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ABSTRACT.  

Metal complexes with a 3d6 electron count are emerging as an alternative to 4d6-based 

photosensitizers, emitters, or photoredox catalysts. In recent years several Fe(II) potential 

emitters have been proposed, based on strongly donating ligand sets. Those tend to facilitate 

oxidation to their 3d5 species, whose photophysics is based on low-lying ligand-to-metal charge 

transfer (LMCT) states. The geometry and electronic structure of 2LMCT states are unveiled in 

this work.  
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Introduction 

The use of earth abundant metal complexes with light-triggered applications is highly desirable 

for environmental, sustainability, and economic issues, to the least. This general consensus has 

stimulated intense research efforts and is an actively pursued goal in photophysics,1,2,3,4 

photobiology,5 or photoredox catalysis.6 Focusing on iron, the most abundant transition metal in 

the Earth's crust,7 the past few years have witnessed spectacular extensions in charge transfer 

excited state lifetimes of iron complexes, which have jumped from sub-ps8 to ps9,10,11 to ns 

timescales,12,13,14 through the use of strongly donating ligands. These ligands, which destabilize 

otherwise low-lying metal centred states but might favor the Fe(III) oxidation state, display N-

heterocyclic or mesoionic carbene donor sites, amido ligands, and/or cyclometallating ligands, 

combined with p-accepting polypyridine-type moieties. Exploring the photophysical capabilities 

of Fe(II) cyclometallated complexes with DFT methods,15 we could foresee their potential as 

panchromatic absorbers16 and infrared emitters17 following 3MLCT-3MC state inversion using this 

class of ligands, a fact that has been experimentally confirmed recently.18 In the same years their 

potential as dyes for dye-sensitized solar cells was also reported, in which they would 

advantageously stand in for ruthenium.19 In case facile or even spontaneous Fe(II) ® Fe(III) 

oxidation should be avoided, the use of electron-withdrawing substituents could moderate this 

tendency17,19,20 and stabilize the Fe(II) form, but in the absence of electroattracting groups, both 

Fe(II) complexes21,22,23 and Fe(III) complexes24,25,26 have been isolated. 

The motivation for this work is to characterize the potentially emitting state of Fe(III) 

complexes, as no theoretical data is currently available on their optimized 2LMCT states, to the 

best of our knowledge. The same series of six complexes is reported in this work, as previously 

studied in the Fe(II) oxidation state: Fe(tpy)(N^C^N)2+, Fe(tpy)(N^N^C)2+, Fe(N^C^N)2
+, 
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Fe(N^N^C)2
+ and Fe(N^N^C)(N^C^N)+, as well as Fe(tpy)2

3+ as the non-cyclometallated reference 

(Figure 1) (tpy = 2,2':6',2"-terpyridine ; N^N^C = 6-phenyl-2,2'-bipyridine, N^C^N = 2,6-

dipyridylbenzene, the latter two binding the metal in a tridentate fashion following deprotonation 

of the phenyl ring). The manuscript is organized as follows: the DFT-optimized ground state 

electronic structure is first presented, followed by a TD-DFT calculation at the ground state 

geometry to identify the excited states of interest. Then the lowest 2LMCT state is optimized by 

TD-DFT, and discussed in terms of electronic structure and geometry. The reaction coordinate 

connecting the ground state and the 2LMCT state is unveiled for the first time, which could be 

helpful in the future design of efficient iron-based emitters or photoredox catalysts.  

 

Figure 1 : Chemical structures and abbreviations for the studied complexes. 

 

Computational details 

Ground state geometries were optimized with doublet spin multiplicity within the unrestricted 

Kohn-Sham formalism with the B3LYP* functional,27,28 with D3BJ dispersion,29,30 using ZORA31 
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and its associated basis set ZORA-def2-TZVP(-f) to account for scalar relativistic effects. TD-

DFT calculations were performed following the Tamm-Dancoff approximation and used the 

same basis set. TD-DFT excited state optimizations were performed using 10 roots (12 roots for 

the least symmetric Fe-NNC-NCN complex). All calculations were performed in a standard 

solvent for photophysical studies of metal complexes, acetonitrile (CPCM), with Orca532 using 

the RIJCOSX approximation and the def2/j auxiliary basis set.33 TD-DFT calculations were 

repeated (at the CPCM(MeCN) geometries) in CH2Cl2, another common solvent for 

photophysics, to showcase the minor effect of a less polar medium on the electronic transitions 

of interest (Table S8). The molecular orbitals are plotted with Gabedit34 using a contour isovalue 

of 0.04. 

Ground state electronic structure 

In their doublet ground state, Fe(III) d5 complexes possess a metal-based b-LUMO, a 

specificity that adds low-lying ligand-to-metal charge transfer (LMCT, p to dp) transitions to the 

classical metal-to-ligand charge transfer (MLCT, dp to p*) and metal centered (MC, dp to ds*) 

transitions commonly found in their Fe(II) d6 counterparts bearing p-accepting polypyridine 

ligands and s- and p-donating cyclometallating ligands (Figure 2).16 The ligand set then defines 

the relative position of the occupied p and vacant p* orbitals involved in these transitions with 

respect to the metallic dp and ds* orbitals, and their degree of mixing.35,36 Besides, there are two 

very-low-lying states, below noted GS' and GS", corresponding to the other two distributions of 

two electrons in three b-dp spin orbitals. GS, GS' and GS" can be seen as the three sublevels of 

the doublet ground state, and are generally found within half an eV at the Franck-Condon 

geometries. As an example, GS' and GS" have been optimized by TDDFT for two complexes in 

the series, Fe-tpy-NNC and Fe-NNC2. GS' ended up 0.262 eV above 2GS for Fe-tpy-NNC and 
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0.352 eV above 2GS for Fe-NNC2. GS" ended up 0.399 eV above 2GS for Fe-tpy-NNC and 

0.370 eV above 2GS for Fe-NNC2 (electronic energy gaps). For a given complex, the geometries 

of 2GS, GS' and GS" are very similar (RMSD~0.06-0.07), as expected for a change in the 

occupation of nonbonding orbitals. The geometries of these TD-DFT optimized GS' and GS" 

structures are provided as Supporting Information. 

 

Figure 2: Single excitations of interest shown on the schematic MO diagram of the doublet 

ground state of Fe3+ d5 complexes (dπ1 à dπ3 and dπ2 à dπ3 excitations in the β spinorbital subset 

not shown). 

The ground state MO diagram for Fe(tpy)2
3+ is shown in Figure 3. The others are provided as 

Supporting Information in Figures S1-S5. 
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Figure 3: Selected MO diagram for the doublet ground state of Fe(tpy)2
3+ (eigenvalues in eV). In 

green the accepting orbital(s) to be populated for an excited MLCT state. In red, the donating 

orbital(s) to be depopulated for an excited LMCT state. Orbitals a-HO/a-HO–1 (corresponding 

and very similar to b-HO/b-HO–1) and b-LU+1/b-LU+2 (corresponding and very similar to a-

LU/a-LU+1) not shown. Computed at the B3LYP* - D3BJ - ZORA-def2-TZVP(-f) level of 

theory in implicit MeCN (CPCM). 

 

In the case of Fe(tpy)2
3+, herein abbreviated Fe-tpy2, the ligand-based occupied p orbitals from 

which an electron is promoted to populate a 2LMCT state are b-HOMO or b-HOMO–1. The 

presence of the metallic ds* orbital as a-LUMO+2, almost degenerate with a-
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LUMO/LUMO+1, enables us to foresee low-lying MC states originating from excitations in the 

a set of spin orbitals. 

When tpy is replaced by N^N^C, i.e. for the dicationic complex Fe-tpy-NNC (Figure S1), the 

spacing between the lowest metallic ds* orbital (a-LUMO+4) and the ligand-based p* a-

LUMO, now about 1 eV, should render MLCT states more competitive with MC states than 

without any cyclometallating ligand. Strong mixing between metal dp and ligand p orbitals is 

found in orbitals b-HOMO–1 and b-HOMO–2. Both orbitals are then expected to be involved 

both in LMCT transitions (through their ligand-based component) and in the GS/GS'/GS" 

transitions (through their metal-based component), via promotion of one electron into the 

metallic b-LUMO. The bis(cyclometallated) Fe(N^N^C)2
+ complex, abbreviated Fe-NNC2, is 

different in two ways : (i) the LMCT-relevant ligand-based occupied p orbital is now b-HOMO–

2, a p orbital localized on the phenyl rings of both ligands; (ii) the lowest metallic a-ds* orbital 

is located almost 2 eV above the p* a-LUMO, therefore MC states should be the least accessible 

in this case (Figure S2). 

In the singly cyclometallated complex containing dipyridylbenzene, Fe-tpy-NCN, is observed 

the highest degree of mixing between metallic and ligand-based orbitals, in both a and b subsets, 

for symmetry reasons (Figure S3). The spacing between the lowest metallic ds* orbital (a-

LUMO+3) and the ligand-based p* LUMO, is here reduced to 0.7 eV, therefore MC states are 

expected to be accessible. Its bis(cyclometallated) analogue, Fe-NCN2, displays mixed 

metal/ligand orbitals in the a subset, and a lowest metallic ds* orbital (a-LUMO+4) only 0.5 eV 

above the p* a-LUMO (Figure S4). More noteworthy is the fact that the b-HOMO–2, from 
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which electron density will be taken in an LMCT-type excitation, is here composed of the 

antibonding combination of the two Fe-C sigma bonds. 

Finally, in the monocationic Fe-NNC-NCN, the N^N^C ligand restores a significant spacing 

of 1.5 eV between the lowest metallic a-ds* orbital (LU+7) and the ligand-based a-LUMO 

(Figure S5). The highest ligand-based occupied p orbital is b-HOMO–2, a p orbital localized on 

the phenyl rings of both ligands, with a much larger contribution from the phenyl ring of the 

N^N^C ligand. 

As a very brief summary of the previous Fe(II) study, the N^C^N ligand was shown to be a 

poor substitute for tpy, while the N^N^C ligand was foreseen to be beneficial, in terms of 

photophysical properties (destabilized MC states being correlated with extended MLCT 

lifetimes), as confirmed by experimental data.21,18 The same conclusions seem to be transposed to 

the Fe(III) oxidation state, based upon the ground state molecular orbital diagrams, with low-

lying MC states in the case of Fe-tpy2, Fe-tpy-NCN, Fe-NCN2 and to a lesser extent Fe-tpy-

NNC. 

 

TD-DFT at the ground state geometry 

In their doublet ground state geometries, all six complexes are characterized by planar 

tridentate ligands lying orthogonal to one another. The main features are extended Fe-N bonds 

when located trans to a formally anionic carbon atom (Table S1).  

Tables S2-S7 gather the analysis of the TD-DFT results for the lowest excited states of all six 

complexes, computed at their respective relaxed ground state geometry. The reference state 

being a doublet spin state, both doublet and quartet states can be accessed upon single excitation, 

depending on the localization of donating and receiving orbitals. In the unrestricted Kohn-Sham 
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formalism, unphysical states with mixed doublet and quartet characters appear spin contaminated 

and should be discarded.  

Consistent with the MC-stabilizing effect of one or two cyclometallating N^C^N ligands but 

MC-destabilizing effect of two N^N^C ligands we had observed in their Fe(II) congeners,16 the 

lowest excited states are of 4MC nature in all cases but Fe-NNC2, which bears several charge 

transfer states below the MC states. From a photophysical perspective, the least favorable 

situations are found when the MC state is well below charge transfer states (i.e. with one or two 

N^C^N ligands). In the intermediate case, the MC states are quasi-degenerate with charge 

transfer states (i.e. Fe-tpy2 and Fe-tpy-NNC). 

It is noteworthy that charge transfer states of ligand-to-metal (LMCT), metal-to-ligand 

(MLCT) but also s-bond to metal (SBMCT) and p-bond to metal (PBMCT) are found. Even if 

significantly higher oscillator strengths are expected for 1MLCT excitations in Fe(II) complexes 

than for 2LMCT excitations in their Fe(III) counterparts,37 exploitable oscillator strengths are 

predicted in this Fe(III) series (Tables S2-S7). 

 

2LMCT state optimization 

Excited state optimization of the lowest 2LMCT states was performed by TD-DFT. The 

intrinsically mixed character of the key orbitals involved in these organometallic complexes 

complicates the process and sometimes misleads the overlap-based excited state tracking 

procedures. Switching excited state tracking on or off at various stages of the calculations has 

eventually allowed us to achieve standard geometry optimization convergence in all cases but 

Fe-tpy-NCN, which converged to a looser level. The main structural parameters of the 

optimized 2LMCT states are given in Table S9. No obvious reaction coordinate for 2GS-to-
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2LMCT relaxation appears from the comparative analysis of their geometries. The structural 

variations arise from the combined effects of charge redistribution, depopulation of a ligand-

based orbital, and population of a metal-based orbital (if it is not purely nonbonding).  

The most significant structural distortion is found in the 2LMCT state of Fe-NNC2, in which the 

cyclometallating rings undergo substantial deviation from the mean plane of the N^N^C ligand, 

resulting in a huge relaxation and most probably very poor photophysical properties, unlike its 

Fe(II) analogue.18 Heavy mixing with GS'/GS", which appear unusually destabilized (0.62-

0.75 eV instead of < 0.5 eV), may be the reason for this abnormal behaviour. On average 

(excluding Fe-NNC2) the energy gain between the Franck-Condon region and the relaxed 2LMCT 

geometry amounts to 0.28 eV (ranging from 0.24 eV for Fe-tpy2 to 0.31 eV for Fe-tpy-NCN), 

i.e. larger than the two reported Stokes shifts for emissive Fe(III) complexes,38,25 and larger than 

the 0.15 eV relaxation reported for the 3MLCT states of their Fe(II) analogues.17 The average root 

mean square deviation between 2GS and 2LMCT geometries (excluding Fe-NNC2) amounts to 

0.092, and ranges between 0.053 (Fe-tpy-NNC) and 0.136 (Fe-tpy-NCN). Overall there is a 

slight contraction of the coordination sphere in the lowest 2LMCT excited state, as seen in the 

average metal-ligand distance, accompanied by significant bond elongations within the ligand 

skeleton (e.g. from 1.398 to 1.427 Å, subsequent to the depopulation of C-C bonding orbitals in 

Fe-tpy-NCN, see Fig. S3). A contraction of the coordination sphere goes opposite to the reaction 

coordinate towards MC states, therefore a significant reorganization energy is expected to be 

involved in LMCT-to-MC conversions, which is interesting from the photophysical viewpoint.36 

The major excitation(s) describing the optimized 2LMCT state of Fe-tpy-NNC is plotted in 

Figure 4, and in Figures S6-S10 for the other five complexes. The donating orbital is located on 

one tpy ligand in Fe-tpy2, mostly on the phenyl ring (with some Fe contribution) in Fe-tpy-NNC 
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and Fe-tpy-NCN, and mostly on the phenyl ring(s) of the N^N^C ligand(s) in Fe-NNC2 and Fe-

NNC-NCN. On the other hand, Fe-NCN2 is unique in the fact that its donating orbital is here 

mostly localized on the two Fe-C s-bonds (Fig. S9). The receiving orbital is purely dp in 

character for Fe-tpy2, and has some contributions from bpy or tpy moieties in the cyclometallated 

complexes. The best photophysical capacities are expected in the absence of low-lying MC states 

that would tend to favor nonradiative quenching of the emission (quantification of the coupling 

between the lowest 2LMCT state and these low-lying 4MC states is out of the scope of this study). 

 

Figure 4: Characteristics of the optimized 2LMCT state of Fe-tpy-NNC. At this geometry this 

state is the third state, following GS'/GS" (0.33-0.47 eV). The adiabatic energy is the energy gap 

with the optimized 2GS. The vertical energy corresponds to the potentially emitted photon. 

Among the series, the most promising complex is therefore Fe-tpy-NNC, possessing a lowest 

2LMCT state with no potentially deactivating MC states below it, and a potential emission 

wavelength of 661 nm as computed in implicit acetonitrile. Note that this complex has been 

reported in the Fe(II) oxidation state, in which the cyclometallating ligand resulted in a still short 

but significantly increased 3MLCT lifetime (0.8 ps vs 145 fs for Fe(tpy)2
2+).21 As shown by Bauer 
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et al., the first oxidation process is fully reversible, thus, provided the Fe(III) complex can be 

prepared on purpose, its photophysical characterization should be feasible. 

The other five complexes of the series all bear 4MC or MC-rich states below their optimized 

lowest 2LMCT state, which should jeopardize their photophysical properties if the low-lying 4MC 

states are indeed providing efficient nonradiative deactivation funnels (note that the reported 

emissive Fe(III) complex with ns 2LMCT lifetime displays a low-lying 4MC state)13. On the other 

hand, some could nevertheless prove interesting, this time for their MLCT states. Bauer's group 

indeed reported dual emission from 2LMCT (675 nm) and 2MLCT (450 nm) origin in a unique 

complex in which Fe(III) is bound by two car-cy-car ligands (car=carbene; cy=cyclometallating 

ligand).25 

 

MLCT state optimization 

As presumed from the ground state TD-DFT data, 2LMCT optimization has confirmed the 

presence of low-lying 4MC states that should jeopardize the photophysical properties of Fe-tpy2, 

Fe-tpy-NCN and Fe-NCN2. Therefore MLCT excited state optimization was focused on the 

remaining two candidates, Fe-NNC2 and Fe-NNC-NCN, for which LMCT-based emission is 

unlikely to be efficient for the aforementioned reasons. 

For Fe-NNC-NCN, MLCT optimization converged but on a spin-contaminated state 

(S2 = 2.04), shown in Figure S11. For Fe-NNC2, the converged state was of quartet spin 

multiplicity (S2 = 2.66). It is built on two major components, of MLCT and MC nature, slightly 

in favor of the MLCT character (Figure 5), and bears a moderate oscillator strength, in line with 

a formally spin-forbidden quartet-doublet transition. In agreement with the TD-DFT data at the 

ground state geometry, the optimized quartet state of MLCT+MC character was found at an 
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adiabatic energy of 1.80 eV and a vertical energy of 1.43 eV, corresponding to a potential 

emission at 869 nm. The MC character induces significant bond elongations (Table S10), which 

are associated with a massive 0.8 eV relaxation energy (this state appeared 2.19 eV above the 

ground state, at the 2GS geometry).  

 

 

Figure 5: Characteristics of the optimized 4{MLCT+MC} state of Fe-NNC2. At this geometry this 

state is the third state, following GS'/GS" (0.33-0.42 eV). The adiabatic energy is the energy gap 

with the optimized 2GS. The vertical energy corresponds to the potentially emitted photon. 

 

Conclusion 

To conclude on the insight brought by excited state optimization, an emission is predicted from 

the formally third state (recall GS' and GS"), which is of 2LMCT nature for Fe-tpy-NNC 

(661 nm) but of 4{MLCT+MC} nature for Fe-NNC2 (869 nm). This computational study has 

revealed important insights into the electronic structure and geometries of yet unreported 2LMCT 
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states of Fe(III) complexes. Whether they are specific to these particular cyclometallated 

complexes, or general to Fe(III) complexes, remains to be discovered by pursuing the 

experimental and computational effort towards other classes of Fe(III) luminophores. Improved 

systems would definitely require optimal oscillator strength, emission wavelength, and excited 

state lifetime to open up applications as fluorescent emitters or photoredox catalysts. 

 

Supporting Information. The following files are available free of charge. 

MO diagrams for the doublet ground states; TD-DFT at the doublet ground state geometries; 

geometrical parameters for the optimized GS, LMCT, and MLCT states; characteristics of the 

optimized LMCT and MLCT states (PDF) 

Cartesian coordinates for optimized GS, LMCT, and MLCT states (zipped folder containing xyz 

files). 
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DFT, density functional theory; TD-DFT, time-dependent DFT; LMCT, ligand-to-metal charge 

transfer; MLCT, metal-to-ligand charge transfer; MC, metal-centered. 
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