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ABSTRACT

To fully harness the potential of abundant metal coordination complex photosensitizers, a detailed
understanding of the molecular properties that dictate and control the electronic excited state
population dynamics initiated by light absorption is critical. In the absence of detectable
luminescence, optical transient absorption (TA) spectroscopy is the most widely employed method
for interpreting the electron redistribution in such excited states, particularly for those with charge-
transfer character. The assignment of excited state TA spectral features often relies on
spectroelectrochemical measurements, where the transient absorption spectrum generated by a
metal-to-ligand charge transfer (MLCT) electronic excited state, for instance, can be approximated
using steady-state spectra generated by electrochemical ligand reduction and metal oxidation and
accounting for loss of absorptions by the electronic ground state. However, the reliability of this
approach can be clouded when multiple electronic configurations have similar optical signatures.
Using a case study of Fe(Il) complexes supported by benzannulated diarylamido ligands, we
highlight an example of such an ambiguity and show how time-resolved X-ray emission
spectroscopy (XES) measurements can reliably assign excited states from the perspective of the
metal, particularly in conjunction with accurate synthetic models of ligand-field electronic excited
states, leading to a re-interpretation of the long-lived excited state as a ligand-field metal-centered
quintet state. A detailed analysis of the XES data on the long-lived excited state is presented, along
with a discussion of the ultrafast dynamics following the photoexcitation of low-spin Fe(II)-Namido

complexes using a high-spin ground-state analogue as a spectral model for the 3T excited state.



INTRODUCTION

For discrete, homogeneous molecules, light-driven reactivity including photocatalysis,!?
photodynamic therapy,® and wide bandgap semi-conductor photosensitization,* is generally more
facile when mediated by long-lived charge-separated excited states. In such excited electronic
configurations, spatial separation of charges helps sustain the chemical potential needed to drive
photo-induced electron transfer.® For transition metal coordination complexes which can strongly
absorb visible light, this typically takes the form of metal-to-ligand or ligand-to-metal charge-
transfer character (MLCT/LMCT) excitation.® Chromophores comprised of 4d and 5d transition
metals — for example, ruthenium(II) tris(2,2"-bipyridine) [Ru(bpy)s]>* or iridium(III) tris(2-
phenylpyridine) (Ir(ppy)3) — can have long-lived MLCT states, as the strong ligand fields of these
heavier metals destabilize metal-centered excited states relative to MLCT ones.” However, the
environmental consequences of resource extraction and limitations on wide-spread adoption due
to the low abundance of such elements® has spurred vigorous attempts to reproduce the profitable
light-harvesting properties of [Ru(bpy)s]** or Ir(ppy)s in complexes of more abundant materials

with Fe at the forefront.”

Focusing on the privileged electronic structure and geometry of pseudo-octahedral d°
complexes,'? the major challenge is overcoming the weaker ligand fields intrinsic to 3d metals that
facilitate rapid deactivation of MLCT excited states through energetically accessible metal
centered (MC) ones.!! Ligand design has led to exciting, but still limited, successes for both ferrous

12-15 and isoelectronic first-row metals.'® A key tool in all these studies has been the

complexes
assignment of CT character to excited states through their optical absorption profiles, typically

observed using UV-Vis pump-probe transient absorption (TA) spectroscopy (Figure 1a).!” The

presence/absence of excited state absorption (ESA) features and bleaches of ground-state



absorptions in the TA spectra are compared with optical signatures of oxidized metal cores and
reduced ligand arms gleaned from electrochemically generated absorption spectra to identify

charge-transfer (e.g., MLCT) character.'$
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Figure 1. Schematic of (a) TA/spectroelectrochemistry approach and (b) the trXES experiment
and examples of diagnostic spectra for excited state assignment in transition metal coordination
complexes such as the highly covalent Fe-amido complexes shown in (c).

While this approach is valuable, it also has important limitations: the oxidized and reduced
complexes may not always be stable on the timescale of the spectroelectrochemistry experiments,
or the spectral signals provided by the reduced and oxidized complexes might not be sufficiently
distinct from metal-centered excited states that are often involved in the relaxation of the CT
excited states. Thus, the logical simplicity of this approach can belie the complexity in excited
state properties!® and prevent a true (or reliable) delineation of the dynamics involved. Time-
resolved iron K3 X-ray emission spectroscopy (trXES), on the other hand, allows for the ultrafast
dynamics of a coordination complex’s excited states to be probed directly from the perspective of
the metal.227 As the K main line fluorescence signal is predominantly sensitive to the 3d spin

moment, the technique can enable a more robust differentiation of the character of excited states



which may be involved in a decay cascade (Figure 1b).?® Here, we demonstrate how trXES in
conjunction with high-spin synthetic models can overcome ambiguities in excited state
assignments via the optical TA/spectroelectrochemistry approach and conclusively reassign the
optically active long-lived excited state in a series of highly covalent Fe-amido complexes,

(RL"),Fe (Figure 1¢).2%3



RESULTS AND DISCUSSION

Panchromatic absorbing pseudo-octahedral Fe(II) complexes (RL'):Fe supported by (2-R-4-
phenanthridinyl-8-quinolinyl)amido ligands (R = CF3, Bu or Cl) exhibit long-lived excited states
with a strong, well-resolved ESA in the visible region (~480 nm; Figure 2a).?° This optical
signature, in conjunction with a bleach of the ground state absorptions between ~500-800 nm, is
faithfully reproduced by the difference spectrum generated by spectroelectrochemistry, supporting
a CT assignment.>® In these molecules, strong mixing between filled Fe d and Namiao(2p) orbitals
proffers Fe-Namido m-antibonding character to the highest occupied molecular orbitals, resulting in
formal ‘n-antibonding-to-ligand’ charge-transfer (PALCT) character.’' The use of weak-field n-
donor amido ligands, however, defies conventional photosensitizer design principles which
typically rely on increasingly strong o-donating ligands to destabilize MC excited states and
thereby decrease the rates of nonradiative decay through ligand field channels.?? This prompted a
closer look at what sort of difference spectrum might be expected should a high-spin metal-

centered excited state instead dominate the excited state decay cascade.



Q
o
(V)

o

_AA

I T T
sum 1
] l : — M s ] 5 /E\ ! e(HS) - ¢(LS)
E 0 ] _Aon\d\zed n g O : :
E + < ! !
3 I S~ = -5 ! !
<C 44 | ) E : :
< | | E = =107 I
< 1 |
_ 41 ] J
021" . 15( ! :
{1 L ] 15 ':I D I| L L L
e ————} X
I — 1.66 ps 1 I — 1.98 ps
4 1 | — 427 ps 0 : — 515ps
2 ! — 1370 ps | 5 : — 1270 ps
o I I — 2920 ps » i i — 2360 ps
g 0 1 1 g 0 1 1
e - ' e [ |
< 24! < -5¢ !
| |
49! . -10f .
500 600 700 800 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 2. (a) Optical transient absorption spectra and spectroelectrochemically generated
difference spectrum for (“'L'),Fe;*° (b) HS-LS difference spectrum for (CF3L'),Fe/(°F3L?),Fe
overlaid with transient absorption spectra for (°FL'),Fe adapted with permission from Springer

Nature from reference?®. Copyright 2019 Springer Nature.

Quintet MC states (such as the lowest energy quintet °T, associated with octahedral
complexes) have been found to form rapidly on decay of initially formed "*MLCT states through
short-lived *MC states for many iron polypyridyls, including [Fe(bpy)s]**.2>*33¢ To access a model
of a photo-generated MC for (RL'):Fe, we constructed a proligand with a methyl substituent on
the 6-position of the phenanthridinyl donor arms (°**L?H) and used it to build a distorted Fe(II)

complex (“FL?),Fe (Figure 3a; see SI for full details). Previous studies demonstrated introducing



steric hindrance between two tridentate ligands effectively induces geometric distortions®” that
reduce metal-ligand overlap sufficiently so as to stabilize high-spin (HS) ground-states in Fe(II)
bis(terpyridines).*® The high-spin character of (°**L?),Fe was confirmed as a quintet ground-state
via a combination of single crystal XRD, SQUID magnetometry and 3’Fe Mdssbauer
spectroscopy>®#! (Figure 3b-d), supported by broad, paramagnetically shifted NMR spectra. For
example, when comparing the solid-state structure of (°¥L2),Fe to the previously reported low-
spin (LS, S = 0) analogue (“F3L!);Fe,? all six Fe-N bonds are longer (Table S1) consistent with
the targeted weaker metal-ligand overlap. The effective magnetic moment (5.12 ), isomer shift
{0.956(4) mm s'} and quadrupole splitting {1.77(1) mm s} are each similarly consistent with

high-spin S =2 Fe(Il).
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Figure 3. (a) Synthesis of the high-spin model of the T, excited state (°FL?),Fe and its (b) solid-

state X-ray crystal structure with thermal ellipsoids shown at 50% probability levels and hydrogen



atoms omitted for clarity, (c) magnetic susceptibility, (d) ¥’Fe Mdssbauer spectrum (150 K), and
(e) ground-state absorption spectrum with the electron-hole map of the highest oscillator strength
transition calculated to contribute to the low energy band overlaid (isosurface value = 0.002). In

(d) and (e), the corresponding spectra for low-spin (°FL'),Fe are shown in grey.

Steady-state absorption spectra for (F3L2),Fe collected in acetonitrile contain intense
absorption bands in the UV (owing to ligand-based transitions) and blue regions, with a Amax of
461 nm (Figure 3e). The lowest energy absorption band is a result of mixed MLCT/ILCT (intra-
ligand) transitions, exemplified by the electron-hole map shown as an inset in Figure 3e. In general,
high-spin Fe(Il) polypyridyls tend to be rather weakly absorbing in the visible range of the
electromagnetic spectrum.**** Thus, despite the weaker metal-ligand interactions induced by
increased ligand sterics, the combination of n-donor amido ligands and benzannulated acceptor
arms conspire to produce a rather unique absorption profile for (¥*L?);Fe. Remarkably, the
difference spectrum generated by subtracting the steady-state absorption spectrum of (¢F3L!),Fe
from that of the high-spin 5T, excited state model (‘™*L2?);Fe also reconstructs the two main
features of the TA spectra (Figure 2b). This indicates the ESA feature observed in the TA spectra
of Fe(II)-Namido compounds could result from the MC state absorbing in the same region. We

therefore turned to trXES for a clearer assignment.
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Time-Resolved and Steady State X-Ray Emission Spectroscopy (XES)

Given the distinctive electronic structures of Fe(Il)-amido complexes compared to conventional
Fe(Il) polypyridyls, steady-state Fe Kf main line XES spectra were collected ‘for a low-spin

complex {S = 0; (°BL")Fe} and the high-spin model complex {S = 2; (‘FL2),Fe} to better

simulate the spectral features that might accompany formation of a SMC excited state. The
difference of the S =2 and S = 0 reference spectra was used as a spectral model for a quintet metal-
centered excited state (Figure 4a). Picosecond (ps) time-resolved Fe Kf main line XES spectra
were then collected for (C'L!);Fe at a fixed pump-probe delay of 60 ps using a pump wavelength
of 515 nm. The resulting difference spectrum is shown along with the constructed difference
spectra for a "MC excited state (Figure 4a) and an MLCT excited state (Figure 4b). The MLCT
excited state will be referred to herein as 2PALCT (vide infia) from the perspective of the metal
center, as the spin state of the metal center would be a doublet in this case. The difference spectrum
for a *MC excited state was generated as described above, while the difference spectrum for the
2PALCT excited state was constructed using reference spectra for S = ' and S = 0 measured with
the same XES spectrometer® at the SSRL and taken from Zhang et al.?> Figure 4a shows that the
experimentally obtained difference spectrum at 60 ps is in good agreement with the MC
constructed spectrum (R? = 0.9903), whereas it does not fit well with the 2PALCT excited state
model (R? = 0.8688; Figure 4b). The kinetic trace at the fixed emission energy of ~7056 eV could
be fitted to a decay constant of T = 3300 + 300 ps (Figure 4c), which is in agreement with the
lifetime of the long-lived excited state obtained from the optical TA measurements.? This strongly

suggests the reported long-lived excited state for (RL!),Fe complexes is MC in nature.
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Figure 4. Fe KB main line X-ray emission spectroscopy of (?'L!);Fe dissolved in toluene showing
(a) the difference spectrum at 60 ps (red). Error bars represent the standard error of 25 individual
area-normalized scans. The black line represents the scaled difference of Fe-amido HS (S =2) and
LS (S = 0) reference spectra; (b) a comparison of the difference spectrum from (a) with the scaled
difference of independently measured MLCT (S = 1/2) and LS (S = 0) reference spectra taken from
ref?? (black); and (c) the time dependence of the difference signal at a fixed emission energy of
~7056 eV (red). The black line represents a mono-exponential decay multiplied by a Heaviside
step function and convolved with a Gaussian instrument response function (IRF). Error bars of the
kinetic trace represent the standard error of 26 scans.

Next, we looked at the valence-to-core (VtC) X-ray emission spectrum of (“'L'):Fe.
Experimental details can be found in the Supporting Information. Figure 5a shows the pumped and
unpumped valence-to-core X-ray emission spectra. Notably, a significant shift of the emission
energy upon the population of the long-lived excited state is not observed. Rather, a decrease is
seen in VtC intensity, as expected for a MC excited state because of the reduction of metal-ligand
overlap due to lengthening of the metal-ligand bonds. The absence of an energy shift of the
valence-to-core spectrum — expected for a CT excited state — further supports our assignment of
the long-lived excited state character to a SMC excited state. Density Functional Theory (DFT)
calculations were performed to simulate the valence-to-core X-ray emission spectra for the ground
state and the SMC excited state using the ORCA 4.2.1 package.*® The calculated spectra are shown
in Figure 5b, where the calculated MC spectrum reproduces the overall intensity reduction

observed in the experimental pumped spectrum at 60 ps. The difference between the calculated
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SMC and ground state spectra was then compared with the experimental difference spectrum.
Using a scaling factor of 0.27, consistent with the population of the SMC excited state extracted
from the KP main line analysis, qualitative agreement between the calculated and experimental
difference spectra could be obtained (Figure 5c). This reaffirms the conclusions derived from the

analysis of the Fe KP main line XES: the excited state that persists for ns is a metal-centered

quintet.
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Figure 5. Valence-to-core X-ray emission spectroscopy of (“'L!),Fe dissolved in toluene showing
(a) the measured unpumped spectrum (blue) and the pumped spectrum after a 60 ps time delay
(magenta). Error bars represent the standard error of 194 individual area-normalized scans; (b) the
calculated valence-to-core transitions for the LS (S = 0, blue) and HS (S = 2, magenta)
configurations. A broadening of 3 eV has been applied; and (c) the experimental difference
spectrum (laser on minus laser off) at a 60 ps time delay (red line) with the scaled difference of
the calculated HS and LS spectra (black dashed line). The scaling factor for the calculated
difference spectrum is taken from the fit of the Kp main line difference spectrum shown in Figure
4a.

Spectrotemporal modeling of the femtosecond X-ray emission spectra

The ps resolution XES data presented in the previous section provides strong evidence that the
long-lived excited state has metal-centered quintet character, but this does not address either the
wavelength dependence of the relaxation mechanism nor the rate of SMC formation. To address
these issues, we complemented the ps-resolution measurements from SSRL with femtosecond

measurements of (°F3L');Fe at the LCLS using an optical pump centered at 800 nm. For ferrous
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complexes, short-lived *MC excited states are often invoked as transient electronic configurations
populated during the transition between photoexcited CT excited states and longer lived MC
states.?>*” A singular value decomposition of the data in the entire delay range and subsequent data
reconstruction suggests only two significant spectral components (Figure S3). Therefore, to
determine whether the data provides robust evidence of any transient intermediate electronic
excited state populated following the decay of the 2PALCT excited state and before the formation
of the SMC excited state, we considered different spectrotemporal models. We examined two
pathways either with or without a detectable 3MC intermediate. The experimental KB main line

difference spectrum Alxp was therefore fitted using the following fit equation:
Alkp(tiEj) = Yi Ny (ti) - Al (E})

The summation includes a combination of the 2PALCT, "MC and the MC excited states. The
2PALCT excited state is modeled using a difference spectrum based on independently measured
Fe(II) reference spectra with S =Y and S = 0, taken from Zhang et al.?? For the SMC excited state
we utilized a difference spectrum constructed using the first spectral component of a singular value
decomposition of the time-dependent Fe K main line difference map limited to time delays after
0.5 ps, where spectral contributions of the short-lived intermediate species should be negligible
(see SI for a short discussion on this choice). After determining the time-dependent populations
Ny, they were then multiplied by a Heaviside function H(t—to) and convoluted with a Gaussian
instrument response function, where the excitation fraction fexc, the excited state lifetimes tparcr,
T3mc, Tsmc, and time zero to were determined for each model via a least-squares fitting procedure.
This procedure is detailed in the SI. The optimized values using the first SVD-component of the
femtosecond XES data after 0.5 ps as a model for the SMC excited state difference spectrum are

shown in Table 1 for the two different models. Fits and time dependent populations are shown in
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Figures 6 and S4. Table 1 also presents RSS-values and small-sample corrected Akaike weights
w484 These values indicate that only statistically insignificant improvements in the fit were
achieved using the more complex model with a *MC intermediate via PALCT — *MC — MC;
the 2PALCT — "MC model was sufficient to represent the experiment. For both models, the photo-
excitation fraction fexc was fitted to ~0.55 and the 2PALCT excited state decayed within ~150 fs.
An F-test of the two models with different number of parameters p; and p2 (Table S2) confirms
the conclusions from Table 1. These findings should not be interpreted to confirm 3MC states do
not participate in the spin crossover mechanism for (‘F3L'),Fe. Alternatively, Tparcr could far
exceed T3mc making the MC unobservable but still mechanistically significant. This would depend
on the strength of the spin-orbit coupling between CT and MC excited states, and prior theoretical
calculations have predicted weak interactions between SMLCT and *MC excited states for
polypyridyl Fe complexes.’®’! Whether the greater covalency of the Fe(II) benzannulated
diarylamido complexes® significantly modifies the strength of the spin-orbit coupling requires

further investigation.
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Table 1. Summary of the fits using the spectrotemporal models (A: 2PALCT —MC, B: 2PALCT —3MC
—*MC) described in the text. RSS values are multiplied by 1000. RSS values in brackets are
evaluated in limited temporal and spectral ranges (7040 — 7070 eV, -0.1 —0.5 ps) while the fit is
maintained on the full range. The respective Akaike weights are indicated in brackets.

Model | fexc/- | Trawer! | Tsmc/ | Tsmc/ | owe/ | to/fs | RSS/ | wi/- | R?/-
fs fs ps fs a.u.
A 0.55 122 - 3329 62 58 9.9769 | 0.75 0.99
(3.4626) | (0.73)
B 0.55 113 21 3329 62 56 9.9570 | 0.25 0.99
(3.442) | (0.27)
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Figure 6. Fit of the time dependent Fe K3 main line difference spectra using a spectrotemporal
model including 2PALCT and MC excited states, including (a-c) the time dependent difference
spectra together with the spectrotemporal model fit and the residual; (d) difference spectra at
different time delays with the fits (black lines); (e) kinetic traces at different emission energies
together with the fits (black lines); and (f) the time dependent populations.



CONCLUSIONS

Ultrafast trXES measurements have clarified the ambiguous interpretation from ultrafast optical
spectroscopy of low-spin Fe(I)-Namido complexes (RL'),Fe,?’ demonstrating unequivocally the
long-lived electronic excited state for these low-spin systems has a metal-centered quintet spin
state configuration with the same lifetime as the long-lived excited state observed with optical
pump-probe spectroscopy. Femtosecond XES measurements revealed optically initiated spin
crossover occurs with a ~150 fs time constant, similar to other Fe complexes.??33-3%47 These
measurements did not robustly observe the initially generated CT excited state due to the time
resolution of the measurement and the comparatively weak CT difference signal when probed with
XES. The qualitative potential energy surfaces extrapolated from DFT calculations would indicate
a *MC intermediate should be formed during optically driven spin crossover, but the kinetic

modeling does not show a detectable population build-up of such an intermediate.

The similar relaxation dynamics with respect to other Fe polypyridyl complexes and high
quantum yield for SMC formation indicates that the strong covalency of the Fe amido bond is not
sufficient to significantly change the potential energy surfaces that control the lifetimes of these
Fe complexes. RIXS measurements confirmed the viability of using metal-ligand covalency to
destabilize metal-centered excited states relative to the CT excited states at the ground-state
geometry,>® but the measurements presented here demonstrate the effect is insufficient for these
specific Fe amido complexes to significantly extend the CT excited state lifetime. Our study shows
the need to proceed with caution when using spectroelectrochemistry to interpret ultrafast optical
pump-probe spectroscopic measurements and highlights the valuable insight that can be provided

by ultrafast XES and high-spin model complexes. The gradual emergence of dedicated ultrafast
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XES end-stations>>*>3 is expanding the possibilities for the ultrafast research community to

systematically incorporate these advanced characterization tools into their arsenal.
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