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The electronic excited states reactivity of [Mn(im)(CO) 3 (phen)] + (phen = 1,10-phenanthroline; im = imidazole) ranging between 420 and 330 nm have been analyzed by means of relativistic spin-orbit time-dependent density functional theory and wavefunction approaches (state-average-complete-active-space self-consistent-field/multistate CAS second-order perturbation theory). Minimum energy conical intersection (MECI) structures and connecting pathways were explored using the artificial force induced reaction (AFIR) method. MECIs between the first and second singlet excited states (S 1 /S 2 -MECIs) were searched by the single-component AFIR (SC-AFIR) algorithm combined with the gradient projection type optimizer. The structural, electronic, and excited states properties of [Mn(im) (CO) 3 (phen)] + are compared to those of the Re(I) analogue [Re(im)CO) 3 (phen)] + . The high density of excited states and the presence of low-lying metal-centered states that characterize the Mn complex add complexity to the photophysics and open various dissociative channels for both the CO and imidazole ligands.

Introduction

Recent renewal of interest for transition metal carbonyls complexes has been motivated by the development of air-stable photo-activated carbon monoxide releasing moieties (photo-CORMs) labilized by visible light for biological applications. [1] This domain of research is very stimulating because of the demanded chemical, photochemical, and biological properties in a single molecule. Indeed, the potential photoCORMs ML n (CO) m (M = Fe, Ru, Cr, Mo, W, Mn, Co, Ir) should be stable and nontoxic in absence of light and in presence of water, oxygen, and other biological constituents. The complex should absorb at long wavelengths (visible, near-IR) to fit with the tissue penetration spectral domain. Therapeutic metal carbonyl complexes have received significant attention recently as suitable molecular vehicles for CO release under physiological conditions. [2] The advantage of the so-called photoCORMs prodrugs is that they can be distributed in the body as dark-stable inert molecules and be eventually activated by means of light for targeted function.

Transition metal carbonyl complexes containing α-diimine ligands, such as bpy or phen (bpy = 2,2 0 -bipyridine; phen =1,10-phenanthroline) are good candidates given their intense metal-to-ligand-charge-transfer (MLCT) absorption bands in the UV-visible. Knowing the essential role of manganese in biological processes a number of studies has been dedicated to [Mn(CO) 3 (bpy/phen)(L)] 0/+ complexes. The photo-reactivity of this class of first-row transition metal complexes on irradiation in the visible has been associated to the presence of low-lying metal-centered (MC) states in the vicinity of the MLCT absorbing states. [3][4][5][6][7] Whereas extensive work, both experimental and theoretical, has been achieved on third-row analogues to understand and interpret the spectroscopy and the photophysics of the usually nonreactive [Re(CO) 3 (bpy/phen)(L)] 0/+ compounds, [8][9][10][11][12][13][14][15][16][17][18][19] little is known on the optical and photophysical properties of [Mn(CO) 3 (bpy/phen)(L)] 0/+ complexes.

While UV-visible irradiation of [Re(im)(CO) 3 (phen)] + (im = imidazole) complex results in an ultrafast luminescent decay within a few hundred of fs [8] the irradiation of fac-[Mn(im) (CO) 3 (phen)] + (Scheme 1) leads to a very efficient fac-to-mer photo-isomerization in solution. [20][21][22] The absorbing state was ascribed to a low-lying MLCT transition while the reaction presumably occurs through a spectroscopically dark MC state. This is reminiscent to the conclusion of quantum dynamics simulations performed on [Cr(CO) 4 (bpy)] where it is shown that after getting trapped into the potential wells of two low-lying MLCT states at Franck-Condon (FC), 10% of the system dissociates toward the axial CO loss in <500 fs via a potential that acquires MC character along this coordinate. [4] The goals of this study are (1) to compare the structural, electronic, and excited states properties of [Mn(im)(CO) 3 (phen)] + with those of the Re(I) analogue [Re(im)CO) 3 (phen)] + for which the steady-state and time-dependent spectroscopies, the ultrafast photophysics and the luminescent properties are well documented, both experimentally and theoretically; (2) to explore the excited-state reactivity in first-row transition metal α-diimine complexes, in particular to determine the dominant coordinates underlying the reactive decay. For this purpose, critical geometries (minima, transition states [TSs], and minimum energy conical intersection [MECI]) of multidimensional potential energy surfaces (PESs) are determined by means of gradient projection (GP)/single-component artificial force induced reaction (SC-AFIR) approach. A methodological byproduct of this study is the validation of density functional theory (DFT) and time-dependent DFT (TD-DFT) electronic structure data within the context of both automatic PES investigations and subsequent quantum dynamics. Less dramatic for thirdrow transition metal complexes, this aspect is very important for first-row transition metal complexes due to significant electronic correlation effects. In this line, comparative completeactive-space self-consistent-field (CASSCF)/multistate CAS second-order perturbation theory (MS-CASPT2) results including spin-orbit coupling (SOC) and solvent effects are presented.

Methods

Electronic structure

Electronic structure calculations of [Mn(im)(CO) 3 (phen)] + have been performed under C s symmetry by means of DFT [23][24][25] including water solvent corrections based on a conductor-like screening model (COSMO). [26][27][28] The calculations were performed using the B3LYP functional [29] and all electron triple-ξ basis set. [30] The scalar relativistic effects were taken into account within the zeroth-order regular approximation. [31] The vertical transition energies were computed within TD-DFT [32,33] at the same level described above under the Tamm-Dancoff approximation (TDA). [34] The nonequilibrium solvation within the linear-response TD-DFT with a high-frequency dielectric constant of 1.77 for water is used. The SOC effects were introduced according to a simplified relativistic perturbative TD-DFT formalism. [35,36] The electronic structure of the ground and excited states of the symmetric C S conformer of [Mn(im)(CO) 3 (phen)] + in its DFT/B3LYP minimum S 0 geometry has also been determined at the stateaverage (SA)-CASSCF/MS-CASPT2 level of theory. [37][38][39] The atomic natural orbital relativistic consistent correlated ANO-RCC basis sets have been used considering the following contraction scheme: 21s15p10d6f4g2h/6s5p3d2f1g for Mn, 14s9p4d3f2g/4s3p2d1f for second-row atoms and 8s4p3d1f/2s1p for H. [40][41][42] A total of 14 electrons (eight π phen and six 3d Mn ) are correlated into 14 active orbitals, including the seven doubly occupied described above, two vacant 3d Mn , three pure π phen *, and two dπ* orbitals (14e14a). The lowest singlet and triplet excited states have been computed by means of SA-CASSCF (SA-RASSCF
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) calculations over 12 roots ( 1 A 0 ) and 11 roots ( 1,3 A 00 and 3 A 0 ). Solvent effects have been also evaluated in the case of a reduced 12e12a active space similar to the previous one but without one π/π* set of a 00 orbitals and using the PCM model [43,44] considering the nonequilibrium solvation for the excited states. All CASPT2 calculations performed include all electrons except the deep-core (1s of C, N, and O, and 1s, 2s, 2p of Mn). The standard IPEA Hamiltonian [45] and the Cholesky decomposition [46] of two electron integrals has been used in all calculations, as well as an imaginary shift correction of 0.25 hartree to the external part of the zeroth-order Hamiltonian to avoid intruderstate problems. [47] Finally, the SOC effects have been evaluated using the restricted-active-space state-interaction spin-orbit method. [48] The simulated absorption spectra have been obtained by means of a spectral line fitting using Gaussian functions of the TD-DFT transition energies and intensities. The excited-state character has been analyzed with TheoDORE [49,[START_REF] Plasser | TheoDORE[END_REF] by means of electron-hole fragment decomposition as follows: F1 = M(CO) 3 (M = Mn, Re); F2 = phen and F3 = im).

Density functional theory and TD-DFT calculations were performed with the ADF2013 code [START_REF] Adf | [END_REF] and the CASSCF/MS-CASPT2 calculations with Molcas 8.2. [START_REF] Aquilante | [END_REF] To obtain an overview of the primary events taking place on the S 2 PES that corresponds to the absorbing state, MECI structures and paths passing them were explored using the AFIR method. [53,54] MECIs between the firstand second-excited singlet states (S 1 /S 2 -MECIs) were searched by the single-component AFIR (SC-AFIR) algorithm combined with the GP type optimizer. [55] In the search, the structural deformation around the Mn center is explored by setting the target atoms in the SC-AFIR algorithm to seven atoms, that is, Mn, three carbon atoms in carbonyl, and three nitrogen atoms connected to the Mn atom. This search was done at the TD-DFT level under the TDA, with B3LYP functional including G3 type empirical dispersion corrections and water solvent corrections based on a conductor-like PCM model. In the initial automated search, LANL2DZ basis sets were adopted. All obtained MECIs were then reoptimized with cc-pVDZ basis sets. Connections of these MECIs on the S 1 and S 2 surfaces were studied by meta-intrinsic reaction coordinate (meta-IRC) calculations starting from these MECIs on each of the two surfaces, where meta-IRC corresponds to mass-weighted steepest descent path computed from nonstationary point. [56] TS structures for paths leading to these MECIs on S 2 as well as those leading to dissociation channels on S 1 were searched using the double-sphere AFIR (DS-AFIR) algorithm. [57] In these calculations, geometrical displacements were made by the GRRM program [58] using gradients computed by the Gaussian 16 program. [59] 

Results

Electronic and structural properties of [Mn(im)(CO) 3 (phen)] + versus [Re(im)(CO) 3 

(phen)] +

The optimized geometry of [Re(im)(CO) 3 (phen)] + in the S 0 electronic ground state for its C S conformer is presented in previous work. [12,13] When substituting the metal ion with Mn, the minimum energy structure of the S 0 ground state of [Mn(im) (CO) 3 (phen)] + is not significantly modified but only small deviations in the bond distances and angles are obtained. The important bond lengths and angles are reported for both compounds in Table 1 for comparison. It can be seen an important reduction of the metal-ligand distances of the DFT optimized structures in the case of the Mn complex in agreement with the X-ray experimental data reported, also collected in Table 1. The distances and angles concerning the carbonyl, phen, and imidazole ligands are not affected by the metal substitution, but only the ones of the metal-ligands coordination sphere due to the different size of the first-row and third-row metals.

The frontier ground state Kohn-Sham orbitals of [Mn(im) (CO) 3 (phen)] + shown in Scheme 2 are equivalent to the ones of [Re(im)(CO) 3 (phen)] + discussed in previous work. [12,13] No significant differences are observed in the shape and energy of the lowest empty and highest occupied molecular orbitals of the Mn complex with respect to the Re. On one side, the three highest HOMO correspond to the three d-like Mn CO orbitals, the HOMO -3 to a π* localized in the im ligand, and the HOMO -4 and HOMO -5 to π* localized in the phen. On the other side, the three lowest LUMO are π* phen orbitals, and the LUMO + 3 and LUMO + 4 correspond to d-like Mn CO unoccupied orbitals. Similar frontier MOs in both metal complexes would indicate that no significant differences are expected in the lowest energy spectra and excited-state manifold of both complexes. However, the orbital picture does not always correspond to a realistic picture of the excited-state properties and only explicit excited-state calculations provide a proper comparison. This is discussed in the next section.

Absorption spectroscopy of [Mn(im)(CO) 3 (phen)] + versus [Re(im)(CO) 3 (phen)] + and SOC

The experimental absorption spectra of [Re(im)(CO) 3 (phen)] + in water, [60] and the one of [Mn(im)(CO) 3 (phen)] + complex in dichloromethane [22] are reproduced in Figure 1. Very similar features are seen in both cases: they start at 440 and 480 nm, respectively, and display a broad low-energy band up to 320 nm assigned to the lowest MLCT transitions. The shift to the red of this MLCT band in the case Mn is ascribed to the lower polarity of the dichloromethane solvent with respect to water. The bright peaks between 240 Q7 and 300 nm are attributed to IL transitions.

The TD-DFT/TDA calculated absorption spectra of [Re(im) (CO) 3 (phen)] + in water has been previously discussed. [12,13,18] The absorption spectra of [Mn(im)(CO) 3 (phen)] + computed under the same conditions is presented here in Figure 2 together with the one of [Re(im)(CO) 3 (phen)] + for comparison.

Table 1. DFT optimized and X-ray important bond lengths (in Å) and bond angles (in ) of [Re(im)(CO) 3 (phen)] + and [Mn(im)(CO) 3 (phen] + in water in the S 0 electronic ground state.

M = Re

M = Mn X-ray [60] S 0 X-ray [22] S 0 M-N im 
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Frontier ground state Kohn-Sham orbitals of [Mn(im) (CO) 3 (phen)] + . Figure 1. Experimental absorption spectra of [Re(im)(CO) 3 (phen)] + in water and [Mn(im)(CO) 3 (phen)] + in CH 2 Cl 2 adapted from Refs. [60] and [22] , respectively. Moreover, the spectrum of [Mn(im)(CO) 3 (phen)] + in dichloromethane is also shown to assess the role of the solvent polarity in the position of the lowest peaks (dashed line in Fig. 2). Note that a proper comparison with the experimental spectrum can only be achieved when several conformers of the complex are considered. [12,18] As expected from the molecular orbital picture (see previous section), both complexes present very similar features. The peaks at 365, 349, and 329 nm that characterize the SO-free spectrum of [Re(im)(CO) 3 (phen)] + in water appear at 362, 346, and 328 nm for [Mn(im)(CO) 3 (phen)] + in the same conditions. Notably, these peaks move to 368, 352, and 333 nm when computed in dichloromethane. The full TD-DFT/TDA data including the vertical transition energies of the low-lying singlet and triplets, wavelengths of absorption, oscillator strengths, and most important one-electron excitations of [Mn(im) (CO) 3 (phen)] + in water are collected in Supporting Information Table S1, together with the data of [Re(im)(CO) 3 (phen)] + for comparison. [12,13] A careful analysis of the excited states composition indicates that the same one-electron excitations characterize the absorbing peaks in both complexes. In particular, the lowest band corresponds mainly to the HOMO -1 ! LUMO transition and the second one to HOMO ! LUMO + 1.

The lowest singlet and triplet excited states up to the lowest absorbing peak in the visible are collected in Table 2 for [Re(im) (CO) 3 (phen)] + and [Mn(im)(CO) 3 (phen)] + in water. In both cases, the lowest strong absorbing state corresponds to S 2 of A 0 symmetry and is ascribed to the MLCT transition. Remarkably, the number of triplet states below S 2 is much larger for the Mn complex than for the Re complex (Fig. 3). In the case of Re, there are two low-lying triplet states of MLCT character (T 1 and T 2 ), and one partial IL phen (T 3 ) excited state below S 2 , while T 4 lies slightly above. [12,13] These MLCT (and partial IL) excited states are also found in the Mn complex as T 2 , T 3 , T 5 , and T 10 , respectively. However, they are importantly mixed with MC oneelectron contributions. In addition, several pure MC (T 1 , T 4 , and T 6 ) and partial MC (T 7 , T 8 , and T 9 ) states appear in the case of Mn complex, largely increasing the number of excited states at low energies (from 4 to 10). This is in contrast to the similar orbital picture that both complexes show in their ground state (see previous section) and indicates that only an excited-state analysis (here by means of TD-DFT) can provide a realistic scenario of the low-lying excited-state manifold. Given that these extra excited states in the case of the Mn complex correspond to dark states, they do not contribute to the absorption and both complexes show very similar absorbing properties (Fig. 2). Table 2. TD-DFT/TDA transition energies (in eV), wavelengths of absorption (in nm), and oscillator strengths f associated to the low-lying "spin-free" singlet and triplet excited states of [Re(im)(CO) 3 (phen)] + and [Mn(im)(CO) 3 (phen)] + in water. Nevertheless, very different photophysical behaviors are expected after photo absorption in the visible as a consequence of the potential participation of these new low-lying MC triplets in the excited-state decay of S 2 .

State

The excited-state character of the 12 lowest singlet and triplet states of [Re(im)(CO) 3 (phen)] + and [Mn(im)(CO) 3 (phen)] + is represented in Figure 4 by means of electron-hole fragment decomposition diagrams obtained from TheoDORE analysis. [49,[START_REF] Plasser | TheoDORE[END_REF] Each excited state is represented as a vertical bar in which the color below and above the midline indicates the fragments that contribute into the hole and electron densities, respectively. That is, the MC and IL states are shown as blueblue and green-green electron-hole bars, respectively, while the charge transfer MLCT and LLCT (ligand-to-ligand-chargetransfer) states are shown as green-blue and green-yellow bars in which the electron is promoted from the metal and the im ligand, respectively, to the phen ligand. It can be seen that in both complexes the lowest singlets correspond to pure MLCT states, however in the case of [Mn(im)(CO) 3 (phen)] + the MC singlet states (S 5 -S 7 ) appear below the lowest LLCT (S 11 ) and IL (S 12 ) contributions, in contrast to [Re(im)(CO) 3 (phen)] + for which the lowest MC corresponds to S 11 . The lowest triplet manifold of [Mn(im)(CO) 3 (phen)] + is characterized by MC and MLCT states, while only MLCT, IL, and LLCT contributions appear in the case of [Re(im)(CO) 3 (phen)] + until T 11 .

The six "spin-orbit free" low-lying singlet and triplet excited states of [Re(im)(CO) 3 (phen)] + give rise to 14 largely mixed "spin-orbit" states when SOC is considered. [12,13,17] Large SOC terms and mixings characterize the Re complex as expected for a heavy metal atom complex and the general trends when including SOC are observed in the SO simulated spectrum, that is a shift to the red of the lowest bands and a lowering of the intensities (Fig. 2). In contrast, the SO simulated spectrum of Mn does not show any difference with the "SO-free" spectrum (see Fig. 2) and both are almost perfectly superimposed. The SO excited states arising from the two low-lying singlets and nine triplets of [Mn(im)(CO) 3 (phen)] + , and the SOC terms between them, are collected in Supporting Information Tables S2 andS3, respectively. Small SO mixings characterize the Mn complex, as well as SOC terms significantly smaller in [Mn(im)(CO) 3 (phen)] + (up to ca. 100 cm -1 ) than the ones previously reported for [Re(im)(CO) 3 (phen)] + (up to ca. 600 cm -1 ). These results are in agreement with a small SO contribution for a first-row coordination complex with respect to its third-row analogues, and would tentatively indicate that intersystemcrossing is disfavored with respect to internal-conversion in the case of Mn.

The above description of excited states in [Mn(im) (CO) 3 (phen)] + based on TD-DFT results is discussed by comparison with MS-CASPT2 data in the following section. 

Low-lying excited states analysis at FC by means of CASSCF/ MS-CASPT2

Whereas the TD-DFT method is appropriate for describing lowest electronic excited states in a number of second-and third-row transition metal complexes [11,61,62] its use for first-row transition metal complexes is more questionable. [63][64][65] Indeed, describing on the same footing MLCT and MC excited states is a real challenge for computational chemistry. The TD-DFT/ B3LYP/COSMO and MS-CASPT2/CASSCF transition energies of the lowest singlet and triplet excited states of [Mn(im) (CO) 3 (phen)] + are compared in Table 3 and Supporting Information Table S4, respectively. The PCM solvent correction has been applied only to the CASSCF limited to 12 active orbitals because of computational limitations. As illustrated by the data reported in Table 3 for the low-lying 1 A 0 excited states the solvent correction has negligible effect on the computed MS-CASPT2 transition energies. Both CASSCF/MS-CASPT2 calculations, namely, 12e12a limited to 6/5 roots and 14e14a expanded to 12/11 roots give the same sequence of low-lying 

Color online, B&W in print

State diagrams correlating the low-lying singlet and triplet states of [Mn(im)(CO) 3 (phen)] + to the corresponding states of the [Mn(im) (CO) 2 (phen)] + + CO ax and [Mn(CO) 3 (phen)] + + imidazole primary products associated to the CO ax loss (top) and the Mn imidazole bond breaking (bottom). singlet states with similar transition energies, blue-shifted with respect to the experimental absorption band and to the TD-DFT transition energies. When giving less electronic flexibility by limiting the CASSCF active space and decreasing the number of requested roots the MC states are stabilized by exchanging the d 1 A 0 and c 1 A 00 states with the e 1 A 0 and e 1 A 00 excited states (Table 3, in bold). However, both calculations exhibit the six MLCT and three MC states that characterize the investigated domain of energy. Importantly and in contrast with TD-DFT the two lowest singlet states of A 00 symmetry, a 1 A 00 and b 1 A 00 , are characterized by a mixed MC/MLCT character and nearly degenerate. TD-DFT gives two well separate states by 0.37 eV a 1 A 00 (MLCT) and b 1 A 00 (MC). The three lowest pure MLCT states, b 1 A 0 , c 1 A 0 , and d 1 A 0 are well reproduced at the TD-DFT level of theory that shift their energies by about 0.3 eV providing a better agreement with experimental absorption band. Similarly, the upper MLCT and MC states (c 1 A 00 , d 1 A 00 , e 1 A 00 , and e 1 A 0 ) obtained at the CASSCF (14e14a)/MS-CASPT2 level are well reproduced by TD-DFT.

FULL PAPER

The comparison performed on the low-lying triplet states (Supporting Information Table S4) follows the same trends. The qualitative agreement between TD-DFT and MS-CASPT2 results should not obscure two limits: (1) the fortuitous agreement between TD-DFT results and experimental data; (2) the room for improvement of the CASSCF/MS-CASPT2 results. Indeed, on one hand TD-DFT results are obtained with a specific functional combined with linear-response theory and solvent correction based on a cavity model. It is probable that cancellations of error lead to reasonable transition energies. On the other hand, modifying the quality of the CASSCF wavefunction in size or in terms of active orbitals (more π* orbitals for instance) and requested roots, performing wavefunction/perturbation on a structure optimized at the MS-CASPT2 level could change the relative ordering of the MLCT and MC states.

State correlation diagrams for Mn CO ax and Mn imidazole elongation in [Mn(im)(CO) 3 (phen)] +

To qualitatively investigate the potential reactivity of [Mn(im) (CO) 3 (phen)] + in water, we built state correlation diagrams for the axial CO departure, as well as for the Mn imidazole bond breaking. The low-lying excited states of [Mn(im)(CO) 3 (phen)] + described above were correlated to the corresponding ones of the [Mn(im)(CO) 2 (phen)] + + CO ax and [Mn(CO) 3 (phen)] + + imidazole primary products on the basis of TD-DFT/TDA transition energies computed at fixed distances of the leaving ligand (8 Å), symmetry considerations and state character. No geometrical relaxation is considered and the C s symmetry is conserved at this qualitative level, the goal of which is to identify the potentially reactive excited states for both channels. The resulting state correlation diagrams are shown in Figure 5 and the excited-state difference densities are collected in Supporting Information Figures S1 andS2.

Under the C s symmetry constraint, three low-lying triplet states, namely, a 3 A 00 (T 2 ), b 3 A 0 (T 3 ), and c 3 A 0 (T 6 ) are weakly dissociative along the Mn imidazole bond elongation, whereas two low-lying triplet states, namely, b 3 A 0 (T 3 ) and c 3 A 00 (T 5 ) are strongly dissociative along the Mn CO ax bond elongation. This generates potentially conical intersections within a multidimensional picture as exemplified by red circles in Figure 5 along the axial CO and im dissociation pathways. Interestingly, the lowlying dissociative triplet states keep major MLCT character in the primary products corresponding to the imidazole departure whereas they gain major MC character in [Mn(im) (CO) 2 (phen)] + + CO ax leading to an important stabilization. Two singlet states of MC character are weakly dissociative along the Mn CO ax bond dissociation path, namely, the b 1 A 00 (S 4 ) and f 1 A 0 (S 9 ) and cross the lowest bound MLCT states a 1 A 00 (S 1 ) and b 1 A 0 (S 2 ) generating mixed MC/MLCT singlet states at dissociation. In a one-dimensional view and on the basis of this qualitative analysis we expect that the two lowest S 1 and S 2 singlet states are weakly dissociative for the CO loss with energy barriers generated nearby the FC region by avoided crossing with the upper MC states (exemplified by black circles in Fig. 5).

This suggests that a further analysis has to include other important degrees of freedom, eventually breaking the symmetry that will assist the CO ax dissociation. Alternatively, an effective spinvibronic mechanism similar to the one revealed for [Re(im) (CO) 3 (phen)] + [17] could as well populate efficiently the low-lying dissociative triplet states.

To investigate more in details the singlet excited-state PESs of [Mn(im)(CO) 3 (phen)] + we have performed a systematic search of critical geometries.

[Mn(im)(CO) 3 (phen)] + critical geometries and energy profiles Although different basis sets (cc-pVDZ) and computational program (Gaussian 16) were used in the stationary point calculations, results at FC were qualitatively similar to those discussed above. The bright state is S 2 (0.003 for S 1 and 0.079 for S 2 ), and excitation energies to S 1 and S 2 at the FC geometry are 3.02 and 3.27 eV, respectively. These correspondences to the above results would justify the use of this computational level in the stationary point search.

Figure 6 lists all obtained S 1 /S 2 -MECIs near the FC geometry. There are four types with substantial importance: (1) imidazole dissociation (MECI4), (2) axial CO bent type (MECI1), (3) equatorial CO bent type (MECI2 and MECI3), and (4) axial/equatorial CO bent type (MECI6 and MECI7). In the axial/equatorial CO bent type, both axial and equatorial CO are slightly bent. Between the two equatorial CO bent type MECIs, MECI2 is closer to S 2MIN-FC and more important than MECI3. In other words, the system must pass the MECI2 region before reaching the MECI3 region; the DS-AFIR path between the FC region and the MECI3 region had two barriers and the MECI2 region lied between the two barriers. Also, an equatorial CO dissociation type (MECI5) is not important because the MECI region for the equatorial CO bent type must be passed before reaching it. The DS-AFIR path between the FC region and the MECI5 region had three barriers and an intermediate region including MECI3. Another minor one is MECI8 in which CO coordinates to Mn with oxygen atom in one of equatorial sites.

Minimum energy conical intersections of these four types may lead to decomposition of [Mn(im)(CO) 3 (phen)] + . All possible paths and the energies on the critical points along the paths are shown in Figure 7: (1) for imidazole dissociation, (2) for axial CO dissociation, and (3) for equatorial CO dissociation. The imidazole dissociation occurs through two paths. One is a direct path through MECI4. The meta-IRC calculation on S 1 surface from the geometry of MECI4 directly led the imidazole dissociation. Another takes place via S 1MIN-1 , which is generated through either equatorial CO bent, or axial/equatorial CO bent type MECI. The axial CO dissociation also occurs either directly through MECI or indirectly via S 1MIN-1 . Conversely, the equatorial CO dissociation occurs only indirectly from S 1MIN-1 .

The two direct paths for the imidazole dissociation and the axial CO dissociation compete to each other, because their barriers, that is, S 2TS-3 and S 1TS-4 , are nearly identical. Moreover, the direct axial CO dissociation path is more preferable than the indirect paths.

Among the indirect paths via S 1MIN-1 , the equatorial CO dissociation path through S 1TS-4 (2.51 eV) is energetically most favorable. The imidazole dissociation occurs in one-step through S 1TS-1 (2.57 eV). The axial CO dissociation from S 1MIN-1 occurs in two-step via S 1TS-2 and S 1TS-3 , and S 1TS-2 (2.58 eV) is its ratedetermining step. Interestingly, all paths involve a rotation of the imidazole, which will likely slow down the speed of bond breaking.

All these channels highly compete to each other. Among them, the direct axial CO dissociation is energetically most preferred. Therefore, from the energetic consideration, we conclude that the axial CO dissociation is the most favorable channel. However, S 2TS-2 , S 2TS-3 , and S 2TS-4 leading to equatorial CO bent, imidazole dissociation and axial CO bent types, respectively, have almost same barriers. Also, all the dissociation channels from S 1MIN-1 in S 1 are energetically very close to each other. Their preference may change depending on computational level adopted and/or dynamical effects. A further dynamics study on highly accurate PESs or an experimental study will be required to discuss the branching ratio accurately. Our study identified all these possibilities by the automated SC-AFIR search, and we hope that these results stimulate further computational and experimental studies.

A recent experimental study has reported the discovery of the first fluorescent manganese carbonyl-based PhotoCORM [Mn(Imdansyl)(CO) 3 (phen)]

[CF 3 SO 3 ] (Imdansyl = dansylimidazole) very similar to the presently investigated complex. [66] This corroborates our hypothesis of two concurrent channels in this class of Mn(I) complexes, namely, fluorescence and carbonyl dissociation.

Conclusion

The electronic excited states properties and reactivity of [Mn(imidazole)(CO) 3 (phen)] + have been investigated by means of both DFT and wavefunction electronic structure calculations supplemented by a systematic exploration of the associated PESs. Whereas the electronic ground state properties of the complex are very similar to those of the Re(I) analogue, the sequence of low-lying excited states differ drastically. Indeed, the Mn(I) complex is characterized by a high density of singlet and triplet MC, MLCT, and IL states within 0.56 eV while the Re(I) complex exhibits a reduced number of MLCT states in the same energy domain. Both complexes absorb at about 400 and 360 nm and their absorption spectra present similar features. TD-DFT/B3LYP/COSMO transitions energies and state characters are validated by CASSCF/MS-CASPT2 calculations. On the basis of qualitative state correlation diagrams that connect the low-lying excited states of the parent molecule to those of the fragments [Mn(imidazole)(CO) 2 (phen)] + + CO ax and [M(CO) 3 (phen)] + + Imidazole, two dissociative channels are considered. The two lowest S 1 and S 2 singlet states are weakly dissociative for the CO loss with energy barriers generated nearby the FC region. A further analysis based on a systematic search of pathways from S 2 minimum at FC to dissociated structures on S 1 indicates that the direct axial CO loss is energetically most favorable. However, other channels leading to equatorial CO bent, imidazole dissociation or axial CO bent are competitive. exploration of the potential energy surfaces associated to the low-lying singlet excited states of a manganese carbonyl imidazole-substituted α-diimine complex, potentially functional PhotoCORM under visible irradiation, highlights the active reactive channels of dissociation. Qualitative state correlation diagrams that connect the low-lying excited states of the parent molecule to those of the fragments [Mn(imidazole) (CO) 2 (phen)] + + CO ax and [M(CO) 3 (phen)] + + Imidazole point to two dissociative channels. The two lowest S 1 and S 2 singlet states are weakly dissociative for the CO loss with energy barriers generated nearby the FC region. Systematic searches for critical geometries identify several dissociative pathways, namely, equatorial CO bent, imidazole dissociation, or axial CO bent are competitive with the direct CO loss. 
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 1 Scheme 1. Structure of [Mn(im)(CO) 3 (phen)] + .

Figure 2 .

 2 Figure 2. Color online, B&W in print TD-DFT/TDA absorption spectrum of [Re(im)(CO) 3 (phen)] + (left) and [Mn(im)(CO) 3 (phen)] + computed in water without and with the SOC effects. The calculated spectrum of [Mn(im)(CO) 3 (phen)] + in CH 2 Cl 2 solvent is also shown in dotted-line.
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Figure 6 .

 6 Figure 6.Color online, B&W in printGeometries of S 2 local minimum nearest to the FC geometry (S 2MIN-FC ) and all obtained S 1 /S 2 -MECIs (S 1 /S 2 -MECI1-8). Energies are relative to the S 0 energy at the FC geometry.

Figure 7 .

 7 Figure 7. Color online, B&W in print Pathways from S 2MIN-FC to dissociated structures on S 1 : (a) for imidazole dissociation, (b) for axial CO dissociation, and (c) for equatorial CO dissociation. Energies are shown in eV relative to S 0MIN . Note that S 2MIN-1 , S 2MIN-2 , and S 2MIN-4 are located inside the corresponding CIs, that is, MECI7, MECI2, and MECI1, respectively; the geometries for S 2MIN-1 , S 2MIN-2 , and S 2MIN-4 are identical to MECI1, MECI2, and MECI1 geometries. These are indicated by " †." Two TSs, S 2TS-1 and S 1TS-3 , did not converge because of very shallow PES around them. S 2TS-1 and S 1TS-3 indicated with "*" correspond to the highest energy point along a relaxed interpolation path, and the relaxed interpolation paths are shown in Supporting Information Figure S3.
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