
HAL Id: hal-01578543
https://univ-rennes.hal.science/hal-01578543

Submitted on 11 Sep 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Photo-physical properties of donor-acceptor-radical triad
based on functionalized tetrathiafulvalene and nitronyl

nitroxide radical
Haiet Douib, Marin Puget, Yan Suffren, Fabrice Pointillart, Kevin Bernot,
Boris Le Guennic, Olivier Cador, Abdelkrim Gouasmia, Lahcène Ouahab

To cite this version:
Haiet Douib, Marin Puget, Yan Suffren, Fabrice Pointillart, Kevin Bernot, et al.. Photo-physical prop-
erties of donor-acceptor-radical triad based on functionalized tetrathiafulvalene and nitronyl nitroxide
radical. Dyes and Pigments, 2017, 145, pp.285-293. �10.1016/j.dyepig.2017.06.010�. �hal-01578543�

https://univ-rennes.hal.science/hal-01578543
https://hal.archives-ouvertes.fr


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1 
 

Photo-physical Properties of Donor-Acceptor-Radical Triad 

Based on Functionalized Tetrathiafulvalene and Nitronyl 

Nitroxide Radical 

 

Haiet Douib,a,c Marin Puget,b Yan Suffren,b Fabrice Pointillart,*a Kevin Bernot,*b Boris Le 

Guennic,a Olivier Cador,a Abdelkrim Gouasmia,c Lahcène Ouahaba 

 
a Institut des Sciences Chimiques de Rennes, UMR 6226 CNRS-Université de Rennes 1, 

263 Avenue du Général Leclerc, 35042 Rennes Cedex, France 
b Institut des Sciences Chimiques de Rennes, UMR CNRS 6226, INSA Rennes, 20 Avenue des 

buttes de Coesmes, 35708 Rennes, France. 
c Laboratoire des Matériaux Organiques et Hétérochimie (LMOH), Département des 

sciences de la matière, Université Larbi Tébessi de Tébessa, Route de Constantine 12002, 

Tébessa, Algérie. 

 

Corresponding authors: fabrice.pointillart@univ-rennes1.fr; kevin.bernot@insa-rennes.fr 

 

Highlights 

 

- An Acceptor-Donor-Radical triad with tetrathiafulvalene donor and nitronyl nitroxide 

radical was synthesized. 

- Tetrathiafulvalene radical cation oxidized form is reachable without alteration of the 

nitronyl nitroxide radical. 

- Both tetrathiafulvalene-based molecular skeleton and nitronyl nitroxide phosphorescence 

can be observed. 

- The ratio of the emission intensities can be tuned depending on the irradiation energy.  

 

Abstract 

 

An acceptor-donor-radical triad based on tetrathiafulvalene (TTF)-fused 

(benzimidazol-2-yl)-pyridine (bzip) which is alkylated with a nitronyl nitroxide (NIT) radical 

derivative, has been designed and synthetized. Its X-ray structure has been refined showing a 

complex arrangement of head-to-tail dimers of the TTF-bzip moieties and a 1D network of 
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short contacts between the NIT radicals. Its electrochemical behavior has been studied by 

cyclic voltammetry (CV) showing that the TTF and NIT moieties can be reversibly and 

independently oxidized. The occurrence of intramolecular ligand charge transfers (ILCT) of 

both TTF → bzip and TTF → NIT nature has been evidenced by UV-visible electronic 

absorption spectroscopy coupled to TD-DFT calculations. Moreover, these calculations and 

RPE measurements confirmed the radical form (S = ½) of the compound as well as the spin 

density mainly localized on the methyl-benzo-[1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-

2-yl] unit. Both emissions of the NIT radical and TTF-based molecular skeleton have been 

observed with a tunable intensity ratio depending on the irradiation energy. Finally, this new 

triad may be a valuable candidate for the construction of multi-property compounds by 

coordination of metallic ions either on the TTF-based molecular skeleton or on the NIT 

moieties. 

 

Keywords: Tetrathiafulvalene, nitronyl nitroxide radical, triads, electrochemistry, photo-

physical properties  

 

Graphical abstract: 

 

 

 

1. Introduction 

 

 Chemists and physicists have been working hand-in-hand for more than two decades 

in order to design multifunctional materials with controllable physicochemical properties. In 

particular, they have tried to conceive molecular architectures able to force interactions 

between these properties until reaching a synergetic effect between them. Multiferroism and 

magneto-chiral dichroism are maybe the most representative examples of synergy between 
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several different physical properties[1]-[3]. In this line, this work is focused on the search of 

molecular compounds that exhibit both electronic conductivity and magnetic behavior. To 

obtain such compounds, we used the extremely rich chemistry based on the tetrathiafulvalene 

(TTF) core in order to take advantage of its redox activity and potential electronic 

conductivity[4]. It has been demonstrated that a fruitful strategy is to add to the TTF core 

localized electrons thanks to transition metals (3d and 4d)[5]-[10] or lanthanides[11]-[12]. 

Such π-d and π-f systems have shown exciting transport properties such as antiferromagnetic-

superconductor or magnetic-field induced superconducting transition[13]-[14] but also have 

given rise to redox-active [15]-[18], or luminescent single-molecule magnets (SMM)[19]-

[20]. The successes in obtaining such multi-property molecular systems were guaranteed 

thanks to two approaches that allow the observation of interactions between mobile electrons 

of the organic network and localized electrons of the paramagnetic metals: i) through-space 

interactions or ii) covalent bonds. Whereas the first strategy leads to very weak π-d/π-f 

interactions, the second one might enhance them. The “through-space” approach is 

commonly used thanks to a plethora of functionalization of the TTF core with organic 

moieties suitable to coordinate metal ions (amino, nitrile, phenolate, phosphino, β-diketonate, 

pyrazine, pyrimidine, pyridine, pyridine-N-oxide, bipyridine…)[5],[21],[22]. All of these 

organic coordinating groups are magnetically innocent (S = 0). However, an underdeveloped 

strategy consists in the functionalization of the TTF core with a stable organic radical (S = ½) 

to play the magnetic relay between the π mobile electrons and the paramagnetic metal. The 

design and elaboration of such “TTF-radical” dyads are very challenging and to date only few 

researchers took this synthetic route: Sugawata et al.[23]-[26] developed the functionalization 

of the TTF core with nitrosyl or nitronyl nitroxide spin carriers while Yamaguchi et al.[27] 

and Datta et al.[28],[29] studied such donor-radical dyads from a computational point of 

view. Additionally, Pilkington et al.[30],[31] used the verdazyl moiety as stable radical while 

Veciana et al. exploited the perchlorotriphenylmethyl radicals[32]-[36] to design their dyads. 

 In our group, a family of donor-acceptor dyads based on the 2-(4,5-(4,5-

bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine molecular skeleton 

1[37],[38] has been previously designed and alkylated with various organic moieties such as 

2-pyridyl[39], dimethyl-2,2’-bipyridyl,[40] di-(pyrazol-1-yl)-4-pyridyl[40] and 4-pyridyl-N-

oxide[41]. In the present work, following this synthetic strategy, 1 has been alkylated with 

the 4-bromomethylbenzo(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl) organic radical 

2 and leads to the formation of the 2-{1-[methylbenzo(1-oxyl-3-oxide-4,4,5,5-
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tetramethylimidazoline)]-4,5-[4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-

yl}pyridine acceptor-donor-radical triad 3. In the next lines, X-ray structures of 2 and 3 are 

analyzed as well as the electrochemical, photo-physical and magnetic properties of 3. 

 

2. Experimental Section 

2.1 General 

 

The ligand 2-(4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-

pyridine[38] 1 and the organic radical precursor 4-bromo-methylbenzo(1-oxyl-3-oxide-

4,4,5,5-tetramethylimidazolin-2-yl) 2[42]-[44] were synthesized following previously 

reported methods. The 4-(bromomethyl)benzaldehyde was purchased from Acros company 

while all other reagents were purchased from Aldrich Co., Ltd. and used without further 

purification. 

 

2.2. Synthesis 

 

4-bromomethylbenzo(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl) (2). Slow 

evaporation of a CH2Cl2/n-hexane mixture affords single-crystal suitable for X-ray diffraction 

studies. 

2-{1-[methylbenzo(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazoline)]-4,5-[4,5-

bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine (3). 2-(4,5-(4,5-

bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine 1 (33.3 mg, 0.06 mmol) 

and K2CO3 (13.3 mg, 0.10 mmol, 1.5 equiv) were added to anhydrous DMF (3 mL), and then 

the mixture was stirred for 30 min under argon. A solution of anhydrous DMF (2 mL) 

containing 4-bromo-methyl-benzo-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl) 2 (15 

mg, 0.046 mmol, 0.8 equiv) was added, and the resulting mixture was stirred for 2 h at room 

temperature. Then additional K2CO3 (13.3 mg, 0.10 mmol, 1.5 equiv) and of 4-bromo-

methyl-benzo-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl) (1) (10 mg, 0.03 mmol, 

0.5 equiv) were added. The mixture was stirred at room temperature overnight under argon 

atmosphere.  

The solvents were eliminated under vacuum and the residue was dissolved in CH2Cl2, 

filtered, concentrated to 5 mL and finally n-hexane (5 mL) was added. Slow evaporation in 

the dark gave green single crystals of 3 suitable for X-ray study. Yield: 37 mg (75 %). Anal. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 
 

Calcd (%) for C36H38N5O2S6: C 56.47, H 4.97, N 9.15; found: C 56.55, H 5.01, N 9.09. I.R. 

(KBr): 2959, 2926, 2866, 2853, 1632, 1586, 1565, 1443, 1423, 1387, 1364, 1320, 1220, 

1162, 1103, 851, 786, 738, 701, 613 and 540 cm-1. 

 
2.3 Crystallography  

 

Single crystals of 2 and 3 were mounted on a D8 VENTURE Bruker-AXS 

diffractometer for data collection (MoKα radiation source, λ = 0.71073 Å), from the Centre 

de Diffractométrie (CDIFX), Université de Rennes 1, France. Structures were solved with a 

direct method using the SHELXT program[45] and refined with a full matrix least-squares 

method on F2 using the SHELXL-14/7 program[46]. Crystallographic data are summarized in 

Table 1. Complete crystal structure results as a CIF file including bond lengths, angles, and 

atomic coordinates are deposited as Supporting Information.  

 

2.4 Physical Measurements.  

 

The elementary analyses of the compounds were performed at the Centre Régional de 

Mesures Physiques de l’Ouest, Rennes. Cyclic voltammetry was carried out in CH2Cl2 

solution, containing 0.1 M of N(C4H9)4PF6 as supporting electrolyte. Voltamograms were 

recorded at 100 mV.s-1 at a platinum disk electrode. The potentials were measured versus a 

saturated calomel electrode (SCE). Absorption spectra were recorded on a Varian Cary 5000 

UV-Visible-NIR spectrometer equipped with an integration sphere. The solid and solution 

emission and excitation spectra were measured using a Horiba-Jobin Yvon Fluorolog-3® 

spectrofluorimeter, equipped with a three slit double grating excitation and emission 

monochromator with dispersions of 2.1 nm/mm (1200 grooves/mm). The steady-state 

luminescence was excited by unpolarized light from a 450 W xenon CW lamp and detected at 

a 90° angle for diluted solution and for solid state measurements by a red-sensitive 

Hamamatsu R928 photomultiplier tube (sensitivity 190-860 nm). Spectra were reference 

corrected for both the excitation source light intensity variation (lamp and grating) and the 

emission spectral response (detector and grating). Appropriate filters were used to remove the 

residual excitation laser light, the Rayleigh scattered light and associated harmonics from 

spectra. The emission/excitation spectra recordings were realized on powder sample mounted 

directly onto copper plates using conductive silver glue and cooled in an optical cryostat 

capable of reaching temperature down to 77 K through a continuous nitrogen liquid flow and 
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a nitrogen atmosphere inside the sample chamber (OptistatCF, Oxford Inst.). The 

luminescence of solution has been measured at 77K, the sample is introduced in a quartz 

capillary tube, which it is placed inside a small Dewar containing nitrogen liquid. The dc 

magnetic susceptibility measurements were performed on solid polycrystalline sample with a 

Quantum Design MPMS-XL SQUID magnetometer between 2 and 300 K in applied 

magnetic field of 0.2 T for temperatures of 2-20 K and 1T for temperatures of 20-300 K. 

These measurements were all corrected for the diamagnetic contribution as calculated with 

Pascal’s constants. EPR spectrum was recorded to room temperature in toluene solution with 

a BRUKER EMX X-band ESR spectrometer equipped with an OXFORD cryostat.  

 

2.5 Computational Details  

 

DFT geometry optimizations and TD-DFT excitation energy calculations of 3 were 

carried out with the Gaussian 09 (revision D.01) package[47] employing the PBE0 hybrid 

functional[48],[49]. All the atoms were described with the SVP basis sets[50]. The first 100 

mono-electronic excitations were calculated. In all steps, a modelling of bulk solvent effects 

(solvent = dichloromethane) was included through the Polarizable Continuum Model 

(PCM)[51], using a linear-response non-equilibrium approach for the TD-DFT step[52],[53]. 

Molecular orbitals were sketched using the Gabedit graphical interface[54]. Spin density 

distribution was drawn using VESTA code (version 3.3.1)[55].  

 
3. Results and Discussion 
 
3.1 Synthesis 
 

 The elaboration of ligands involving both TTF and nitronyl nitroxide remains 

challenging and only few examples have been previously published[23]-[26]. The synthetic 

pathway toward the donor-acceptor 2-{1-[methylbenzo(1-oxyl-3-oxide-4,4,5,5-

tetramethylimidazoline)]-4,5-[4,5-bis(propylthio)-tetrathiafulvalenyl]-1H-benzimidazol-2-

yl}pyridine 3 is outlined in scheme 1. Its design required the synthesis of a nitronyl nitroxide 

radical with a benzo-bromo-methyl moiety as substituent. To obtain it, the classical synthetic 

route is employed i.e. a direct condensation of the 2,3-bis(hydroxyamino)-2,3-dimethylbutane 

base in presence of the 4-(bromomethyl)benzaldehyde that leads to the formation of the 

reduced form of 2. The desired nitronyl nitroxyde 2 is obtained by oxidation of the latter 

compound with sodium periodate. Finally, the 2-(4,5-(4,5-bis(propylthio)-
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tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine ligand 1 was alkylated with the bromo 

nitronyl nitroxide derivative at room temperature to give 3. It is worth to notice that the 

alkylation step must be performed at room temperature to prevent the degradation of 2. 

 

 
Scheme 1. Synthetic route for compounds 2 and 3. 
 
3.2 X-ray structures 
 

 Compound 2 crystallizes in the C2/c (N°15) monoclinic space group (Table 1). The 

asymmetric unit is composed of one molecule of 2 (Fig. S1).. The crystal packing does not 

reveal any π-π interaction between the phenyl rings. The main interactions between the 

molecules take place between the N-O groups (O2⋅⋅⋅O2 = 4.039 Å and O1⋅⋅⋅O1 = 4.403 Å) 

and between the bromine atom and the phenyl ring (Fig. S2). 

 
Table 1. X-ray crystallographic data for 2 and 3. 

Compounds 2 
CCDC 1535280 

3 
CCDC 1535281 

Formula C14H18BrN2O2 C72H76N10O4S12 
M / g.mol-1 326.2 1530.14 

Crystal system Monoclinic Triclinic 
Space group C2/c (N°15) P-1 (N°2) 

 
Cell parameters 

a = 23.8847(12) Å 
b = 10.6482(6) Å 
c = 11.7735(6) Å 
β = 95.459(2) ° 

a = 13.6015(14) Å 
b = 16.2250(20) Å 
c = 17.6720(20) Å 

α = 68.538(4) ° 
β = 84.066(4) ° 
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γ = 88.706(4) ° 
Volume / Å3 2980.8(3) 3609.6(7) 

Z 8 2 
T / K 150(2) 150(2) 

2θ range /° 5.34 ≤ 2θ ≤ 55.04 5.76≤ 2θ ≤ 55.96 
ρcalc / g.cm-3 1.454 1.408 

µ / mm-1 2.758 0.420 
Number of reflections 3411 77927 

Independent 
reflections 

2655 16508 

Rint 0.0523 0.0757 
Fo2 > 2σ(Fo)2 1336 10449 

Number of variables 172 883 
R1, wR2 0.0387, 0.1043 0.0729, 0.1796 

 
 Compound 3 crystallizes in the P-1 (N°1) triclinic space group (Table 1). The 

asymmetric unit is composed of two molecules of 3 (Fig. 1). The X-ray structure of 3 

highlights the success of the alkylation reaction since the two N3 and N8 nitrogen atoms are 

alkylated with the methylbenzo(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazoline) radical 

moiety. Several structural differences distinguish the two crystallographically independent 

molecules. The molecule with the sulfur atoms S1 to S6 is defined as molecule A while the 

molecule with sulfur atoms S7 to S12 is defined as molecule B. i) The angles between the 1-

oxyl-3-oxide-imidazoline and phenyl rings are calculated equal to 47.0(1)° and 32.7(1)° for 

molecule A and B, respectively; ii) The alkylated moiety (the radical) and the TTF-based 

moiety are perpendicular (88.0(1)°) for the molecule B while this angle is 74.9(1)° for the 

molecule A; iii) The twist angle between the pyridine ring and the benzoimidazole fragment 

is equal to 13.3(1)° for the molecule A but is twice larger (28.6(1)°) for the molecule B; iv) 

The TTF core adopts a boat conformation in the molecule A while it is almost planar in the 

molecule B; v) Finally the  two thiopropyl groups are on the same side compared to the plan 

formed by the TTF core i.e. the side of the radical moiety for molecule A while for the 

molecule B one thiopropyl group is localized in the plan of the TTF core and the second one 

is localized on the opposite side of the radical unit. 
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Fig. 1. ORTEP view of 3. Thermal ellipsoids are drawn at 30% probability. Hydrogen atoms 

are omitted for clarity. 

 

These differences are imposed by the crystal packing to optimize the interaction 

between the molecules. The latter reveals the formation of head-to-tail dimers through π-π 

stacking between the TTF core and imidazole-2-pyridine (Fig. 2a). In order to optimize the 

stack, the TTF in boat conformation is associated with the more twisted imidazole-2-pyridine 

moiety (28.6°) while the planar TTF is associated with the less twisted imidazole-2-pyridine 

moiety (13.3°). 
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Fig. 2. Crystal packing of 3 in the  (011) plan (a) and along the a axis with highlights of the 

A-A (green) and B-B (blue) dimers (b). 

 

 The difference between the values for the two other listed angles are a consequence of 

the optimization of the interaction between the 1-oxyl-3-oxide-4,4,5,5-tetramethylimidazoline 

radicals. The radical units form two kinds of dimers involving either two molecules A (drawn 

in green on Fig. 2b) or two molecules B (drawn in blue on Fig. 2b). Several short contacts 

between the N-O groups have been identified with O1⋅⋅⋅O1 = 3.545 Å, O1⋅⋅⋅N4 = 3.463 Å, 

N4⋅⋅⋅N4 = 3.840 Å for the dimer of molecules A and O3⋅⋅⋅O3 = 3.392 Å, O3⋅⋅⋅N9 = 3.435 Å 

and N9⋅⋅⋅N9 = 3.922 Å for the dimer of molecule B. Then the dimers of A-A and B-B 

molecules are almost perpendicular and interact together through other relatively short 

contacts between the N-O groups with O1⋅⋅⋅O4 = 4.312 Å, O2⋅⋅⋅O4 = 4.756 Å and N5⋅⋅⋅O4 = 

4.862 Å. These contacts may have significant consequences on the magnetic behavior of 3. 

Finally, the radical and TTF parts interact through S7⋅⋅⋅O4 short contacts (3.312 Å).  

 

3.3 Cyclic voltammetry 

 

 The redox properties of compounds 1-3 are investigated by cyclic voltammetry (Fig. 

3). The values of the oxidation potentials are listed in Table 2. On the one hand, the cyclic 

voltammogram for 2 shows one mono-electronic oxidation at 0.85 V corresponding to the 

oxidation of the nitroxide radical to the oxoammonium cation[56]. On the other hand, the 

cyclic voltammogram for 1 shows two mono-electronic oxidations at 0.50 V for the first 

oxidation and 0.91 V for the second oxidation, corresponding to the formation of a radical 

cation and a dicationic TTF fragment, respectively[39]. Finally, the voltammogram for 3 

shows three mono-electronic oxidations at 0.51 V for the first oxidation, 0.84 V for the 

second oxidation and 0.93 V (Fig. S3) for the third oxidation corresponding to the formation 

of a radical cation form of the TTF core, the oxoammonium cation and the dicationic form of 

the TTF fragment, respectively.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 
 

 

Fig. 3. Cyclic voltammograms of 1 (red curve), 2 (purple curve) and 3 (green curve) in 

CH2Cl2 at a scan rate of 100 mV·s-1. The potentials were measured vs. a saturated calomel 

electrode (SCE) with Pt wires as working and counter electrodes. 

 

 The electrochemical properties attest the possibility to i) oxidize the TTF core in the 

radical cation form maintaining the integrity of the nitronyl nitroxide radical and ii) the 

reversibility of all the oxidations. 

 

Table 2. Oxidation potentials (V vs SCE, nBu4NPF6, 0.1 M in CH2Cl2 at 100 mV·s-1) of the 

complexes 1-3. 

 E1
1/2 / V E2

1/2 / V E3
1/2 / V 

OxE1
1/2 

RedE1
1/2 

OxE2
1/2 

RedE2
1/2 

OxE3
1/2

 RedE3
1/2

 

1 
2 
3 

0.56 
/ 

0.58 

0.45 
/ 

0.45 

/ 
0.96 
0.91 

/ 
0.73 
0.77 

0.96 
/ 

0.99 

0.86 
/ 

0.86 
  

 

3.4 Magnetic characterizations 

 

 The calculated total spin density distribution of 3 is shown in Fig. 4a (see 

computational details) whereas the Single-Occupied Molecular Orbital (SOMO) is called 

HOMO-1α on Fig. 6. The SOMO is essentially located on the 1-oxyl-3-oxide-imidazoline 

unit with the spin density mainly localized on the O-N-C-N-O chemical bonds of the 1-oxyl-

3-oxide-imidazoline moiety with partial delocalization on the phenyl ring. Solution room 

temperature EPR spectroscopy confirms that the radical is localized on the nitronyl nitroxide 

moiety. The X-band spectrum recorded with a BRUKER EMX spectrophotometer at an 
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excitation frequency of 9.468011 GHz of 3 measured in toluene at room temperature is 

shown on Fig. 4b. It features the characteristic signal of a single electron spin (g=2.00716) 

coupled to two equivalent 14N nuclear spins (aN=7.44 G). This value is in agreement with 

other reported values for nitroxide radical derivatives [57].  

 

Fig. 4. (a) Spin density distribution with Mulliken analysis spin population (spin density cut 

off 0.005 e- bohr-3), (b) EPR spectrum at room temperature of 3 in toluene. 

 

3.5 Absorption spectra 

 

 The UV-visible absorption properties of 3 have been studied in CH2Cl2 solution (Fig. 

5). To rationalize the attribution of the experimental absorption bands, TD-DFT calculations 

were performed on the DFT-optimized geometry (see computational details) of 3, following a 
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computational strategy already used successfully on other TTF-based systems[21],[60],[61]. 

The calculated UV-visible absorption spectrum and molecular orbital diagram are shown in 

Fig. 5 and 6, respectively. The absorption spectrum of 3 can be described as the sum of the 

absorption spectra of 1 and 2 (Fig. S4). The experimental absorption curve of 3 has been 

decomposed into eight bands (Fig. 5a and Table 3). The calculated UV-visible absorption 

spectrum for 3 reproduces well the experimental curve (Fig. 5a and 5b). The lowest energy 

band is calculated at the average value of 23177 cm-1 (experimental value 25100 cm-1) and 

attributed to a π-π* HOMOα → LUMOα transition which is identified as the Intra-Ligand 

Charge Transfer (ILCT) from the TTF core to the benzimidazole-2-pyridine acceptor (red 

deconvolution). The later ILCT is classically observed for the TTF-based ligands especially 

for the 2-(4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine 

molecular skeleton 1[38],[62]. The two other HOMOβ → LUMOβ and HOMOβ → LUMO+1β 

transitions were identified as a TTF to Nitronyl nitroxide (NIT) charge transfer (ILCT) (Fig. 

5a, Table 3).  

 

Fig. 5. a) Experimental UV/vis absorption spectrum in solution (c = 4·10-5 M) of 3 in CH2Cl2 

(open grey circles), respective Gaussian decompositions (dashed lines) and best fit (full black 
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line). b) Theoretical absorption spectrum (black line), the bars represent the main 

contributions that are listed in Table 3. 

 

Table 3. TD-DFT calculated excitation energies and main contributions of the low-lying 

electronic transitions for 3. In addition, the charge transfer and the pure intramolecular 

transitions are reported. ID, IA, INIT, H and L represent the intramolecular TTF (Donor), 

intramolecular benzimidazole-2-pyridine (bzip, Acceptor) and intramolecular nitronyl 

nitroxide (NIT) transitions, and the HOMO and LUMO, respectively. Therefore, ILCT stands 

for Intra-Ligand Charge Transfer. The theoretical values are evaluated at the PCM(CH2Cl2)-

PBE0/SVP level of approximation. 

Eexp 
(cm-1) 

Etheo 
(cm-1) 

Osc. Type Assignment Transition 

25100 
23160 
23194 

 

0.05 
0.35 

 
ILCT 

πTTF→π*NIT 
πTTF→π*bzip 

 

Hβ→Lβ (88%) 
Hα→Lα (48%) 

Hβ→L+1β (42%) 

27200 28812 0.12 INIT πNIT→π*NIT 
H-1α→Lα (40%) 
H-1β→Lβ (57%) 

28500 32080 0.02 IA πNIT→π*bzip 

H-10α→L+1α (20%) 
H-10β→L+1β (10%) 
H-1β→L+1β (34%) 

30200 
32525 

 
32954 

0.90 
 

0.16 

IA 
+ 

ILCT 
πbzipTTF→π*bzip 

H-3α→Lα (32%) 
H-2α→Lα (37%) 

H-3β→L+1β (32%) 
H-2β→L+1β (38%) 

31700 34047 0.15 ID πTTF→π*TTF 

H-2α→L+3α (7%) 
Hα→L+6/+7α (8/11%) 

H-2β→L+4β (7%) 
Hβ→L+7/+8β 

(10/13%) 

33300 36292 0.27 ID πTTF→π*TTF 

H-2α→L+3α (10%) 
Hα→L+7/+9α (9/9%) 
H-2β→L+4β (10%) 

Hβ→L+8/+10β (9/9%) 

36200 
36475 

 
36763 

0.21 
 

0.21 

INIT 
+ 

IA/ILCT 

πNIT→π*NIT 

+ 
πbzipTTF→π*bzip 

H-5α→L+1α (46%) 
H-4α→Lα (38%) 

H-4β→L+1β (29%) 

40220 
39549 
39766 

0.07 
0.13 

ID 
INIT 

πTTF→π*TTF 

πNIT→π*NIT 

H-3α→L+2α (15%) 
H-2α→L+2α (16%) 
H-3β→L+3β (15%) 
H-2β→L+3β (18%) 
H-16α→L+1α (12%) 
H-5α→L+1α (7%) 
H-11β→L+2β (7%) 

 
The next absorption band clearly comes from the nitronyl nitroxide contribution (Fig. 

S4) and it has been effectively identified as a pure π-π* NIT to NIT excitation (HOMO-1α → 

LUMOα and HOMO-1β → LUMOβ) centered at 27200 cm-1 (calculated at 28812 cm-1) 
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(purple deconvolution) (Table 3). The next four absorption deconvolution bands were 

calculated at 32080 cm-1, average value of 32740 cm-1, 34047 cm-1 and 36292 cm-1 and 

mainly assigned to intra-benzimidazole-2-pyridine moiety (IA) followed by intra-TTF (ID) 

transitions. 

 
Fig. 6. MO diagram of 3. 
 

The two highest energy bands of the absorption spectrum are assigned to a mixture of 

a new intra-NIT excitation (HOMO-5α→LUMO+1α) with additional IA and ID contributions 

(Table 3). One can notice that the alkylation of the molecular skeleton 1 with an organic 

radical moiety leads to a significant change in the low-energy part of the absorption spectrum 

compared to what is seen for other alkylated based-TTF ligands. Indeed the alkylating group 

has been reported to have negligible effect on the low-energy part of the absorption spectrum 

when this group is the 2-pyridine[37]. When the alkylating group is a more π-extended 

moiety such as the dimethyl-2,2’-bipyridine or di-(pyrazol-1-yl)-4-pyridyl group, a 

significant effect on the higher-energy part of the spectrum (35000-38000 cm-1) is 

observed[40].  

 

3.6 Emission spectra 
 

 The emission and excitation spectra of 3 are represented in Fig. 7, S5-S7. At 77 K in 

CH2Cl2 frozen solution, the photo-excitation of 3 at 27027 cm-1 (370 nm) in the π-π* 

HOMO-1α → LUMOα and HOMO-1β → LUMOβ transitions (NIT to NIT transitions, see 
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absorption properties section) results in a visible/near-infrared and structured emission with 

several maxima between 18000 and 12000 cm-1 (Fig. 7a). 

 
Fig. 7. (a) Solution (λex = 27027 cm-1 (370 nm) in the H-1α→Lα and H-1β→Lβ π→π* intra-

NIT excitation for black curve) and (λex = 23810 cm-1 (420 nm) in the Hα→Lα and Hβ→L+1β   

ILCT for red curve) luminescence spectrum of 3 in CH2Cl2 (C = 1.9×10-5 M) at 77 K. (b) 

Solid-state (λex = 27027 cm-1 (370 nm)) luminescence spectra of 3 in the 77-300 K 

temperature range. 

 

 By analogy with previous reports, the high-energy maxima localized in frozen 

solution at 17180, 16700, 16300 and 15700 cm-1 can be attributed to the molecular skeleton 1 

(17035 and 15350 cm-1)[39]. Consequently, it can be associated to a phosphorescence signal. 

Moreover, the most intense signal at lower energy with maxima localized at 14350, 13900, 

13700, 13050 and 12200 cm-1 is attributed to the emission of the nitronyl nitroxide radical. It 

is worth noticing that light irradiation in the lowest-energy ILCT (23810 cm-1) which is 
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attributed to πTTF→π* NIT HOMOβ→LUMOβ and πTTF→π*bzip HOMOα→LUMOα and 

HOMOβ→LUMO+1β ILCT (Table 3), significantly change the ratio between the two 

emission signals (Fig. 7). In other words, the intensity ratio of the emissions of NIT radical 

and TTF-based molecular skeleton is dependent of the contribution of them in the irradiated 

absorption band. As a consequence 3 can be described as a tunable multi-emissive ligand at 

low temperature in CH2Cl2 solution. Such multi-emissive behavior has already been observed 

in another TTF-based ligand due to the weak internal conversion between the excited singlet 

states on the NIT radical and the molecular TTF-based skeleton[63].  

 The emission properties of 3 have been also studied in solid-state between 77 and 300 

K. At low temperature, only the emission of the radical moiety is detected with a thinner 

signal than in solution nevertheless with two observable maxima at 13660 cm-1 (Emax1) and 

12500 cm-1 (Emax2). At 77 K, the maximum Emax1 in the solid-state spectrum is shifted by -700 

cm-1 by comparison with the maximum observed in the frozen solution spectrum. This 

difference comes from the disappearance of the interactions between the molecular entities 

leading to perfectly independent molecules in solution. Unfortunately the room temperature 

emission either in solid or liquid state is too weak to determine a reliable quantum yield. 

On the solid-state, by lowering the temperature, the intensity of the radical emission 

decreases by a factor of 6 and a gradual redshift of the maxima of approximately -1.8 cm-1/K 

(-400 cm-1) and -0.9 cm-1/K (-200 cm-1) for Emax1 and Emax2, respectively (Fig. 7b). These 

trends are in agreement with what was observed on nitronyl nitroxide (NIT) compounds 

either uncoordinated or coordinated by lanthanide ions [64].  

 

4. Conclusions 
 

 In conclusion, the synthesis of one of the rare examples of compounds combining 

both redox active tetrathiafulvalene (TTF) and nitronyl nitroxide (NIT) moieties is presented. 

The molecular skeleton 2-(4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-

yl)-pyridine 1 was alkylated with the 4-bromomethylbenzo(1-oxyl-3-oxide-4,4,5,5-

tetramethylimidazolin-2-yl) organic radical 2 leading to the formation of 2-{1-

[methylbenzo(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazoline)]-4,5-[4,5-bis(propylthio)-

tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine compound 3. This latter compound can 

be described as a TTF-based conjugated donor-acceptor dyad decorated with a radical 

acceptor or as a donor-acceptor-radical triad. After alkylation of the TTF-based molecular 

skeleton, 3 keeps the paramagnetic behavior brought by the radical moiety. 3 presents very 
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exciting and rich electrochemistry and photo-physical properties. Both TTF and NIT can be 

reversibly oxidized and cyclic voltammetry highlights the possibility to stabilize the radical 

cation form of the TTF core without oxidizing the NIT radical. The alkylating radical unit 

strongly contributes to the absorption spectrum with electronic communication between the 

TTF core and NIT unit, thus leading to Intra-Ligand Charge Transfer (ILCT). Light 

irradiation of 3 highlights the tunable multi-emissive behavior of 3 in CH2Cl2 solution with a 

complex visible/near-infrared phosphorescence coming from the both NIT and TTF-based 

skeleton. 

 The TTF-based donor-acceptor-radical triad could pave the road to multifunctional 

coordination complexes with electronic conductivity and single-molecule/ single-chain 

magnet behaviors.  
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