‐Valence System. Angew. Chem. 2003, 115, 2871-

2874. 

(41) Dumur, F.; et al. Novel Fused D-A Dyad and A-D-A Triad Incorporating 

Tetrathiafulvalene and p-Benzoquinone. J. Org. Chem. 2004, 69, 2164-2177.  

(42) Jia, C.; et al. An Experimental and Computational Study on Intramolecular 

Charge Transfer: A Tetrathiafulvalene-Fused Dipyridophenazine Molecule. Chem. 

Eur. J. 2007, 13, 3804-3812. 

(43) Otón, F.; Lloveras, V.; Mas-Torrent, M.; Vidal-Gancedo, J.; Veciana, J.; 

Rovira, C. Coupling tetracyanoquinodimethane to tetrathiafulvalene: A fused TCNQ-

TTF-TCNQ triad. Angew. Chem. 2011, 123, 11094-11098. 

(44) Calbo, J.; Argó, J.; Otón, F.; Lloveras, V.; Mas-Torrent, M.; Vidal-Gancedo, 

J.; Veciana, J.; Rovira, C.; Ortí, E. Tetrathiafulvalene-based mixed-valence acceptor-

donor-acceptor triads: A joint theoretical and experimental approach. Chem. Eur. J. 

2013, 19, 16656-16664. 

(45) Calbo, J.; Aragó, J.; Ortí, E. Theoretical study of the benzoquinone–

tetrathiafulvalene–benzoquinone triad in neutral and oxidized/reduced states. Theor. 

Chem. Acc. 2013, 132, 13.  

 

 

 

 

https://scholar.google.fr/citations?view_op=view_citation&hl=fr&user=Uii-QDQAAAAJ&citation_for_view=Uii-QDQAAAAJ:u-x6o8ySG0sC
https://scholar.google.fr/citations?view_op=view_citation&hl=fr&user=Uii-QDQAAAAJ&citation_for_view=Uii-QDQAAAAJ:u-x6o8ySG0sC

