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ABSTRACT

The ability to access panchromatic absorption and long-lived charge-transfer (CT) excited states
is critical to the pursuit of abundant-metal molecular photosensitizers. Fe(Il) complexes supported
by benzannulated diarylamido ligands have been reported to broadly absorb visible light with
nanosecond CT excited state lifetimes, but as amido donors exert a weak ligand field, this defies
conventional photosensitizer design principles. Here, we report an aerobically stable Fe(II)
complex of a phenanthridine/quinoline diarylamido ligand, Fe(“'L),, with panchromatic
absorption and a 3 ns excited-state lifetime. Using X-ray absorption spectroscopy (XAS) and
resonant inelastic X-ray scattering (RIXS) at the Fe L-edge and N K-edge, we experimentally
validate the strong Fe-Namido orbital mixing in Fe(“'L): responsible for the panchromatic
absorption and demonstrate a previously unreported competition between ligand-field strength and
metal-ligand (Fe-Namido) covalency that stabilizes the 3CT state over the lowest energy triplet
metal-centered (*MC) state in the ground-state geometry. Single-crystal X-ray diffraction (XRD)
and density functional theory (DFT) suggest formation of this CT state depopulates an orbital with
Fe-Namido antibonding character, causing metal-ligand bonds to contract and accentuating the
geometric differences between CT and MC excited states. These effects diminish the driving force
for electron transfer to metal-centered excited states and increase the intramolecular reorganization
energy, critical properties for extending the lifetime of CT excited states. These findings highlight
metal-ligand covalency as a novel design principle for elongating excited state lifetimes in

abundant metal photosensitizers.



INTRODUCTION

The most effective molecular photosensitizers for photocatalytic' and photovoltaic? applications
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broadly absorb visible light’* and exhibit suitably long-lived charge-transfer (CT) excited states
for efficient charge injection into semiconductor surfaces® or amassing sufficient concentrations
of reactive excited states for synthesis.® Coordination complexes of precious metals in low-
oxidation states such as Ru(Il) or Ir(II) with chelating, m-acceptor ligands can fulfill these criteria
effectively, but cost and scarcity considerations have driven the search for chromophores based on
more abundant materials that do not compromise on performance.’”-8 While creative ligand designs
have enabled the development of an increasing number of exciting candidates based on Cu,”!°
Zr,'11% Co!>16 and Cr,!7"!? iron has long represented a key target in this area.” The realization of
useful Fe(II)-based photosensitizers, however, has been stymied by the inherent tendency of first-
row transition metal complexes to undergo rapid deactivation of CT excited-states via lower-lying
metal-centered (MC) states.?® Thus, while [Ru(bpy)s;]*>* (bpy = 2,2'-bipyridine) luminesces from a
metal-to-ligand charge-transfer PMLCT) excited state with a lifetime of ca. 900 ns,?! the same
state in the homologous, isoelectronic complex [Fe(bpy)s]** deactivates to the MC manifold on a
sub-picosecond timescale.?>?* The positioning of low-lying MC states in Fe(II) complexes are a
consequence of the weaker ligand fields that result from the ‘primogenic effect’,>*?° in which the
contracted nature of the 3d orbitals of first-row transition metal complexes leads to weakened

metal-ligand bonding and enhanced electron-electron repulsion in the d subshell, stabilizing MC

states relative to CT ones.2®

Efforts to identify strategies by which electron transfer from CT to MC states can be
suppressed have consequently focused to a large extent on manipulating the energy difference

between these states through ligand design.?® Two approaches presently dominate: (1)
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destabilizing MC states by increasing the ligand-field strength (Figure 1, red arrow); or (2)
decreasing the energy of the CT state (Figure 1, blue arrow). The most promising example of the
first approach has been the incorporation of strongly c-donating N-heterocyclic (NHC) and
mesoionic carbene donors into ligand scaffolds.?” At the saturation limit of six carbenes arranged
octahedrally around an Fe(II) ion, the 3T}, state was raised sufficiently for a 528 ps MLCT lifetime
to be observed.?® However, a collateral consequence of the enhanced electron density at the iron
center due to the presence of such strongly c-donating ligands was a shift in the Fe(II/III) redox
couple to negative potentials, resulting in ferric congeners being favored under aerobic
conditions.?’ Such Fe(III) complexes can exhibit nanosecond excited states, but with spin-allowed
ligand-to-metal charge transfer (LMCT) character.>* With respect to the second strategy, *"MLCT
excited states have been stabilized in [Fe(CN)a(bpy)]* and related complexes?!*? by decreasing
the ligand acceptor orbital energy.*? As the MLCT energy is lowered below that of the nominally
3T\ state, its lifetime increases due to a higher activation barrier for electron transfer between CT
and MC states. Despite these and other**3> conceptual successes, the charge-transfer lifetimes of

Fe(Il) photosensitizer candidates have remained firmly in the ps regime.
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Figure 1. Partial Tanabe-Sugano diagram for a d® Fe(Il) ion. The arrows depict the two main
approaches for stabilizing CT excited-states over MC ones: red = increasing ligand-field strength,
blue = decreasing CT state energy.

A distinct approach is to increase mixing between filled metal #,, orbitals and filled ligand
molecular orbitals, as highlighted by a computational investigation of pseudo-octahedral
complexes of 2,2":6'2"-terpyridine (terpy) ligands with adjustable m-donor properties (i.e.,
[Fe(terpy)2]**; Figure 2a).% In this way, the character of the highest occupied molecular orbital
(HOMO) can be transformed from metal- to ligand-centered in a process termed ‘HOMO
inversion’. In addition to increasing the HOMO energy, such mixing was predicted to foster
multiple, mixed metal-to-ligand and intraligand charge transfer (MLCT/ILCT) transitions in the
visible region, broadening the overall absorption envelope in regions of relevance to solar energy
harvesting. We recently reported the construction of pseudo-octahedral Fe(IT) complexes, Fe(RL),
(R = 1Bu, CF3), where RL is a benzannulated pincer-type (4-phenanthridinyl)(8-quinolinyl)amido
ligand (Figure 2b).>” Such complexes indeed have broad absorptive cross-sections across the

visible spectrum (¢ > 5000 M™! cm™! from A = 250 — 795 nm) and exhibit nanosecond excited-state
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lifetimes assigned to charge-transfer (CT) states using a combination of transient absorption
spectroscopy and spectroelectrochemistry. Fe(RL), can be thought of as an intermediate case of
HOMO inversion where the energies of the HOMO through to HOMO-4 are spread out by strong
mixing between Fe 3d and amido-based N 2p orbitals. Similar mixing is absent from other first-
row transition and main-group metal complexes (e.g., M = Ga; Figure 2¢) in which the HOMO

becomes wholly ligand centered.®
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Figure 2. Structures and abbreviated frontier orbital energy level diagrams for (a) [Fe(terpy)2]*",
(b) Fe(RL), and (c¢) [Ga(RL)2]".
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From ligand field theory, such orbital mixing is expected for complexes of weak-field -

donors like diarlyamido ligands.>® However, the same level of theory? predicts that this mixing



should lower the octahedral splitting energy (10Dq) and stabilize metal-centered (MC) states
relative to CT ones (equivalent to shifting the red vertical line in Figure 1 back to the left) providing
an efficient excited state decay channel. Yet, the absorption features of Fe(RL), assigned to a CT
excited state persist for nanoseconds.?” We therefore set out to understand why strong Fe-Namido
metal-ligand orbital mixing should supersede the impact of the anticipated decrease in ligand field.
To do so, we constructed an aerobically stable, panchromatic absorbing Fe(RL)> complex (R = Cl)
that exhibits a multi-nanosecond excited state lifetime and investigated its electronic structure and
excited-state ordering using X-ray absorption spectroscopy (XAS) and resonance inelastic X-ray
scattering (RIXS) at the Fe L3-edge and N K-edge. To isolate the impact of the mixed-character
HOMO anticipated for Fe(“'L),, [Fe(“'L)2][PFs], [Ga(“'L):2][PFs] and [Fe(terpy)2][PFs]> were also
included for study. The one-electron oxidized [Fe(“'L):][PFs] was chosen to serve as a proxy for
the electronic structure of Fe in the CT excited state.*® [Ga(“!L),][PFs] and [Fe(terpy)2][PFs]> were
selected as controls for identifying which N and Fe spectral features, respectively, are specifically
associated with Fe-Namido covalency. The Ga(III) center in [Ga(“'L).][PF¢] has a fully occupied 3d
sub-shell whose orbitals do not mix with those of the ligand, such that the main-group metal ion
acts as a structural scaffold to orient the ligands in the same orientation as Fe(“'L), but without
metal-ligand orbital hybridization;*® [Fe(terpy)2][PFs]2 lacks the amido functionality entirely. By
selecting either Fe 2p or N 1s resonances, our XAS measurements access the unoccupied frontier
orbitals, while our RIXS measurements assess valence electronic excited states from both the metal
and ligand perspective, and with atomic specificity. This has enabled us to experimentally validate
strong metal-ligand orbital mixing in this new class of Fe(Il) photosensitizer and demonstrate a
hitherto unreported competition between decreasing 10Dq (due to weaker field n-donor ligands)

and decreasing electron-electron repulsion in the Fe 3d orbitals (due to strong metal-ligand orbital



mixing), highlighting metal-ligand covalency as a molecular design principle for accessing long-

lived charge-transfer excited states.

RESULTS AND DISCUSSION
Synthesis and Characterization

In our previous study of Fe(Il) complexes of diarylamido ligands bearing m-extended
phenanthridine (benzo[c]quinoline) units, Fe(RL),, we found that while placing strongly electron
withdrawing CF3 groups in the 2-position of the phenanthridinyl moieties (3L, R = CF3)
anodically shifted the [Fe(RL)2]”* redox couple by ~200 mV compared with a fBu-substituted
variant (B'L), Fe(“L). oxidizes in aerated solutions to the cationic [Fe(“¥L),]*.37 After
surveying a number of substituents, we found that, in comparison, analogs bearing a 2-
chlorophenanthridinyl unit (“'L)* show much improved stability in air (see Figures S1-S2, Table
S1 and discussion in Supporting Information, p. SI-18). The neutral pseudo-octahedral Fe(II)
complex, Fe(“IL),, could be accessed in two ways: directly from a ferrous salt (Fe(OTf),; OTf =
trifluoromethylsulfonate) and NaO7Bu in THF at room temperature, or via chemical reduction of
[Fe(“'L),][PFs] using a suitable reducing agent such as cobaltocene (Scheme 1). The diamagnetic
Fe(IT) complex Fe(¢'L); is soluble in common organic solvents with NMR spectroscopic features
consistent with installation of two equivalents of “'L on Fe. The cation in [Fe(“'L).][PFs] is best
described as a S =, paramagnet with broad peaks spanning from § =-70 — 30 ppm in the 'H NMR
spectrum and a solution magnetic moment gt = 1.31 determined via Evans’ method.

[Ga(“'L):][PFs] was prepared in a similar fashion from GaCls in THF.
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Scheme 1. Synthesis of bis((2-chloro-4-phenanthridinyl)(8-quinolinyl)amido)) complexes
Fe(“'L),, [Fe(“'L).][PF¢] and [Ga(“'L)2][PFe].

For X-ray spectroscopic measurements, it is important to understand the consequences of
geometry on molecular orbitals (MOs). Pseudo-octahedral complexes bearing two 'L ligands
formally possess Dan symmetry from the perspective of the metal, whereas [Fe(terpy)2](PFe): is
Cay symmetric. In ligand field theory, Dan descent from octahedral (On) symmetry splits the triply
degenerate 1, orbital set into b2z and eg orbitals, the latter of which mix with eg ligand-grouped
orbitals (LGOs) of appropriate energy in Fe(“'L), and [Fe(“'L).][PFs] to form n-bonding and anti-
bonding MOs with e, symmetry (labelled Fet+L(n) and Fe+L(n*) in Figure 2b). The b, orbital
does not have appropriate symmetry to mix with the amido LGOs (aig, €g, a2y and ey) and is

consequently non-bonding with respect to the amido groups (labelled Fe(n.b.) in Figure 2b).
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Furthermore, the On e orbital set splits into b1g and aig orbitals. This first-principles description
of metal-ligand bonding is supported by DFT calculations which corroborate the mixed character
of the occupied frontier orbitals of [Fe(“'L)2]°* and identify the b1, and a1, unoccupied MOs of
dx2-y2 and d,. parentage as the LUMO-+10 and LUMO+11, respectively, for Fe(“'L), (Figure 3; see
also Tables S2-S5 and Figures S3-S6 and Supporting Information p. SI-15-16 for a discussion of
the choice of functional). In comparison, both the degenerate HOMO and HOMO-1 for [Ga(“'L)2]*

have dominant Namido character with no contribution from the metal.
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Figure 3. Selections from the ground-state MO diagrams of Fe(“'L), and [Ga(“'L):]* comparing
the relative energies of the metal d-orbitals, Namido lone pairs, and ligand-based mn* orbitals
(highlighted in red). MOs are shown with isosurface values of 0.04 and at the SMD-MO6L/6-
31+G(d,p)//SMD-O3LYP/6-31+G(d,p) level of theory.
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The solid-state structures of Fe(“'L)2, [Fe(“'L).][PF¢] and [Ga(“'L):][PF¢] determined by
single crystal X-ray diffraction support this orbital picture (Figure 4). In all three compounds, the
metal is positioned at the center of a pseudo-octahedron comprised of two ligands with the amido
nitrogen atoms frans to one another. The two ©L ligand environments in Fe(“lL), are
crystallographically distinct in the solid-state, while the metal ions in [Fe(“'L).]* and [Ga(“'L).]"
sit on crystallographic symmetry elements. A summary of bond distances and angles is provided
in Table S6. The two Fe-Nphen (phen = phenanthridinyl) bond distances in Fe(“'L) are very similar
at Fel-N1 1.9407(13) and Fe1-N4 1.9410(13) A, elongating slightly to 1.955(8) A upon oxidation
to [Fe(“'L)2][PFs]. The Fe-Nguin (quin = quinolinyl) contacts are nearly identical to the Fe-Nphen
distances for Fe(“'L), [Fe1-N3 1.9389(14), Fel1-N6 1.9468(14) A] and are again not statistically
altered in the cation [Fel-N3 1.934(8) A]. In comparison, the Fe-Namido bond distance contracts
significantly upon oxidation from Fel-N2 1.9294(14)/Fel-N5 1.9330(14) in Fe(“'L), to 1.886(6)
A in [Fe(“'L),][PFs], consistent with depopulation of an orbital with Fe-amido m-anti-bonding
character. This assignment is supported by ground-state DFT calculations which confirm an Fe-
Namido bond contraction of 0.043 A upon oxidation to [Fe(“'L):][PFs] (Table S7), very close to the
0.045 A observed experimentally and accompanied by an increase in the Fe-Namido Mayer bond

order® ([Fe(“'L)2]", 1.3; [Fe(“'L):], 1.1).
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Fe(®'L), [Fe(“'L),][PFé] [Ga(®'L),][PFé]

Figure 4. Solid-state structures of Fe(“'L),, [Fe(“'L):][PFs] and [Ga(“'L).][PFs] with thermal
ellipsoids shown at 50% probability levels. Hydrogen atoms, co-crystallized solvent molecules
and selected atom labels (including for symmetry-generated atoms) are omitted for clarity.

Optical Spectroscopy

The calculated and solid-state structures of the [Fe(“'L)>]”* redox pair thus validate the description
of the frontier orbital manifold as an intermediate case of the ‘HOMO inversion’*® model, which
predicts strong absorptive cross-sections across the visible range. Indeed, the electronic absorption
spectrum of Fe(“'L), (Figure 5) shows panchromatic absorption from the edge of the UV region,
tailing off only near 900 nm, and large absorptivity values (¢ > 5000 M-! cm™!) consistent with CT-
type transitions. Time-dependent DFT (TD-DFT) simulations (Figure S7) revealed the lowest-
energy spectral manifold (650-900 nm) is dominated by six key transitions, in which electron
density is relocated from occupied Fe+L(n*) anti-bonding orbitals (HOMO, HOMO-1) to N-
heterocycle ligand-based m*-acceptor MOs (LUMO through to LUMO+3; Table S8) and can be
described as ‘Tanti-bonding-to-ligand charge-transfer’ (PALCT) in character.** In comparison, the

prominent absorption bands in the visible region of the spectrum of [Ga(“'L),][PFs] are assigned
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to electronic excitations involving the degenerate HOMO and HOMO-1 (Figure S8, Table S9),
which contain significant contributions from the Namido lone pairs (19%; Table S3), and the m*-
orbitals of the phenanthridine arms (LUMO, LUMO+1). Thus, the low energy absorptions of

[Ga(“'L):][PFs] have mixed intra/inter-ligand charge-transfer (ILCT) character.
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Figure 5. Steady-state UV-Vis absorption spectra of Fe(“'L), (—), [Fe(“'L).][PFs] () and
[Ga(“'L):2][PFs] (—) in acetonitrile at 295 K and TD-DFT difference map (SMD-MO6L/6-
31+G(d,p)/SMD-O3LYP/6-31+G(d,p) for Fe(“L), and [Fe(“L).]"; SMD-PBE0/6-
31+G(d,p)//SMD-O3LYP/6-31+G(d,p) for [Ga(“'L).]") calculated in acetonitrile showing electron
density gain (green) and depletion (blue) distribution maps (isosurface = 0.002) of the transitions
associated with the lowest energy absorptions of each species.
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For the one-electron oxidized [Fe(“'L):][PFs], most of the absorptive cross-section
between ~600-900 nm is attenuated, consistent with loss of the low energy PALCT transitions.
Strong, broad CT transitions are evident at 410 and 495 nm (g = 10-20 mM™! cm™!), while a low-
energy absorption arises with a peak maximum at 1002 nm. This new feature falls in between that
of [Fe(""L)2][PFs] (Amax = 1024 nm) and [Fe(“¥3L)2][PFs] (Amax = 996 nm) and is assigned by TD-
DFT (Figure S9, Table S10) to involve electron-transfer between the filled MO that retains nt(d-+p)
Fe-Namido bonding character [HOMO-2(B)] and the singly-occupied 7*(p+d) Namido-Fe anti-
bonding MO (here called the LUMO(p)). This transition can therefore be assigned as generating a
locally excited (LE) state with Tbonding-tO-Tanti-bonding Character (PB-PA LE) with limited electronic
redistribution between the donor and acceptor orbitals, as reflected in the electron-hole difference
map shown in Figure 5. The spectra of [Fe(“'L).][PFs] and Fe(“'L), can be fully reproduced by

spectroelectrochemistry (Figure S10).

Excitation into the lowest energy manifold of Fe(“'L), should therefore populate low-lying
excited states with PALCT character. DFT optimization of the structure of the lowest energy triplet
state of Fe(“!L); starting from the ground-state equilibrium geometry converged to a structure with
SPALCT character (Figure S11, Table S11), with a contraction of the Fe-Namido bonds by 0.041 A
nearly identical to that observed upon oxidation (Table S7); [Fe(“'L),][PFs] is therefore a structural
proxy for the SPALCT excited state. In contrast, should rapid excited-state decay follow the usual
pathway of Fe(Il) coordination compounds and populate a metal-centered state via a
SMLCT—*MC—°MC cascade,** all metal-ligand bonds would be expected to elongate. Modeling
the nominally T2, MC state under octahedral symmetry accordingly shows a lengthening by 0.168
A of the Fe-Namigo bonds and 0.247 A (average) for the Fe-Nguin and Fe-Nphen bonds. The structure

of the lowest energy *MC (e.g., >T1,) state similarly exhibited longer metal-ligand bonds — although
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to a lesser extent due to population of a single antibonding e* orbital as opposed to two in the >Ta,
state. Thus, compared to traditional Fe(II) polypyridyl complexes such as [Fe(bpy):]*" or
[Fe(terpy)2]**, in which the MLCT excited state exhibits very little structural distortion relative to
the ground state,* DFT predicts far greater structural differences between CT and MC states in
Fe(“'L),, imposing a larger inner-sphere reorganization energy cost for electron-transfer from CT

to MC states.

To verify that extended excited-state lifetimes are accessible for Fe(¢L),, transient
absorption (TA) differential pump-probe spectra were collected (see Supporting Information p. SI-
38-41). Solutions were selectively excited into the low energy side of the broad CT absorption
manifold (Aexcitation = 780 nm) using 150 fs laser pulses and probed with broadband white light.
Similar TA spectra were obtained at all time delays, with a prominent excited state absorption
(ESA) feature at ~480 nm and a ground state bleach (GSB) coinciding with the CT absorption
manifold. The ESA feature is faithfully reproduced by the difference spectrum calculated from
spectroelectrochemically-generated absorption spectra of [Fe(“'L).]" and [Fe(“'L).], highlighted
convincingly in Figure 6a. In combination with the bleach of the ground state CT absorption
manifold, the observation of this ESA feature in the TA spectra and correlation to the redox-based
difference spectrum is indicative of a CT excited state.*® All TA features evolve and decay with
identical lifetimes, and the behavior is best described as instrument response function (IRF)-
limited spectral evolution, followed by monoexponential decay with a ~3 ns time constant (Figure
6b; see Table S12 and SI for further discussion and figures). While the long-lived excited state is
assigned to have CT character in Fe(“!L); and related Fe-amido complexes due the fidelity of the

transient spectra and redox-based calculated spectra, without an optical signature of the ligand
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radical anion/oxidized species at longer wavelengths (> 800 nm) this assignment is incomplete and

the topic of ongoing time-resolved X-ray spectroscopy studies.
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Figure 6. (a) Redox-based calculated difference spectra of [Fe(“'L):]%* (top) and transient
absorption spectra (bottom) of Fe(“'L), in toluene at indicated time delays. The close match
highlights the charge-transfer nature of the excited state. (b) Kinetic traces (see legend) and
exponential fits (solid lines, fitting results are summarized in Table S12) following the decay of
both the excited-state absorption and ground-state bleach at indicated wavelengths.

17



X-Ray Absorption Spectroscopy

Fe(“'L), thus combines congruent electronic structure and photophysical properties with Fe(RL),
(R = Bu, CF3)37 and we therefore proceeded to investigate this compound using X-ray absorption
and inelastic scattering experiments. Normalized X-ray absorption (XAS) spectra were obtained
at both the Fe Ls-edge and N K-edge (Figure 7; see Figure S15 for spectra covering Fe L, 3-edges).
At the Fe L-edge, dipole-allowed Fe 2p—3d transitions are observed. Due to large spin-orbit
coupling of the final state 2p core-hole (&2p), the L-edge splits into two features, the L3-edge (J2p =

3/2) and the Lr-edge (J2p = 1/2), separated by 3 &2p (ca. 12.4 eV*9). We restrict our analysis to the

more intense, lower energy Ls-edge data.
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Figure 7. Normalized Fe L3-Edge XAS spectra of (a) Fe(“'L), and (b) [Fe(“'L):][PFs], normalized
N K-Edge XAS spectra of (¢) [Ga(“'L)2][PF¢], (d) Fe(“'L): and (e) [Fe(“'L).]PFs, and (f) schematic
depiction of observed transitions, using [Fe(“'L).][PFs] electronic configuration. Transition labels
and colors correspond to labelled spectral features.
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For the sake of simplicity and to assist comparison to prior studies, we will use octahedral
symmetry labels for discussing and interpreting Fe L-edge XAS results. The impact of lower
symmetry on the spectra and our interpretation will be subsequently addressed. For low-spin
octahedral Fe(Il) complexes, the 2, orbital set is fully occupied. Consequently, only excitations
into the e, * orbital set can be observed. The dominant feature (B) in Fe Li-edge XAS observed at
708.5 eV for Fe(“'L), (Figure 7a) and [Fe(terpy):][PFs]. therefore corresponds to promotion of an
Fe 2p electron into the unoccupied e* orbital set.3>*6->0 The lower energy shoulder and higher
energy satellite peaks arise due to crystal field and charge-transfer multiplet effects. Indeed, crystal
field multiplet calculations using 10Dq and  parameters derived from Tanabe-Sugano analysis of
Fe 2p3d RIXS spectra (see below) are sufficient to reproduce the main Fe Li-edge XAS spectral
features of both Fe(“!L), and [Fe(terpy):][PFs]. (Figure S16), indicating that any splitting of the
nominally eg* orbital set from descent of symmetry (AELumo+1oLumo+11 = 0.32 eV from DFT) is
unobservable within the spectral broadening. Although crystal field multiplet calculations
reproduce the main spectral features of Fe(“'L),, some intensity in the lower energy shoulder is
not accounted for. This intensity can be accounted for using charge-transfer multiplet (CTM)
calculations including ligand-to-metal charge-transfer (LMCT) parameters to model the effect of
mixing the #2, orbitals with occupied ligand-based & orbitals (see Supporting Information p. SI-43-
49 for further discussion). The corresponding spectrum of [Fe(“'L):][PFs] also contains an Fe
2p—3e,* absorption feature (B) at 708.7 eV (Figure 7b). The shift of this feature to higher energy
relative to that of Fe(“'L): is consistent with a decrease of electron density about the metal, as
observed in previous work.**#83% The magnitude of the shift (ca. 0.2 eV), however, is significantly
smaller than that observed for ferrous/ferric Fe(II/Ill) redox-related pairs in less covalent

complexes. For example, a 0.7-0.9 €V shift in the energy of feature B was reported for [Fe(CN)s]*
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/4- 3+/2+

, while a difference of 1.4 eV was observed for [Fe(tacn):] (tacn = 1,4,7-

triazacyclononane).***° Comparing these latter sets of complexes, the smaller shift for [Fe(CN)s]*-
/4 compared to [Fe(tacn),]>"?* was attributed to enhanced metal-ligand covalency due to 7-
backbonding with the cyanide ligands*® which dampens the change in the Fe effective nuclear
charge (Zetr) upon oxidation/reduction. The even smaller shift of feature B seen for [Fe(¢'L),]"°
therefore emphasizes the high degree of metal-ligand covalency introduced by the amido donor
ligands. An additional feature (A) is also observed at 706.4 eV for [Fe(“'L):][PFs], which
corresponds to promotion of an Fe 2p electron to the nominally Fe #; hole (denoted Fe+L(n*) in
Figure 7f). Feature A is less clearly resolved from B than for previously reported Fe(III)
complexes, presumably as a consequence of Fe 72, and Namido 2p mixing. Although coincidentally
appearing at similar energy to the low energy shoulder of B in the Fe(III) complexes, the shoulder
of the Fe(Il) complexes is not assigned as A as it arises from the CT character of the #2, orbitals as

described above and in the Supporting Information, as opposed to excitation into a nominally 2,

hole for the Fe(IIT) complex.

Unlike for Fe(“'L),, crystal field multiplet calculations using only 10Dq and [ parameters
derived from Tanabe-Sugano analysis of Fe 2p3d RIXS spectra are insufficient to model the Fe
Li-edge XAS spectrum of [Fe(“'L):][PFs]. It has been previously demonstrated that CTM
calculations including both crystal field and CT parameters are needed to accurately describe Fe
L-edge XAS spectra of Fe(Ill) complexes.*®*>! Mixing of ligand-to-metal charge-transfer
(LMCT) character into the ground state electronic structure models the effect of ligand n-donation
not accounted for by the crystal field description and qualitatively reproduces the key spectral
features of the [Fe(“'L).][PFs] Fe L-edge XAS spectrum (Figure S16; additional discussion on

CTM calculations is presented in Supporting Information p. SI-43-49). The observed spectrum of
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[Fe(“'L),][PFs] is therefore consistent with a low-spin Fe(III)-type system, as concluded from Fe
2p3d RIXS, magnetic moment measurement, X-ray crystallography and DFT calculations, as well

as EPR and Mgssbauer spectroscopy of related complexes.’’

At the N K-edge, dipole-allowed N 1s—2p transitions are observed. As discussed above,
[Ga(“'L):][PFs] represents the ligand spectrum in the absence of metal-ligand orbital mixing.*®
The main N K-edge XAS feature observed for [Ga(“'L):][PFe] at 399.0 eV (Figure 7c, D) is
therefore assigned to ligand-localized transitions. TD-DFT calculations support this assignment
(Figure S20, Table S13), predicting contributions of three transitions from quinolinyl and
phenanthridinyl N 1s to the unoccupied ligand-localized frontier molecular orbitals (LUMO
through LUMO+3), with the weak low-energy shoulder arising from a single transition from Namido
Is to these same unoccupied ligand-localized MOs. This ligand-centered feature (D) is conserved
across the series of complexes (Figure 7c-¢). The spectrum of [Fe(“!L).][PFs] exhibits an
additional weak feature at ca. 397.6 eV (C). TD-DFT calculations predict this feature to arise from
transitions from the two Namido 1s orbitals to the Fe+L(n*) orbital. XAS is an element-specific
technique; at the N K-edge acceptor orbitals must necessarily possess N 2p character to be
observed. The observation of this feature (C) therefore provides direct experimental evidence of
Fe(t2¢)-Namido(2p) mixing and validates the electronic structure predicted from first principles and

by DFT calculations.

N K-Edge (1s2p) Resonant Inelastic X-Ray Scattering

N 1s2p RIXS at the N K-edge (Figure 8) provides further evidence for strong metal-ligand
covalency in Fe(“'L), and [Fe(“'L).][PF¢] (see also Figures S21 and S23, respectively; Figure S24

contains spectra of [Ga(“'L),][PFs]). Also known as X-ray resonance Raman spectroscopy, the
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operating principle of RIXS is that when the incident X-ray energy (E;) coincides with an electronic
transition, photons inelastically scatter off the resonant core excited state (with energy Es), forming
a valence excited state, as illustrated schematically in Figures 8e and 9c. The energy-transfer
spectrum (E;-Es) directly measures the energy of the valence excited states associated with a
specific X-ray resonance. The Raman selection rules and atomic specificity of RIXS dictate that
the occupied orbital involved in the scattering process necessarily possesses the same character as
the unoccupied orbital in the underlying electronic transition (i.e., N 2p for N 1s2p RIXS) and that
the final valence excited state must conserve parity. It should therefore be noted that electronic
UV-Visible absorption spectroscopy and RIXS do not necessarily probe the same valence excited

states.
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Figure 8. N 1s2p RIXS spectra obtained upon excitation into the main resonance (band “D” in
Fig. 7c-e) for (a) [Ga(“'L):][PFs] (Ei = 399.3 eV), (b) Fe(‘'L). (Ei = 399.4 eV) and (c)
[Fe(“'L)][PFs] (Ei = 399.3 V), and (d) into the weaker 1s—>M+L(n*) resonance (band “C” in Fig.
7e) for [Fe(“'L)2][PFs] (Ei = 397.6 €V) at the N K-edge. Dotted black vertical line corresponds to
the elastic scattering peak at 0 eV. The high energy-transfer shoulder of the elastic scattering peak
arises from vibrational resonance Raman scattering; (e) Schematic depiction of N 1s2p RIXS
assignments. Depicted electronic configurations correspond to named final states, circles depict

holes.
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Given the absence of metal-ligand orbital mixing in [Ga(“'L),][PF¢],*® all final states
observed in N 1s2p RIXS necessarily arise from ligand-centered m,m* transitions. Spectral
differences between Fe(“'L), and [Ga(“'L).][PFs] are therefore diagnostic of transitions involving
valence orbitals with mixed metal-ligand character. For [Ga(“'L):][PFs], following excitation into
the high-energy side of the dominant N K-edge XAS feature at 399.3 eV (D, Figure 7c), only a
single ,t* final state is observed at 5.0 eV (Figure 8a). For Fe(“'L), following excitation into the
same dominant N K-edge XAS feature at 399.4 eV (D, Figure 7d), a similar n,n* final state is
observed at 4.8 eV as well as an additional low energy feature at 3.0 eV not present in the
[Ga(“'L):][PFs] spectrum (Figure 8b). This additional feature corresponds to scattering off the
Fe+L(n*) orbitals and is therefore assigned as a 'PALCT final state. The ability to access this state
with N 1s RIXS demonstrates the mixed metal-ligand character of the hole in the PALCT final
state. Similar N 1s2p RIXS features (assigned in the literature as MLCT) have been previously
observed for Fe(Il) cyanide complexes (in which the cyanide N 2p orbitals strongly mix with the
Fe 3, orbitals),*’° but not for [Fe(bpy)s]*" (in which the N 2p and Fe 3£, orbitals do not

substantively mix).*’

Upon excitation into the dominant N K-edge XAS feature of [Fe(“'L),][PF¢] at 399.3 eV
(D, Figure 7e), a ,m* final state is observed at 5.7 eV (Figure 8c). The shift of this feature to higher
energy relative to that of Fe(“'L); is presumably a consequence of oxidation being partially ligand-
based, thanks to the mixed Fe-Namido character of the HOMO. Low energy PALCT scattering is
also observed between 2-4 eV. Upon excitation into the weak N 1s—Fe+L(n*) transition at 397.6
eV (C, Figure 7e), a ligand-to-Tanti-bonding charge-transfer (LPACT) feature (corresponding to
resonant scattering off deep ligand-localized orbitals) is observed at 4.1 eV, as well as an additional

feature at 1.3 eV (Figure 8d) corresponding to a 2PB-PA LE final state. The energy of this feature
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is in good agreement with the difference in energy between the Fe+L(m) and Fe+L(n*) orbitals
estimated by DFT calculations, as well as the energy of the optical PB-PA LE absorption (Figure
5). Observation of these PALCT and PB-PA LE features in N 1s2p RIXS spectra provides direct

experimental evidence for substantial mixing of Fe #, and ligand Namido 2p orbitals.

Fe L-Edge (2p3d) Resonant Inelastic X-Ray Scattering

Fe 2p3d RIXS spectra obtained for Fe(“'L), and [Fe(terpy)2](PFs)2 upon excitation into the eg*
resonance at the Fe Ls-edge are presented in Figure 9a-b (see also Figures S21-S22; Figure S23
contains spectra of [Fe(“'L)2][PFs]). In Fe 2p3d RIXS, the incident X-ray energy is resonant with
2p—3d transitions. As with the Fe L-edge XAS results, we will use octahedral symmetry labels
for discussing and interpreting Fe L-edge RIXS results and subsequently address the impact of
lower symmetry on the collected spectra and our interpretation. When tuned to the eg* resonance,
the Raman selection rules dictate that the dominant features observed will correspond to MC final
states arising from nominally #,—eg* transitions (Figure 9c). For low-spin octahedral Fe(II)
complexes with d® electronic configurations, the ground-state is A, and MC states arising from
single electron excitations have 'Tig, 3Tig, 'Toe and T2, symmetry. It is important to note that
spectral features arising from these MC states in the RIXS spectrum do not correspond to
vibrationally relaxed energy minima but rather to excitation energies associated with the ground-
state geometry (i.e., vertical energies on a potential energy surface diagram, consistent with the

Franck-Condon principle).
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Figure 9. Fe 2p3d RIXS spectra obtained upon excitation into the eg* resonance at the Fe Ls-edge
for (a) Fe(“'L): (solid blue trace, Ei = 708.5 €V) and (b) [Fe(terpy)2][PFs]> (solid green trace, Ei =
708.7 eV) and the corresponding Tanabe-Sugano fits (red traces). Black traces correspond to
individual contributions from MC (solid) states and the high energy tail (dashed) to the fit; (c)
Schematic depiction of Fe 2p3d RIXS processes that result in MC final states for an octahedral d°
Fe(IT) complex. Depicted electronic configuration corresponds to final state, circles depict holes.

In Figure 9, the weak feature at 0 eV corresponds to inelastic scattering where the electronic
final state remains A, (the ground state) but unresolved vibrational excitations contribute to the
RIXS intensity. The main features (1-5 eV) correspond to the aforementioned single electron
(tg—eg*) excitation terms, and the high energy tail (> 5 eV) is assigned to states arising from
scattering off deeper ligand-based orbitals with appropriate symmetry. It should be noted that
multi-electron excitation terms can also contribute to the scattering intensity in this region due to

mixing with single excitation terms.?
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As discussed above, Fe L-edge XAS spectra are satisfactorily modelled under the
assumption of octahedral symmetry, with no observable splitting of the Fe e, orbital set. However,
N Is2p RIXS convincingly indicates splitting of the Fe 72, orbital set due to mixing with Namido 2p
orbitals. Despite this, the Fe 2p3d RIXS spectral profile obtained upon excitation into the eg*
resonance at the Fe Ls-edge for Fe(¢'L), is qualitatively very similar to that of [Fe(terpy):]** and
previously reported Fe complexes for which the approximation of octahedral symmetry was found
to be valid,>>*® exhibiting no additional fine structure that can be attributed to splitting of the
octahedral terms. We therefore find the approximation of octahedral symmetry to be valid for the
Fe L-edge spectroscopy, with splitting of terms due to splitting of the Fe #2, orbital set unobservable
within the resolution of the RIXS experiment.

Spectral fitting using Tanabe-Sugano parameters yields the red fits in Figure 9 (see Figures
S25-S28 and Supporting Information p. SI-57-64 for full discussion). Consistent with previous
work,>? the most intense feature is assigned to the 'Ti; MC state, the low energy shoulder to the
3T\, state, and the higher energy feature to the 'Ta, state. The 3Tag state occurs at very similar
energies to the !Ti, state and cannot be deconvolved in our fit. In our Tanabe-Sugano fitting
procedure, term energies are derived from only two free fit parameters: the octahedral splitting
energy, 10Dq, and the nephelauxetic scaling parameter, 3, which scales the free-ion Racah
parameters (which describe electron-electron repulsion in the d orbitals) obtained from atomic
Hartree-Fock calculations (Tables S14-S15). These parameters and the derived term energies are
presented in Table 1. As can be seen in Table 1, the nephelauxetic reduction in the electron-electron
repulsion energy for Fe(“'L), compared to [Fe(terpy)2]*", due to the increased covalency of

Fe(“L),, counteracts the impact of the smaller 10Dq for Fe(“'L)..
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Table 1. Parameters and MC state energies (at ground-state geometry) derived from Tanabe-
Sugano analysis of Fe 2p3d RIXS spectra for Fe(“'L), and [Fe(terpy)2][PFs]-.

Complex Fe(“'L): [Fe(terpy)2][PFs]2
10Dq / eV 2.49 2.77
B 0.70 0.80
Beomplex / €V 0.10 0.12
Ceomplex / €V 0.38 0.43
Ty, / eV 225 2.51
Ty / €V 3.51 3.93
3Tig/ eV 1.42 1.56
3T2e / €V 2.04 2.27
T2 / €V 1.64 1.77
3CT/eV 1.21¢ 1.98°%

@ 3PALCT; Obtained from spectral fitting of UV-Vis spectrum (Figure S29)

b 3MLCT; from reference’>

The spectrochemical series suggests that as a n-donor ligand, “'L is a weaker-field ligand
than terpy and should therefore exert a smaller 10Dq. This is indeed the case: 10Dq for Fe(“'L),
is 280 meV smaller than for [Fe(terpy):][PF¢]>. The use of weak-field n-donor ligands is not a
common strategy for Fe complex photosensitizer design, as it is often presumed that weakening
the ligand-field leads to a leftward shift on the Tanabe-Sugano diagram (equivalent to shifting the
red line in Figure 1 back to the left) and consequently lowers the energy of MC states. However,
this does not account for the increase in metal-ligand covalency associated with n-donor ligands,
which lowers the Racah parameter B, counterbalancing the effect of lowering 10Dq. Indeed, the
increased covalency of Fe(“'L), results in smaller values of B compared to [Fe(terpy):][PFe]2,
effectively counteracting the decrease in 10Dq, such that Fe(“'L), (10Dq/B = 24) actually lies
slightly to the right of [Fe(terpy):][PFs]2 (10Dq/B = 23) on the Tanabe-Sugano diagram (see Figure
S26). As a consequence, despite lowering 10Dq by 280 meV from [Fe(terpy):][PFe]> to Fe(¢'L),,
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the nominally 3T, and T2, MC states (which are the most relevant for excited-state deactivation)
only decrease in energy by 140 and 130 meV, respectively. While not insignificant, such a decrease
is substantially smaller than the anticipated 280 and 560 meV decrease corresponding to the
change in 10Dq alone. This highlights the overlooked importance of metal-ligand covalency in

tuning MC state energies with n-donor ligands.

From band shape analysis of its electronic absorption spectrum (Figure S29), a SPALCT
energy of 1.26 €V is obtained for Fe(“'L),, significantly lower than for the SMLCT state of
[Fe(terpy)2][PFs]2 (1.98 eV) and strikingly close to the value determined by DFT (see Tables S11
and S16). This results in an inversion in the excited-state ordering at the ground-state geometry,
whereby the lowest energy triplet state is the *T1, MC state for [Fe(terpy)2][PFs]2, but the SPALCT
state for Fe(“'L).. In the schematic potential energy surface diagram in Figure 10, this effect is
represented as a stabilization of the 3CT potential energy surface relative to the MC states upon
going from [Fe(terpy):][PFs]. (dashed blue line) to Fe(“'L), (solid blue line), decreasing the

driving force for electron-transfer (-AG®) from the *CT to the 3T}, state.
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Figure 10. Schematic potential energy diagram depicting how the increased covalency of Fe(¢'L),,
compared to [Fe(terpy).]**, influences the vertical electronic excitation energy and the
intramolecular reorganization energy associated with Fe-N bond contraction for the [Fe(terpy)2]**
MLCT state (depicted with dotted blue line) and the Fe(“'L), PALCT state (depicted with solid
blue line). Vertical arrows depict relevant parameters for electron-transfer from the solid blue to
solid green potential energy wells. Horizontal arrow depicts Fe-N bond contraction (AQ) in the
MLCT excited state relative to the ground ('A,) state.

Furthermore, as discussed above, unlike [Fe(terpy):][PFs]2, Fe(“'L). should exhibit a
metal-ligand bond contraction in the CT state relative to the ground-state (AQ, Figure 10) thanks

to the Fe-Namido m anti-bonding nature of the HOMO, imposing a greater inner-sphere
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reorganization energy (X) cost for electron-transfer from the 3CT to the Ty, MC excited state.
Previous works have established that electron-transfer from the MLCT to the *Ti; MC excited
state is effectively barrierless (-AG® = L) for [Fe(terpy):]** and related complexes.?>*+>> Similarly,
replacement of a 1,10-phenanthroline ligand in [Fe(phen);]*>* with a bidentate carbene ligand was
demonstrated to destabilize the >T» ligand-field excited state, leading the charge-transfer manifold
to become the dominant contributor to the excited-state spectroscopy of the molecule, and
extending the CT excited state lifetime from 180 fs to 7.4 ps.’® Here, the cumulative effect of
increasing both AG® (decreasing driving force) and A provide a mechanism for increasing the

activation barrier (AG?) for electron-transfer from the 3CT to 3T, MC excited state.

CONCLUSIONS

In the search for molecular design principles to access long-lived CT excited states in Fe(II)
complexes, efforts have predominantly focused on increasing ligand field strength to destabilize
deactivating MC states. However, this approach has failed to reach nanosecond CT lifetimes,
prompting the search for fundamentally new approaches. Fe(II) complexes bearing weak-field
amido m-donors in the form of benzannulated, pincer-type diarylamido ligands, Fe(RL),, present
both nanosecond excited state lifetimes assigned to CT states and panchromatic absorption. As
this result is contrary to expectations based on common molecular design strategies for Fe(II)
photosensitizers, we sought to understand the photophysical origin of this proposed counter-
intuitive behavior via XAS and RIXS at the Fe L-edge and N K-edge. Using Fe(“L),, we have
experimentally validated strong Fe-Namido orbital mixing, demonstrating a hitherto unreported
competition between decreasing 10Dq (due to the weaker ligand field exerted by n-donor ligands)

and decreasing electron-electron repulsion in the Fe 3d orbitals (due to strong metal-ligand
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covalency) that results in minimal stabilization of deactivating MC states in Fe(RL), complexes
relative to more traditional Fe(II) complexes bearing polypyridyl ligands such as [Fe(bpy)s;]** and
[Fe(terpy)2]**. While decreasing ligand field strength through the use of weak field ligands is
commonly thought to simply induce a leftwards shift on a Tanabe-Sugano diagram, here, despite
a lower 10Dq, Fe(“'L), actually sits to the right of [Fe(terpy).]** on a Tanabe-Sugano diagram.
Moreover, as a consequence of Fe-Namido orbital mixing in Fe(¢'L),, the lowest energy *PALCT is

highly stabilized relative to the SMLCT states of [Fe(bpy)s]* and [Fe(terpy)2]*".

Furthermore, due to the Fe-Namido anti-bonding character of the HOMO, formation of the
SPALCT state should cause a metal-ligand bond contraction relative to the ground state (in contrast
to the bond elongation exhibited in MC states), imbuing an inner-sphere reorganization energy
cost to access the latter from the former. These three effects - stabilization of PALCT state,
minimal stabilization of MC states, and inner-sphere reorganization energy cost - cumulatively
provide a mechanism for increasing the activation barrier for electron-transfer from the CT to MC
state manifolds. Our results highlight the importance of considering metal-ligand covalency when
developing design principles to access long-lived CT excited states and provide a path towards

developing Fe(Il) complexes with further enhanced photophysical properties.
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