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Abstract :  

In order to deeply investigate the interaction between a tetrathiafulvalene (TTF) unit and a 

Ti(IV) center, a monomeric heteroleptic octahedral Ti(IV)-complex containing a diimine ligand 

composed of a 1,10-phenanthroline core fused with a TTF fragment (ligand 2a) was prepared. 

The stable complex formulated as Ti(1)2(2a), where 1 is a 2,2’-biphenolato derivative, was 

efficiently synthetized by following a one-step approach. This complex as well as its model 

species (Ti(1)2(2b)), were fully characterized in solution and their solid-state structures were 

established via X-ray diffraction analysis on single crystals. DFT calculations allowed the 

assignment of the frontier orbitals involved in the electronic transitions characterized by UV-

visible absorption spectroscopy. Electrochemical and spectroelectrochemical studies revealed 

that the TTF unit within Ti(1)2(2a) can undergo two reversible one-electron oxidation 

processes, whereas a reversible one electron reduction of the Ti(IV) atom was highlighted. The 

photophysical measurements performed for this donor-acceptor molecular system indicated 

that an electron transfer process upon light excitation occurred within Ti(1)2(2a).  
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Introduction 

 

 Owing to its well investigated semi-conductor behaviour,1 TiO2 elicits a major interest 

for applications in photocatalytic water splitting,2 photocatalytic degradation of pollutants or 

solar energy conversion.3 However, due to its high band gap (3.2 eV), the majority of TiO2 

based devices exhibit a photo-response only under UV light. Therefore, in order to develop 

more practical TiO2 based photo-active materials, dye-sensitized systems have been 

proposed. The light–harvesting compounds explored for the functionalization of the TiO2 

surface are metal complexes or organic molecules.4 Among the possible organic 

photosensitizers (PS), species incorporating a tetrathiafulvalene (TTF) core are particular ly 

appealing owing to their remarkable redox properties (high -electron donor ability).5 Thus, 

devices where TTF derivatives and TiO2 are associated have been engineered and some of 

these systems have demonstrated high photoconversion efficiencies for hydrogen 

production.6 Surprisingly, discrete complexes resulting from the association of TTF derivative-

based ligands and Ti-oxo clusters concern only very few reports.7 In addition, as far as we are 

aware, no system combining a single Ti(IV) atom associated with one TTF unit has been 

designed for evaluating the donor-acceptor behaviour that could occur between these two 

entities.8 Nevertheless, such type of molecular architecture is highly attractive, as it allows a 

priori to deeply investigate and facilitate the understanding of the interaction between the 

metallic centre and the TTF unit upon light excitation, that can then be employed to decipher 

phenomena observed within multinuclear and/or polymolecular aggregates. 

Dyads are molecular systems composed of a donor and an acceptor fragment that exhibit 

photoinduced energy or charge transfer (CT) processes to mimic the events occurring in 

natural photosynthesis.9 The design of these architectures relies very often on metal 

complexes and various types of transition metal ions belonging mainly to late elements that 

have been incorporated within the framework of these compounds.10 It should be noted that 

titanium complexes have been extremely rarely employed to create donor-acceptor 

architectures.11 In parallel, TTF units are extensively used to create dyads associated with 

organic acceptors (for instance fullerene,12 perylene diimine,13 BODIPY,14 porphyrin,15 or fused 

polyaromatic fragments16) or coordination complex acceptors.17 

 Thus, we wanted to combine in the same molecular system one TTF fragment and one 

Ti(IV) ion in order to study the interaction between these two units. Therefore, we have 



undertaken in this work the preparation of a monomeric Ti(IV)-complex incorporating a TTF 

motif in its backbone. The design of the monomeric titanium(IV) complex-based dyad 

containing a TTF-based ligand reported in this study (see chart 1) relied on the ability of the 

proligand 1H2, a 2,2’-biphenol derivative, to form with Ti(IV) in the presence of nitrogen 

bidentate ligands, robust heteroleptic metal complexes constructed around a TiO4N2 

framework.18 In order to incorporate a TTF core into the framework of a Ti(IV) coordination 

compound, the diimine ligand 2a, composed of a TTF unit directly fused with a 1,10-

phenanthroline backbone,19 was selected. Thus, we report herein the synthesis and the 

characterization of the Ti(1)2(2a) complex and a model complex Ti(1)2(2b) followed by the 

description of the electrochemical measurements and the investigation of the photophysical 

properties displayed by these architectures. These characterizations are next interpreted with 

the help of DFT calculations. 

 

 

 

Chart 1. Proligand 1H2, phenanthroline 2a-c and complexes Ti(1)2(2a-c) 

 

 

 

 



Results and discussion 

 

Formation of Ti(1)2(2a-c) complexes 

 

The complex Ti(1)2(2a) and the two model complexes, Ti(1)2(2b) and the known species 

Ti(1)2(2c) (Chart 1),17 were prepared following a one-pot strategy as shown in eq. 1. 

 

2 1H2 + Ti(OiPr)4 + 2a-c ⟶ Ti(1)2(2a-c) + 4 HOiPr (eq. 1) 

 

Under inert atmosphere, the solution instantly turned from uncolored to red, upon the addition 

of titanium(IV) isopropoxide into a solution of one equivalent of the phenanthroline-based ligand 

(2a-c) and two equivalents of the proligand 1H2. Alternatively, complex Ti(1)2(2a) was also 

synthetized starting from the Ti(1)2(HOiPr)2 precursor (eq. 2).20 Nevertheless, this method did 

not permit to drastically improve the efficiency of the formation of the desired compound. It 

should be noted that, independently of the methodology employed, the targeted compounds 

were purified over silica gel chromatography, owing to their excellent robustness. 

 

Ti(1)2(HOiPr)2 + 2a ⟶ Ti(1)2(2a) + 2 HOiPr (eq. 2) 

 

Complexes Ti(1)2(2a-c) were characterized by 1H and 13C NMR spectroscopy. The assignment 

of each phenanthroline proton resonance for Ti(1)2(2a) was done with the help of 2D 1H 

experiments (COSY and ROESY). The protons H2,9, H3,8 and H4,7 of 2a (see Chart 1) are shielded with 

a Δδ = 0.56, 0.53, 0.35 ppm respectively, when the diimine ligand is coordinated to Ti(IV) within 

Ti(1)2(2a) (see SI). Altogether, these NMR analyses match with Ti(1)2(2a-c) adopting an expected 

C2 symmetry in solution. The complexes Ti(1)2(2a-c) were also characterized by mass 

spectrometry. Figure 1 displays the high-resolution mass spectrum of Ti(1)2(2a) showing an 

intense peak at m/z = 1167.1013. Importantly, the experimental isotopic profile matched with 

the superimposition of two simulated isotopic profiles, the one for Ti(1)2(2a) + H+ and the other 

for Ti(1)2(2a)+. The detection of a peak resulting from the superimposition of two profiles was 

explained by the ES source that could behave like an electrolysis cell leading to the oxidation of 

the TTF moiety within Ti(1)2(2a) to form the Ti(1)2(2a)+ cation.21 The peaks confirming the 



presence of the desired compounds were also observed in the analysis of Ti(1)2(2b-c) (Figure S7 

in SI). 

 

  

Figure 1. Mass spectrum of Ti(1)2(2a) with an enlargement on the peak at m/z = 1167.1013 with 

two simulated isotopic profiles for Ti(1)2(2a) + H+ (calcd m/z = 1167.1029) and Ti(1)2(2a)+ (calcd 

m/z = 1166.0951). 

 

Crystals suitable for X-ray diffraction analysis were formed from toluene for Ti(1)2(2a) and from 

dichloromethane/diethyl ether for Ti(1)2(2b) (Figure 2). Ti(1)2(2a)(toluene)2 and 

Ti(1)2(2b)(CH2Cl2)2 crystallize in the P21/n and P21/c monoclinic centrosymmetric space groups 

respectively. As expected, in both compounds, the coordination sphere around the titanium atom 

adopts a distorted octahedral geometry. The metallic center is coordinated by two chelating 

ligands 1 with Ti-O distances ranging between 1.8372(18) Å and 1.9038(18) Å for Ti(1)2(2a) and 

between 1.8258(16) Å and 1.8966(16) Å for Ti(1)2(2b). The two nitrogen atoms from the 

phenanthroline units are also coordinated to the metal cation in cis positions with Ti-N distances 

of 2.245(2) and 2.246(2) Å for the TTF-incorporating compound and of 2.2401(18) Å and 

2.2456(19) Å for the model complex. The phenanthroline ligand is almost planar and π-stacking 

interactions between the phenyl rings and the phenanthroline unit are suggested by the short 

distances between the centroids of the aromatic rings (3.479 and 3.482 Å for Ti(1)2(2a) and 3.584 



and 3.686 Å for Ti(1)2(2b)) and the parallel orientation of the phenyl ring belonging to 1 and the 

phenanthroline moiety of either ligand 2a or 2b within the complex. The unit cell contains both 

the Δ and Λ enantiomeric forms of the complex. 

 

 

 

Figure 2. Ball and stick model of Ti(1)2(2a) (left) and Ti(1)2(2b) (right) obtained by X-ray diffraction. 

Hydrogen atoms and solvent molecules as well as the positional disorder of one carbon atom of 

the ethylenedithio bridge in Ti(1)2(2a) have been omitted for clarity.  

 

UV-visible absorption, DFT calculations  

 

Having in hands complexes Ti(1)2(2a) and Ti(1)2(2b), the UV-visible light absorption properties 

of these species were investigated. The absorption spectra of compounds Ti(1)2(2a), Ti(1)2(2b), 

2a and 2b were recorded in dichloromethane (Figure 3). Moderately intense absorption bands 

for Ti(1)2(2b) (εmax(370 nm) = 12830 L.mol-1.cm-1) and 2b (εmax(390 nm) = 12750 L.mol-1.cm-1) were 

measured in the range of 350-400 nm and no absorption band is noticed for the two other 

compounds in this region. The absorption band for Ti(1)2(2b) was blue shifted of 20 nm 

compared to 2b. Moreover, broad absorption bands between 420 and 520 nm concerned the 

absorption properties in the visible domain of Ti(1)2(2b) (εmax(440 nm) = 2200 L.mol-1.cm-1), 

Ti(1)2(2a) (εmax(440 nm) = 2700 L.mol-1.cm-1) and 2a (εmax(440 nm) = 1700 L.mol-1.cm-1). These data 

matched with the red-orange color of the complexes and of the ligand 2a. Thus, such a color 

for the complexes was assigned to a combination of two phenomena; a ligand-to-metal charge 

transfer between the electrons localized on the oxygen atoms of ligand 1 and the metallic 

center (vide infra), as it is usually the case for Ti(IV) aryloxide complexes22 and the absorption 

properties of ligand 2a. 



 

 

Figure 3. UV-vis spectra of 2a-b and Ti(1)2(2a-b) complexes in dichloromethane at room 

temperature (10-4 mol.L-1). 

 

To further interpret the electronic transitions in these metal complexes, we performed TD-DFT 

calculation applying the Tamm-Dancoff (TDA) approach, using the B3LYP hybrid functional with 

the Grimme D3 dispersion correction23 and a def2-TZVP basis set24 using the optimized geometry 

previously obtained of Ti(1)2(2a) and Ti(1)2(2b) in CH2Cl2, where CH2Cl2 was described implicitly 

using the PCM Model.25 For both complexes the first 50 transitions were calculated. All 

calculations were performed using the GAUSSIAN09 Revision D01 software package.26 

Characteristics of all 50 calculated transitions are given in SI (Table S1 and S2) Thus, it appears that 

the most intense absorption band is calculated at λ = 352 nm for Ti(1)2(2a), corresponding to a 

transition from the HOMO to the LUMO +6 level (Figure 4). The transition between these frontier 

orbitals is a charge transfer between electrons localized in HOMO, centered on the TTF ligand, and 

a LUMO level involving together the metal and the phenanthroline backbone but also with the 

phenyl rings of ligand 1 which are -stacked to the phenanthroline unit. On the other hand, for 

the model complex Ti(1)2(2b), an intense band at 337 nm is calculated that corresponds to a 

transition from HOMO -6 to either LUMO or LUMO +2 levels. These electronic transitions are 

charge transfers between the HOMO centered exclusively on the phenanthroline derivative and 



the orbitals of the metallic center associated with the phenanthroline derivative (LUMO and LUMO 

+2) (Figure 4).27 This investigation highlights that the introduction of the tetrathiafulvalene unit 

deeply affects the nature of the charge transfer associated with the most intense transitions. 

 

 

Figure 4. Representation of calculated frontier orbitals for Ti(1)2(2a-b). Top row: Frontier orbitals of 

Ti(1)2(2a) involved in the most intense absorption at λ = 352 nm. Bottom row: Frontier orbitals of 

Ti(1)2(2b) involved in the two most intense absorptions at λ = 337 nm (more frontier orbitals for 

Ti(1)2(2a) and Ti(1)2(2b) are given in SI (Figures S8-9)). 

 

 

Electrochemical and spectroelectrochemical studies 

 

The electrochemical properties of ligand 2a and Ti(1)2(2a) in 1,2-dichloroethane solution with 

0.1 mol/L NBu4PF6 as supporting electrolyte were investigated by cyclic voltammetry (Figure 

5). 2a exhibits two reversible one-electron redox couples which are associated with the 

successive oxidation of the TTF unit to TTF+● at 0.158 V and to TTF2+ at 0.562 V versus the redox 

potential of Fc/Fc+ used as an internal reference, respectively (the redox potentials are 

indicated in Table 2, see also the Supporting Information Figures S10-12). It should be noted 

that, on the reverse sweep, a narrow peak at around +0.5 V is observed and attributed to the 

cathodic redissolution of the strongly adsorbed oxidized products of the TTF. The irreversible 

reduction at -1.971 V for 2a corresponds to the reduction of the phenanthroline unit (Phen) 

leading to the radical anion (Phen-●). 



Ti(1)2(2a) exhibits a similar behavior in the anodic domain. The electrochemical patterns of 

Ti(1)2(2a) consist of two oxidative processes at 0.269 V and at 0.626 V versus Fc/Fc+ (Figure 5). 

The first oxidation is again assigned to the monoelectronic TTF unit oxidation forming the 

radical monocation TTF+•, while the second oxidation wave is attributed to the oxidation of 

the radical monocation TTF+• leading to the dication TTF2+ formation. Accordingly, upon 

coordination to the titanium(IV), the first two reversible oxidation processes are slightly 

shifted to a positive value in comparison with the free ligand. On the cathodic scan, one 

reduction wave at −1.724 V is detected. This reduction is assigned to the Ti(IV) to Ti(III) one 

electron-reduction process since, for the model complex Ti(1)2(2b), a reduction wave 

associated to the Ti(IV) to Ti(III) at a very similar potential was measured (Table 1) (vide infra). 

X-band EPR experiments have been performed on Ti(1)2(2a) to confirm the assignation. 

Initially the solution is EPR silent. After one-electron oxidation at 0.27 V, the spectrum shows 

a narrow signal, centered at g-value of 2.00, typical of an organic radical (Figure S16). After 

exhaustive reduction performed at around −1.73 V, the spectrum exhibits an anisotropic signal 

with rhombic g-values of gx = 1.99, gy = 1.93 and gz = 1.82 (Figure 6). These values are typical 

of Ti(III) ion in distorted octahedral geometry.28 It asserts that the first oxidation is centered 

on the ligand, whereas the reduction of the complex leads to the formation of a Ti(III) center. 

 

Table 1. Electrochemical data for proligand 1H2 (2,2’-biphenol derivative), phenanthroline 2a-

b and complexes Ti(1)2(2a-b) versus Fc/Fc+, and are uncorrected for ohmic drop. 

 

Compounds Oxidation Ti(IV)/Ti(III) couple Phenanthroline 

reduction 

 
1H2

  1.368irr 
 

- - 

2a 0.562 
(108) 

0.158 
(93) 

 -1.971irr 
 

2b  0.927irr  -1.991irr 
 

Ti(1)2(2a) 0.626 
(97) 

0.269 
(72) 

-1.724 
(122) 

-2.031 
(138) 

Ti(1)2(2b)  0.706irr -1.705 
(89) 

-2.035 
(141) 

 

Potentials in V vs. Fc/Fc+ were obtained from cyclic voltammetry in 1,2-C2H4Cl2 with 0.1  



mol.L-1 NBu4PF6. Scan rate = 100 mV s-1. Working electrode: GC, d= 3 mm. The given half-wave 

potentials are equal to E1/2 = (Epa + Epc)/2. Under bracket: △Ep = |Epa-Epc|. 

 

 

Figure 5. Cyclic voltammetry of proligand 1H2 (2,2’-biphenol derivative), phenanthroline 2a-b 

and complexes Ti(1)2(2a-b) in 0.1 mol.L-1 n-Bu4NPF6/1,2-C2H4Cl2 at scan rates of 0.1 V.s-1 on 

glassy carbon GC electrode in the absence (full line) and presence (dashed line) of Fc in 

solution. The Fc+/Fc redox potential is used as internal standard reference of the potential 

axis. 



 

In addition to cyclic voltammetry, solution spectroelectrochemical studies were carried out to 

investigate the electronic properties of all the electrochemically generated species (Figures 7–

8). The UV-Vis-NIR spectro-electrochemical studies of ligand 2a and Ti(1)2(2a) have been 

performed over reduction-oxidation cycles (Figure 7). 

 

Figure 6. X-band EPR spectrum of a solution of Ti(1)2(2a) in 0.1 mol.L-1 n-Bu4NPF6/1,2-C2H4Cl2 

recorded at 100K after exhaustive electrolysis performed at the first reduction peak. 

 

In the case of ligand 2a and Ti(1)2(2a) (Figure 7), the electrochemical oxidation of the TTF unit 

induces strong changes in the UV−vis−NIR absorption spectra. For 2a, in the neutral state, five 

absorbance bands are detected at 233, 277, 311, 335 and 423 nm (weak). The energy 

transitions are in good agreement with those reported for TTF compounds. Bands at 311 and 

335 nm represent the transitions from the HOMO (π) to the LUMO (σ*) and from the HOMO 

to LUMO+1 π → π * respectively.29 For 2a, upon oxidation to the cation radical state TTF+• 

unit, a decrease in the absorbance bands at 277, 311 and 335 nm is observed with the 

appearance and concomitant increase of new absorbance bands at 452, 476, 547, and 909 nm 

(red curve of Figure 7). An isosbestic point is found at 372 nm (Figure 7) indicating that 

conversion from TTF to TTF+• is a direct reaction with no side products or intermediates. It 

should be noted that the band found at low energy is in accordance with the absorption 

properties reported for a cationic radical TTF dimer (TTF+•)2.30 Thus, the absorption spectrum 

of the oxidized 2a ligand was interpreted as the result of the simultaneous presence of 2a+• 

and (2a+•)2. It can be noted that the cyclic voltammograms, measured using an Au grid working 



electrode during the spectroelectrochemical measurements, indicate that the first oxidation 

is reversible. The resulting absorption spectrum from reduction of the cation radical TTF+• back 

to the neutral TTF unit supports this assumption with almost complete reversibility detected 

on the time scale of the spectroelectrochemical experiment (around 150 s in the case of Figure 

7). 

Upon gradual oxidation to the dicationic species TTF2+, no change of the optical spectra has 

been observed. It may be due to the strong adsorption of the oxidized species with TTF2+ on 

the electrode, as already observed during the cyclic voltammetry measurements. 

Upon investigation by UV−vis−NIR spectroelectrochemical experiments, complex Ti(1)2(2a). 

Ti(1)2(2a) exhibited a behavior similar to 2a. Upon oxidation to the cation radical state of the 

TTF unit, the decrease of the three bands at 262, 315 and 339 nm (shoulder) occurs 

concomitantly to the increase of the four bands at 441, 475, 559 and 915 nm. When the 

potential reaches the second oxidation of the TTF unit, again no change of the optical 

spectrum was observed. This can be again attributed to the strong adsorption of the oxidation 

product on the Au minigrid electrode as already mentioned for 2a. 

With the Au minigrid working electrode, one quasi-reversible wave is detected at -1.517 V 

versus Ag/AgCl during the cathodic scan. This wave corresponds to the reversible wave 

measured at -1.724 V versus Fc/Fc+ by cyclic voltammetry on glassy carbon electrode. Upon 

reduction at -1.517 V versus Ag/AgCl the decrease of the band at 263 nm is associated to the 

emergence of five bands at 229, 339, 430, 561 and 1412 nm (weak). It can be attributed to the 

reduction of the Ti(IV) to Ti(III). 



 

Figure 7. A) UV-Vis spectroelectrochemistry and B) the differential UV-Vis-NIR spectra of 2a at 

ambient temperature upon electrochemical oxidation in 0.1 mol.L-1 n-Bu4NPF6 in 1,2-C2H4Cl2 

in the potential region of the first oxidation step (one-electron oxidation leading to the radical 

cation TTF Blue color corresponds to the spectra of initial compound while red color is for the 

oxidized form. C) UV-Vis spectroelectrochemistry and D) the corresponding differential UV-

Vis-NIR spectra of Ti(1)2(2a) upon the first oxidation step. E) UV-Vis spectroelectrochemistry 

and F) the differential UV-Vis-NIR spectra of Ti(1)2(2a) upon electrochemical reduction in 0.1  

mol.L-1 n-Bu4NPF6 in 1,2-C2H4Cl2 (reduction of the phenanthroline moieties leading to the 

radical anion). Blue color corresponds to the spectra of initial 2a while dark cyan color is for 

the reduced form. Inset figures shows the cyclic voltammograms at scan rate of 20 mV.s-1 and 



the potentials (colored circles) at which the UV-Vis-NIR spectra were taken. * Corresponds to 

the residual O2 reduction on the Au minigrid working electrode. 

 

The electrochemical properties of ligand 2b and the model complex Ti(1)2(2b) have been also 

investigated by cyclic voltammetry in 1,2-dichloroethane solution with 0.1 mol.L-1 NBu4PF6 as 

supporting electrolyte (Figure 5). Ligand 2b shows one oxidation and one reduction 

irreversible processes at 0.927 and -1.991 V respectively. The reduction at -1.991 V is 

attributed to the reduction of the phenanthroline ligand (Phen) forming the radical anion 

(Phen●-), while the oxidation wave corresponds probably to the irreversible oxidation of the 

C=S double bond. Concerning the model complex Ti(1)2(2b), the reduction of titanium(IV) to 

titanium (III) is measured at nearly the same potential (-1.705 V vs. Fc/Fc+) as for Ti(1)2(2a) (-

1.724 V vs. Fc/Fc+). The second reduction wave measured at -2.035 V (see in the Supporting 

Information Fig. S12 and Table 2) is ascribed to the reduction of the phenanthroline unit 

(Phen) leading to the formation of the radical anion Phen●-. Consequently, the presence of the 

TTF core in the complex did not influence the reduction potential of the metallic center. 

UV−vis−NIR spectroelectrochemical experiments were also performed with Ti(1)2(2b) (Figure 

8). Upon reduction at -1.713 V versus Ag/AgCl using Au minigrid working electrode 

(corresponding to the wave measured at -1.705 V versus Fc/Fc+ with GC electrode), the 

reduction of Ti(IV) to Ti(III) is associated to the decrease of the intensity of the bands at 259, 

309 and 374 nm concomitantly with the emergence of six bands at 228, 285, 334, 410 and 

1384 nm caused by the reduction of Ti(IV) to Ti(III). 

 



 

Figure 8. A) UV-Vis-NIR spectroelectrochemistry and B) the corresponding differential UV-Vis-

NIR spectra of the model complex Ti(1)2(2b) at ambient temperature upon electrochemical 

reduction in 0.1 mol.L-1 n-Bu4NPF6 in 1,2-C2H4Cl2 in the potential region of the first and second 

oxidation step at scan rate of 20 mV.s-1 . Insert figures show the CV at scan rate of 20 mV.s-1. 

Blue color corresponds to the spectra of initial compounds Ti(1)2(2b) while red color is for the 

oxidized form. * Corresponds to the residual O2 reduction onto the Au minigrid working 

electrode. 

 

Photophysical studies 

 

The photophysical properties of complexes Ti(1)2(2a-c) were investigated in deoxygenated 

CH2Cl2. Prior to these analyses, the emission properties of the phenanthroline based ligands 

were investigated in the same solvent. Upon excitation at 310 nm, 1,10-phenanthroline 

exhibits a structured fluorescence spectrum with a maximum at 350 nm, and an emission 



decay of 2.3 ns ± 0.1 ns. This emission is attributed to a mixed (n,*);(,*) state and is 

consistent with previously reported values recorded in different solvents.31 In the same 

experimental conditions, compound 2a is non-emissive. This indicates an efficient interaction 

between the excited state of phenanthroline and the TTF subunit. TTF is known as a high  

donor compound and the interaction results from an electron transfer process from TTF to 

the excited state of phenanthroline, leading to a non-emissive (Phen•--TTF•+) charge transfer 

state. 

Complexes Ti(1)2(2a-c) are all emissive upon excitation at 310 nm. The emission is broad and 

centered around 360 nm. In comparison to references complexes Ti(1)2(2b) and Ti(1)2(2c), the 

emission maximum of Ti(1)2(2a) is red shifted (see Figures S13-15 in SI and Table 2). Upon 

excitation in the visible at 405 nm, the complexes exhibit a weak emission band centered at 

440 nm for complexes Ti(1)2(2b) and Ti(1)2(2c) and at 480 nm for complex Ti(1)2(2a). After 

excitation at 405 nm the emission decays are biexponential. The biexponential rate indicates 

that two states are contributing to the observed emission. The short component of the decay 

around 2 ns represents between 34 % and 62 % of the overall intensity. The longer component 

varies with the complex and is significantly longer for Ti(1)2(2a) (Table 2). Since the short 

component has an almost similar lifetime within the series of complexes, it could be attributed 

to the deactivation of the (Ti(1)2)* moiety upon excitation. The longer component of the decay 

would then correspond to the deactivation of an excited state involving the phenanthroline 

based ligand. Whereas excitation of ligand 2a leads to a none emissive (Phen•--TTF•+) state, 

excitation of Ti(1)2(2a) at 405 nm induces the population of an emissive state localized on the 

Ti(2a) moiety. The difference in the photophysical behavior between the free ligand and the 

complex suggests then a partial contribution of the molecular orbitals of the Ti center on the 

emissive excited state. Moreover, compared to Ti(1)2(2b) and Ti(1)2(2c), the emission decay in 

Ti(1)2(2a) is slightly longer as a probable consequence of an electron transfer process following 

eq. 3 and leading to a charge separated state on a longer distance as supported by EPR 

measurements (Figure 6). The recombination of the charge occurs then on a longer time scale 

of 12.7 ns compared to around 7 ns for the reference complexes. 

[(1)2Ti(IV)(phen-TTF)]  
405 𝑛𝑚
→       [((1)2Ti(III)phen-TTF•+)]   (eq. 3) 

 

 



 

Table 2. Photophysical data for complexes Ti(1)2(2a-c) recorded in deoxygenated CH2Cl2. 

Compounds max. em. Emission lifetime  

 Exc. 310 nm Exc. 405 nm Exc. 405 nm 

Ti(1)2(2a) 370 480 2.1 ns ± 0.2 (34%) ; 12.7 ns ± 0.4 (66%) 

Ti(1)2(2b) 354 436 1.5 ns ± 0.1 (63%) ; 7.4 ns ± 0.3 (37%) 

Ti(1)2(2c) 356 440 1.8 ns ± 0.1 (48%) ; 6.9 ns ± 0.3 (52%) 

 

 

Conclusion 

 

To get a deep understanding of the interaction between a TTF unit and a Ti(IV) center, the 

monomeric heteroleptic Ti(1)2(2a) complex was prepared. The introduction of a TTF unit 

modifies the electronic properties related to the model complex Ti(1)2(2b) as demonstrated 

by the UV-visible absorption measurements. In the case of Ti(1)2(2a), the most intense 

transitions are originated from HOMOs centered on the TTF unit and LUMOs involving mostly 

the d orbitals of the metal and the phenanthroline fragment, while for the model complex 

Ti(1)2(2b), the most intense transition results from charge transfers between the HOMO 

localized on the phenanthroline fragment and the orbitals centered on both the metallic center 

and the phenanthroline derivative. Concerning the electrochemical properties of ligand 2a, its 

coordination to the metallic center only weakly modifies its oxidation potentials and a similar 

oxidation pattern consisting of two quasi-reversible oxidative processes is observed for the 

free ligand and Ti(1)2(2a). The reduction waves of Ti(IV) to Ti(III) were found to be similar for 

Ti(1)2(2b) and Ti(1)2(2a) and the EPR measurement for Ti(1)2(2a) clearly confirmed that the 

first reduction process induced the formation of a Ti(III) species and permitted to exclude the 

reduction of a ligand within Ti(1)2(2a). Furthermore, the presence of the TTF core in Ti(1)2(2a) 

does not affect the reduction potential of the metal atom. Hence, from the electrochemical 

properties, the TTF unit as well as the Ti(IV) center could be considered as almost two 

independent chemical entities within the same architecture.  The photophysical studies 

supported by the conclusions obtained from the electrochemistry and EPR measurements 



suggest the occurrence of an electron transfer process upon visible light excitation in Ti(1)2(2a) 

between the donor part of the molecule (TTF) and the acceptor (the metal d orbitals combined 

with a contribution of the phenanthroline fragment) forming the charge separated state 

[((1)2Ti(III)phen-TTF•+)] that recombines afterward. Overall, the TTF unit and the Ti(IV) center 

look as an appealing combination to create new dyads. Thus, we envisage now to introduce 

various chemical spacers between the TTF unit and the diimine ligand to modulate the 

electronic transfer/recombination events in our TTF-Ti(IV) system. Current efforts are focusing 

on this task. 

 

Supporting Information: 1H NMR and 13C spectra for the two complexes, crystal packing for 

the structures of Ti(1)2(2a) and Ti(1)2(2b), representation of the frontier orbitals calculated for 

Ti(1)2(2a) and Ti(1)2(2b), voltammograms and EPR spectrum of the oxidized Ti(1)2(2a) 

complex. 

 

Experimental part 

 

All reagents and products were purchased from Sigma-Aldrich, Alfa Aesar, or TCI and used as 

received. Bruker Avance-500 and Avance-600 spectrometers were used for solution NMR 

analyses performed at 25 °C. Deuterated solvents for 1H NMR analysis were dried over 

molecular sieves before use. 1H NMR spectra were recorded at 500.13 MHz and referenced to 

SiMe4. 13C{1H} NMR spectra (broadband decoupled) were recorded at 126.77 MHz and 

referenced to SiMe4. Chemical shifts are reported in parts per million and coupling constants 

in hertz; the latter are proton−proton coupling constants. Multiplicity: s = singlet, d = doublet, 

t = apparent triplet, and m = multiplet. The 13C{1H} signals are singlets. DOSY measurements 

were performed at 600.13 MHz with a 5 mm 1H/X z-gradient BBI probe and applying a PFGSTE 

pulse sequence using bipolar gradients. Electrospray analyses were performed on a MicroTOF 

(Bruker) apparatus equipped with an electrospray source. Elemental analyses were performed 

using a Flash 2000 apparatus (Thermo Fisher Scientific) for the C, H, and N elements. 

UV−visible liquid spectra were recorded with a PerkinElmer Lambda 650s spectrometer. For 

Ti(1)2(2a), X-ray diffraction data collection was carried out at 120 K on a Bruker PHOTON III 

DUO CPAD diffractometer equipped with an Oxford Cryosystem liquid N2 device, using Mo-Kα 

radiation (λ = 0.71073 Å). The X-ray diffraction data for Ti(1)2(2b) were collected at 173 K on a 



Bruker SMART CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å). The diffraction data 

were corrected for absorption using the SADABS program.30 The structures were solved using 

SHELXS97 and refined by full-matrix least squares on F2 using SHELXL-2014.31  The H atoms 

were introduced at calculated positions and not refined (riding model). Compound 2a and 

complex Ti(1)2(HOiPr)2 were prepared as described.19,20 

 

Electrochemical and spectroelectrochemical measurements 

Electrochemistry 

Electrochemistry Materials: Pure 1,2-C2H4Cl2 from Sigma-Aldrich (anhydrous, purity >99.8%) 

was used throughout. 0.1 mol.L-1 N(Bu)4PF6 from Sigma-Aldrich was used as a supporting 

electrolyte. 

Electrochemistry measurements: Electrochemical measurements were carried out in 1,2-

C2H4Cl2 containing 0.1 mol.L-1 N(Bu)4PF6 in a classical three-electrode cell by cyclic 

voltammetry and rotating-disk voltammetry. 

Cyclic voltammograms (CV) were recorded in a standard three-electrode electrochemical cell 

using glassy carbon disk (GC) (3 mm in diameter) as working electrode, Pt wire as counter 

electrode, and AgCl or Pt wire as reference or pseudo-reference electrode. The cell was 

connected to an Autolab PGSTAT30 potentiostat (Eco Chemie, Netherlands) driven by a GPES 

software running on a personal computer. All potentials are given versus AgCl/Ag, which were 

used as internal references, and are uncorrected for ohmic drop. 

 

UV-Vis-NIR spectroelectrochemistry 

In situ UV-Vis-NIR spectroelectrochemical measurements at room temperature were 

performed with an optically transparent thin-layer electrochemical (OTTLE) cell equipped with 

an Au minigrid working electrode and CaF2 optical windows.32 UV-Vis-NIR 

spectroelectrochemical analyses have been carried out with a Zeiss MCS 601 UV-Vis-NIR diode 

array spectrometer. Spectrophotometric analyses of the films have been conducted using a 

0.1 mol.L-1 solution of n-Bu4NPF6 in anhydrous 1,2-C2H4Cl2 in deoxygenated solutions. The 

reference used is AgCl/Ag. 

 

EPR  



The experiments are performed with an EMX Plus spectrometer and a Bruker ER4119HS cavity 
at a microwave power of 0.007 mW. 
 
Photophysics 

Emission Spectra were recorded with a Fluoromax-4 (Horiba Scientific) in a 1 cm quartz 

cuvette. Samples were purged with Ar for 15 minutes prior to experiment and closed with a 

septum. Emission decay were recorded with a PicoHarp 300 time-correlated single photon 

counting (TCSPC) system. The samples were excited at 405 nm by a laser diode. The fittings of 

the decays were performed with FluoFit software (PicoQuant). 

 

 

General Procedure for the synthesis of Ti(1)2(2a) and Ti(1)2(2b).  

Complexes Ti(1)2(2a) and Ti(1)2(2b) have been synthesized following two different methods 

using a titanium complex precursor Ti(1)2(HOiPr)2. Method a or a one pot strategy Method b 

leading to similar yields. 

Synthesis of Ti(1)2(2a) 

Method a: To a solution of dried CH2Cl2 (4 mL) and Ti(1)2(HOiPr)2 (5 mg, 5.95 mmol) under 

inert atmosphere (glovebag filled with Ar), phenanthroline derivative 2a (2.7 mg, 5.95 mmol) 

was added. The resulting red mixture was purified by silica gel column chromatography with 

CH2Cl2/n-pentane (2:3) as eluent to afford the desired red solid Ti(1)2(2a) (64%, 4.5 mg). 

Method b: To a solution of dried CH2Cl2 (2 mL), Ti(OiPr)4 (7.2 µL, 24.5 mmol) under inert 

atmosphere (glovebag filled with Ar), 1H2 (15 mg, 49.0 mmol) and phenanthroline derivative 

2a (11 mg, 24.5 mmol) were added at the same time. The colorless solution became instantly 

red, and the resulting mixture was purified by silica gel column chromatography with CH2Cl2/n-

1H NMR (500 MHz, CDCl3) δ 8.54 (dd, J = 5.0, 1.4 Hz, 2H), 7.57 (dd, J = 8.3, 1.5 Hz, 2H), 7.41 

(dd, J = 7.2, 1.3 Hz, 4H), 7.23 (dt, J = 7.6, 1.3 Hz, 2H), 7.20 (d, J = 4.4 Hz, 2H), 7.11 – 7.06 (m, 

4H), 6.98 (dddd, J = 7.5, 6.1, 3.3, 1.0 Hz, 6H), 6.94 – 6.90 (m, 2H), 6.50 (t, J = 7.6 Hz, 2H), 6.41 

(dd, J = 7.5, 1.8 Hz, 2H), 6.32 (d,  J = 7.4 Hz, 6H), 6.26 (dd, J = 8.2, 6.6 Hz, 4H), 3.21 (d, J = 1.4 

Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 160.89, 160.18, 148.95, 141.28, 138.88, 138.72, 134.73, 

132.00, 131.57, 131.42, 130.02, 129.92, 129.76, 129.72, 128.84, 128.67, 127.90, 127.86, 

127.55, 126.09, 125.93, 124.60, 123.96, 122.04, 119.29, 30.31. 

HRMS (ESI-MS): m/z Calcd for C66H42N2O4S6Ti, 1167.0951 [M]+; Calcd for C66H43N2O4S6Ti, 

1167.1029 [M+H]+; found, 1167.1013. 



Crystal data for C80H58N2O4S6Ti, monoclinic, P21/n, a = 15.8580(5) Å, b = 23.7325(7) Å, c = 

17.1275(6) Å; β = 92.9140(10°), V = 6437.6(4) Å3; Z = 4; Dcalcd = 1.394 g.cm-3; T = 120(2) K, µ = 

0.384 mm-1, reflections collected 130396, unique reflections 15435 (Rint = 0.0973), R1(F) [I > 

2σ(I)] = 0.0537, wR2(F²) (all data) = 0.1515; GOF(F²) = 1.010. 

 

Synthesis of Ti(1)2(2b) 

The same procedure has been followed using 2b instead of 2a to synthesize the orange 

complex Ti(1)2(2b) with a yield of 50% for Method a & b. Suitable crystals for X-ray diffraction 

were obtained from CH2Cl2/n-pentane gas diffusion. 

1H NMR (500 MHz, CDCl3) δ 8.73 (dd, J = 5.0, 1.4 Hz, 2H), 7.74 (dd, J = 8.2, 1.4 Hz, 2H), 7.50 – 

7.46 (m, 4H), 7.32 (dd, J = 7.7, 1.8 Hz, 2H), 7.28 (dd, J = 7.7, 1.8 Hz, 2H), 7.23 (dd, J = 8.5, 5.0 

Hz, 2H), 7.18 (dd, J = 7.6, 1.8 Hz, 2H), 7.12 – 7.03 (m, 6H), 7.03 – 6.97 (m, 2H), 6.60 (t, J = 7.5 

Hz, 2H), 6.51 (dd, J = 7.6, 1.8 Hz, 2H), 6.46 – 6.42 (m, 4H), 6.42 – 6.37 (m, 2H), 6.31 (m, 4H). 13C 

NMR (126 MHz, CDCl3) δ 205.82, 160.85, 160.08, 150.03, 141.45, 138.94, 138.79, 136.29, 

134.59, 132.23, 131.44, 130.08, 129.88, 129.84, 129.61, 128.83, 128.73, 127.96, 127.59, 

126.07, 126.00, 124.77, 124.43, 122.68, 122.25, 119.48.  

HRMS (ESI-MS): m/z Calcd for C61H39N2O4S3Ti, 1007.1551 [M+H]+; found, 1007.1554. 

Anal. Calc. for C61H38N2O4S3Ti + ½ CHCl3, N, 2.63%; C, 69.25%; H, 3.64%; Found N, 2.55%; C, 

69.22%; H, 3.78%. 

Crystal data for C63H42Cl4N2O4S3Ti, monoclinic, P21/c, a = 28.4495(15) Å, b = 14.3729(7) Å, c = 

29.2006(16) Å; β = 115.356(2)°, V = 10789.9 Å3; Z = 8; Dcalcd = 1.449 g.cm-3; T = 173(2) K, µ = 

0.526 mm-1, reflections collected 115904, unique reflections 31625 (Rint = 0.0812), R1(F) [I > 

2σ(I)] = 0.0561, wR2(F²) (all data) = 0.1461; GOF(F²) = 1.018. 
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Synopsis 
 
A dyad containing a Ti(IV) centre coordinated by a 1,10-phenanthroline ligand containing a 
TTF fragment was prepared. Upon visible light excitation, a charge separated state is reached, 
where the TTF unit is oxidized and the Ti-phenanthroline unit is reduced.  
 
 
 


