Light Driven Electron Transfer in a Modular Assembly of a Ruthenium(II) Polypyridine Sensitiser and a Manganese(II) Terpyridine Unit Separated by a Redox Active Linkage. DFT Analysis.
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Physical properties

Electrochemistry
 [image: ]
Figure S1. Cyclic voltammograms for 1 mM solutions of complexes in acetonitrile with 0.1 M TBAP as supporting electrolyte; Potentials vs. SCE; v = 100 mVs-1.

Photophysical properties
Emission


Figure S2. Emission decay for binuclear complexes in argon purged acetonitrile. Excitation wavelength: 460 nm

[image: Em2SI]
Figure S3. Emission spectra for complex 1b in acetonitrile, taken at 20 ns and 950 ns after laser flash. Inset: normalised emission spectra of slow phase (blue line) and fast phase (magenta line). The fast phase emission spectrum was obtained as difference between the total intensity and the slow phase weighted as 40% of total intensity at t = 0.

Transient absorption
[image: transientSI]
Figure S4. Transient absorption spectra obtained upon excitation at 460 nm of an argon purged acetonitrile solution of 1a. The sample absorbance at excitation wavelength was 0.45.

Photoinduced electron transfer in presence of an external acceptor

Details on kinetics analysis

At 605 nm, the decay of MV+ was fitted by a second-order kinetics to evaluate the rate constant, krec, for recombination between Ru(III) and MV+, while at 460 nm recovery of Ru(II), when occurring on the same timescale as MV+ decay, was fitted by a first-order kinetics corrected for the recombination reaction with MV+, using [1]  where kIET is the first order rate constant for intramolecular electron transfer to Ru(III) and k2nd is the second order rate constant for bimolecular recombination with MV+. The rate constant krec is given by k2nd [MV+]t=0.

Theoretical results
The ground state S0, the lowest triplet state T1, and the lowest D0 doublet state of the oxidized form were calculated at the (U)B3LYP/LanL2DZ level for the complex 1a. No geometry optimizations were attempted for these large molecules. The extended ligand framework of 1a was constructed by adding the optimized structures of [(bpy)2RuphenImPh]2+, as the ruthenium chromophore and phenImtpy, which eventually coordinates Mn in the bimolecular complex, 1b. Starting from model compound [(bpy)2RuphenImPh]2+ the original phenyl ring was replaced by the central pyridine ring of the tpy in 1a, keeping the geometry of the ligand. In 1a, the dihedral angle between the phenanthroline-imidazole plane and the central pyridine cycle of the tpy is 9.3°. As expected for the non-coordinated terpyridine, the three pyridine cycles are not coplanar. 
The study of the molecule fragment that includes the coordinated MnII ion, [phenImtpyMnCl2]0, abbreviated as IT-Mn, and its corresponding oxidized compound is necessary for the subsequent interpretation of the electron transfer processes in the bimetallic complex [(bpy)2RuphenImtpyMnCl2]2+ (1b). This complex was constructed using the same methods as for 1a. As discussed in the experimental section, photoexcitation of the dinuclear [RuII-MnII] complex in the presence of an electron acceptor leads to a series of photoinduced charge shift processes. Thus, the underlying challenge on a theoretical level was to compute the electronic events following the photogeneration of [(bpy)2RuphenImtpyMnCl2]3+ (1box). We performed DFT calculations on 1box to gain insight into the nature of its low-lying states that are involved in electron transfer. To do this, we have considered the possible total spin states for the [RuIII-MnII] and [RuII-MnIII] oximers as well as the two geometries [A] and [B] of the manganese cavity appropriate for MnII and MnIII, respectively

Mononuclear complexes
Energy levels and molecular orbitals in the ground state
In the ground singlet state S0 of both 1a and 2a, the three HOMOs are dπ orbitals ascribed to the ruthenium ion. This is the case for ruthenium-tris(bipyridine) and most other ruthenium polypyridine complexes. The HOMO-LUMO energy gap of 3.35 eV in 1a is similar to those previously calculated: 3.36 eV for [Ru(bpy)3]2+ [2] and also 3.36 eV for the imidazole–phenyl complex, [(bpy)2RuphenImPh]2+. Such values are consistent with the MLCT band observed around 450 nm. In 1a as well as 2a, the two first LUMOs are localized on both the bipyridine and the phenanthroline part of the ligand with slightly different contributions in the two complexes; the third LUMO only extends on the bipyridines. Our calculations point out that the next vacant orbital is delocalized on the whole ligand for 1a. This orbital, referred to as π*(IT), connects the two cavities of each ditopic ligand and will play an important role in the bimetallic complexes. A comparative energy level diagram of frontier MOs of 1a and 2a evidencing the shape of π*(IT) is presented in Figure S5. 

[image: FigS-RuIT&estRuIT_correl]
Figure S5. Energy level diagram (in atomic units :a.u.) of frontier MOs for Ru-IT (1a, left), and estRu-IT (2a, right) in their ground state. Correlations between orbitals of the same type are evidenced. Attention is stressed on the vacant orbital p*(IT) connecting the two cavities of the ditopic ligand.

IT-Mn compound.
Prior to studying the bimetallic system, we investigated the mononuclear manganese complex in the terpyridine cavity, taking into account only the structure of the organic ligand. Synthetically, this complex could not be isolated. The ligand cavity, including the coordinated high-spin (S = 5/2) MnII ion, [phenImtpyMnCl2]0 abbreviated as IT-Mn, and the corresponding oxidized compound (IT-Mnox) were studied and both geometries were optimized with water as the solvent medium. These two geometries are later referred to as [A] and [B], respectively. As expected, the terpyridine ligand coordinated to the manganese ion is almost planar and sits in the same plane as the phenanthroline-imidazole fragment. The geometry around the metal ion is deeply modified by oxidation, as is generally encountered for a MnIII ion (S = 2). The Cl-Mn-Cl angle decreases from 120° in IT-Mn to 105° in IT-Mnox and all distances around MnIII are significantly shorter than that around MnII, reflecting its smaller ionic radius: Mn-Ncentral py = 2.23 / 1.97 Å, Mn-Next py = 2.26 / 2.01 Å, Mn-Cl = 2.39 / 2.36 Å in IT-Mn and IT-Mnox respectively.
The quasi-spherical distribution of the five unpaired electrons around the high-spin (S = 5/2) MnII ion is clearly apparent in Figure S6. For the oxidized compound with an S = 2 high-spin MnIII ion, the spin density distribution has a slightly lower symmetry with weak delocalization of opposite spin on the coordinated terpyridine nitrogen atoms.
[image: Fig-ITMn&ox_densspin]







Figure S6. Spin density distribution of the ground state (left) and the oxidized form (right) of the manganese containing ligand IT-Mn.
Ru-L complexes
Lowest triplet state and oxidized complexes
The lowest triplet state T1 and the ground doublet state D0 of the oxidized complexes 1a and 2a were investigated using spin-unrestricted PCM calculations in a water medium without geometry optimization. The triplet states lie 2.32 and 2.35 eV above S0, for 1a in their ground state geometry. The theoretical outcomes are reflected by the spin density distributions and are depicted in Figure S7. For 1a, the triplet state can be viewed as the distribution of one spin on the ruthenium and one spin spread over the coordinating portions of the two bipyridines and the phenanthroline part of the organic ligand; this state closely resembles to the lowest charge separation state observed in ruthenium-tris(bipyridine). It is a 3MLCT state, where L stands for bipyridines + phenanthroline.
[image: Ru-tpy]




Figure S7. Spin density distribution for the lowest triplet state of complex 1a.
Our computed data for the mono-oxidized complex 1a show that the oxidation occurs at the ruthenium center (see manuscript). 

Influence of the presence of ester groups on the bipyridine ligands.
In an attempt to investigate the electron-withdrawing influence of ester groups on the bipyridine ligands, the geometry of a 2a analogue, but with four methyl esters instead of ethyl esters, was constructed from 1a using literature parameters for the ester substituents to decrease computation time. DFT calculations were performed in an aqueous environment on the ground and triplet states. As expected, the presence of ester groups decreases the electron density on the bipyridines. Consequently, the occupied as well as vacant orbitals located on these ligands are stabilized and the π1*(bpy) MOs become the LUMOs in the S = 0 state. The HOMO-LUMO energy gap δ, which was 3.35 eV in 1a decreases to 3.08 eV in 2a. The comparative energy level diagram of the frontier MOs of these two complexes (Figure S5) shows a significant stabilization of the d orbitals in the complex that bears ester groups. 
The spin density distribution of the triplet state, reported in Figure S8, evidences that the π1*(bpy) MOs are populated in the excited state, leading to a metal to bipyridine charge transfer state (3MBCT) which causes the spin density to move towards the ester groups and the bipyridine rings. The triplet state of 2a, calculated from the ground state geometry lies 2.01 eV above the ground state. 













2a

Figure S8. Spin density distribution for the excited triplet state of 2a. Ethyl groups of the esters have been replaced by methyl groups.
From these results we infer that the electron withdrawing character of the ester substituents affects not only the bipyridine ligands but also the ruthenium ion, leading to a stabilization of orbitals located in this region. Charge transfer processes in these molecules are therefore redirected. 

Binuclear complexes
Ru-IT-Mn
Ground state: In the bimetallic complex Ru-IT-Mn (1b), which was constructed from geometry A of the IT-Mn mononuclear unit, the ligand scaffold between the two metal centers is planar and the Ru-Mn distance is 13.88 Å. In the ground state with total spin S = 5/2, the two ions behave to a large extent independently as evidenced by the spin density map (Figure S9), which reproduces the spin distribution of the MnII ion (S = 5/2) observed in the mononuclear IT-Mn entity.
[image: RutpMnCl2]

Figure S9. Spin density distribution of the ground state of the bimetallic 1b complex in geometry [A].

Both spin-up (α) and spin-down (β) dπ spin-orbitals of ruthenium have almost the same energy. The five dα orbitals of the MnII ion lie at lower energy than the dπ Ru spin-orbitals, while all dβ orbitals lie above the dπ Ru orbitals. This effect imparts the MnII high-spin character to the bimetallic unit, as expected.
DFT calculations show that the two metallic ions behave in a virtually independent manner in the bimetallic complexes. This assertion is essentially based on the degeneracy of the ferro- and antiferromagnetically coupled states of the oxidized Ru-IT-Mn complex. Further evidence comes from the molecular orbital diagram of the bimetallic species and the monometallic fragments in their ground state. Correlation of the MOs of Ru-IT-Mn with those of Ru-IT and IT-Mn (all in geometry [A] of the MnII ion) are reported in Figure S10.

[image: Fig-Ru-Mn_correlations]
[image: Fig-Ru-Mn_correlations]
Figure S10. Energy level diagram (in atomic units: a.u.) of frontier MOs for Ru-IT (left), Ru-IT-Mn (middle) and IT-Mn (right) in their ground state. Correlations between orbitals of the same type on the ditopic ligand are evidenced.
As previously shown [3], in polar solvents molecular orbitals developed on identical nuclear fragments in different molecules tend to retain the same electronic density and therefore the same energy. The d orbitals of both RuII and MnII ion retain the same energy on going from the monometallic to the bimetallic complex. Consequently, the two ions retain their own electron distribution in Ru-IT-Mn and exert no direct influence on each other. This is corroborated experimentally by the negligible change in both the RuIII/II and MnIII/II oxidation potentials for 1a, 1b, and IT-Mn. 
However, a closer analysis of the MOs diagram reveals the presence of indirect interaction between the ruthenium and manganese ions. Indeed, all occupied as well as vacant orbitals developed on the ditopic IT ligand, are slightly stabilized in the bimetallic unit as compared to those in each monometallic one. This fact evidences a small decrease of the electron density in the region between the metal centers resulting from the slight withdrawing power of each metal ion. Another consequence is the decreased energy of a vacant π*(IT) orbital with major contribution between the two carbon atoms connecting the imidazole ring and the terpyridine moiety (see Figure S10), which becomes the LUMO in 1b. This orbital may be populated in an excited state, establishing a path connecting the two metal ions.
Upon irradiation at 450 nm of the dinuclear complex, the ruthenium chromophore alone is excited as shown by the visible absorption spectrum. A local triplet state localized on the ruthenium core is formed and can couple ferromagnetically with the local sextet state of the IT-Mn core. Using the ground state geometry A, we have attempted to calculate such an excited state which possesses a maximum total spin S = 7/2. The resulting spin density distribution (Figure S11) evidences a RuIII-IT--MnII character. Indeed, in 1b, the ruthenium to ligand charge transfer consecutive to photoexcitation has been redirected toward the bridging ligand rather than on the three bipyridine-type ligands surrounding the ruthenium, as was the case in 1a. This is a consequence of the lowered energy of the vacant π*(IT) orbital: this LUMO in 1b is now populated in the excited state, generating a local 3M(IT)CT state. It is likely that this state plays a major role in the subsequent electron transfer processes.


[image: Fig-RuITMnexc_densspin]







Figure S11. Spin density distribution for 1b in the photoexcited state of maximum spin multiplicity S = 7/2 evidencing a RuIII-IT--MnII character.
For the dinuclear complexes, the reason for observing the biexponential decay of the emission could be the presence of two populated triplet excited states (vide supra). According to the DFT calculations for complex 1b, the two excited states are the 3M(IT)CT state based on the imidazole-terpyridine region and the 3MLCT excited state based on the phenanthroline-bipyridine region. The quasi-degeneracy between these two excited states could result in a reversible energy transfer process between the two triplets until equilibrium is established. If the time to reach equilibrium between the excited states is shorter than the radiative decay of one of the two triplets, then a biexponential decay is observed where the shorter lifetime is due to the establishment of equilibrium and the longer one is due to the decay of the equilibrated excited states. Similar behavior has been previously reported for compounds containing an appended organic chromophore. Comparison of the characteristics of the biphasic decay of emission in the different samples (Table 2) shows that this behavior is affected by the presence of the ester groups. Experimentally, this chemical modification leads to a decrease in the relative amplitude of the short-lived component although the effect is not simply additive. We conclude that the addition of ester groups reverses the energy levels of the two triplets such that (M(IT)CT is higher than MLCT, which then increases the equilibration time.
Calculations on estRu-IT-Mn would be of major interest. However such system with a magnetic ground state is too large to be investigated in a solvent medium. Hence, our conclusions are the reasonable extrapolation of results provided by the study of 2a and 1b.

Different states for the oxidised dinuclear complex 1box
As explained in the paper, the description of the oxidised bimetallic species [(bpy)2RuphenImtpyMnCl2]3+ (1box) which is involved in the photophysical experiments in presence of an electron acceptor is a challenging task. Indeed oxidation can take place on different sites of the molecule leading thus to distinctive electronic and spin distributions. Furthermore, local geometric distorsions may be active. Several oxidation states of 1box are involved in the electron tranfers observed experimentally and our task is to understand their nature at a molecular orbital level.
[bookmark: _GoBack]After light excitation around 450 nm of a RuII complex in presence of an electron acceptor, RuIII is generated and an electron is taken by the electron scavenger. Therefore, the expected oxidation form of 1box is [RuIII-MnII]. Assuming a ferromagnetic coupling between the RuIII ion (S = 1/2) and the MnII ion (S = 5/2), the maximum total spin for the dinuclear system is S = 3. Unrestricted calculations using this total spin value in geometry [A] give the following Mulliken spin densities: (Ru) = 0.985 and (Mn) = 4.747 confirming both the +3 and +2 oxidation states, respectively, for the two ions and also the ferromagnetic nature of the magnetic interaction between them. As pointed out by the spin density map (Figure S12 left) no delocalisation of the unpaired spins is present between the two ions. This state lies 5.72 eV above the ground state of 1b.

[image: RutpMnCl2ox]
Figure S12. Spin density distributions calculated for geometry [A] (see text) of the oxidised bimetallic complex 1box in the S = 3 (left) and S = 2 (right) total spin states. Calculations evidence a ferro- (left) and an antiferro- (right) magnetic coupling between RuIII and MnII.

In searching for a lower S = 2 spin state, always in geometry [A], an intriguing result is obtained. As evidenced by the spin density map (Figure S12 right) and by the Mulliken spin densities: (Ru) = -0.974 and (Mn) = 4.743, calculations result in an antiferromagnetic coupling between RuIII and MnII, also without dispersion of spin density on the ligand scaffold between the metal centres. This state has nearly the same energy as the previous one (energy difference less than 3x10-3 eV, that is below the precision of this DFT calculation). We stress on the fact that in the [RuIII-MnII] form of 1box ferro- and antiferromagnetic states are degenerated indicating that the two magnetic ions are almost uncoupled. However we have to point to the fact that in this approach no geometry change has been taken into account. Although, it is to be noted that at such a distance (> 10Å) the exchange interaction between the metallic should be very feeble. 
An important question, suggested by experimental facts, is the following : in this bimetallic system, is it possible to oxidise the manganese ion after photogeneration of RuIII ? We are therefore looking for a [RuII-MnIII] species with total spin S = 2, in which 1box is oxidised on the manganese ion and not on ruthenium. Retaining always geometry [A], this state is calculated 0.65 eV higher in energy than the previous [RuIII-MnII] S = 2 state. The presence of RuII (diamagnetic) and MnIII (s = 2) is ascertained by the Mulliken spins (Ru) = -0.004 and (Mn) = 4.165 and illustrated on the spin density map (Figure S13).
[bookmark: OLE_LINK1][image: FigS-RuIIMnIIIB_densspin]
Figure S13. Spin density distribution calculated for geometry [B] of the oxidised bimetallic complex 1box in the S = 2 spin state. A MnIII ion is evidenced with small spin delocalisation of opposite spins on two coordinating nitrogen atoms.

However, it is well known that the d4 MnIII ion coerces into lowering of symmetry or, at least, important geometry changes around the metal centre. Hence geometry relaxation has to be taken into account. To do this, we consider now the oxidised bimetallic complex 1box in the geometry [B] constructed from the optimised geometry of IT-Mnox (geometry of the MnIII cavity). The [RuII-MnIII] state with total spin S = 2 lies 5.46 eV above the ground state of Ru-IT-Mn. Its spin density map (Figure S14) corresponding to (Mn) = 3.782 clearly reproduces the features of a MnIII ion in its distorted cavity (compare to IT-Mnox).
[image: Fig-RuITMnox_MnIII_densspin]
Figure S14. Spin density distribution calculated for geometry [B] of the oxidised bimetallic complex 1box in the S = 2 spin state. A MnIII ion is evidenced with a feeble spin delocalisation of opposite spins on the coordinating nitrogen atoms.

In geometry [B], the [RuIII-MnII] state with total spin S = 2 lies 1.10 eV higher in energy than the [RuII-MnIII] state. As conclusion, these calculations evidence the important fact that the relaxed ground state of the oxidised binuclear complex 1box is of the form [RuII-MnIII] that is to say oxidised on manganese.

NMR characterisation
1H NMR
[image: C:\Users\RF248273\Desktop\tpy-aldehyde.tiff]
Figure S15. 1H NMR of terpyridine-4’ carbaldehyde (5) in CD2Cl2

[image: C:\Users\RF248273\Desktop\Ruthenium dione.tiff]
Figure S16.  1H NMR of 3 in CD3CN
[image: C:\Users\RF248273\Desktop\Rudione ester.tiff]

Figure S17. 1H NMR of 4 in CD3CN

[image: C:\Users\RF248273\Desktop\RFRuTpy N.10.fid.png]
Figure S18. 1H NMR of 1a in CD3CN

[image: ]
Figure S19. 1H NMR of 2a in DMSO
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