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Abstract

Photoredox catalysis has emerged as a powerful platform for chemical syn-
thesis, utilizing chromophore excited states as selective energy stores to
surmount chemical activation barriers toward making desirable products.
Developments in this field have pushed synthetic chemists to design and dis-
cover new photocatalysts with novel and impactful photoreactivity but also
with uncharacterized excited states and only an approximate mechanistic
understanding. This review highlights specific instances in which ultra-
fast spectroscopies dissected the photophysical and photochemical dynamics
of new classes of photoredox catalysts and their photochemical reactions.
After briefly introducing the photophysical processes and ultrafast spectro-
scopic methods central to this topic, the review describes selected recent
examples that evoke distinct classes of photoredox catalysts with demon-
strated synthetic utility and ultrafast spectroscopic characterization. This
review cements the significant role of ultrafast spectroscopy in modern
photocatalyzed organic transformations and institutionalizes the developing
intersection of synthetic organic chemistry and physical chemistry.
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1. INTRODUCTION

Photoredox catalysis is a growing library of photochemical strategies that complement and expand
the toolset of modern organic synthesis. Generation of the photocatalyst excited state via photon
absorption is central to these photoredox methods, and differentiation between these methods
arises from the variety of photocatalysts, substrates, reagents, and cocatalysts present in the reac-
tion mixture to afford an intended product (1-5). Photoredox methodologies for synthesizing a
given target are typically mechanistically distinct from the most commonly employed reactions in
organic synthesis and leverage photogenerated open-shell intermediates primed for downstream
functionalization or integration into other catalytic cycles running in parallel to the photoredox
cycle (6-12). As a result, the mechanistic complexities of newly reported photoredox reactions
often remain unknown long after reaction discovery, leaving behind questions ranging in scope
from the overall per photon efficiency of product formation to the identification of the first pro-
ductive photochemical reaction step (13, 14). The lack of mechanistic insight can introduce severe
bottlenecks in reaction scale-up and optimization that prohibit widespread industrial adoption
(15, 16).

Our current mechanistic understanding of photoredox mechanisms stems, in large part, from
studies subjecting the reaction mixture to steady-state and time-resolved optical spectroscopies
(17, 18). Techniques such as Stern—Volmer photoluminescence quenching (19, 20), photochem-
ical actinometry (21), and nanosecond transient absorption (TA) spectroscopy (22-27) supplied
critical missing information about how photoredox reactions proceed upon photon absorption.
Photophysical properties of the earliest successful photocatalysts derived from precious metals
or fluorescent organic dyes lend themselves to this line of mechanistic inquiry via optical spec-
troscopy. Their excited states are characterized as photoluminescent, with fluorescence lifetimes
longer than 1 ns; for a photochemical reaction, this excited-state lifetime is long enough to engage
in a diffusion-controlled photoreaction with a substrate when present at high enough concentra-
tions. For mechanistic studies, photoreaction and subsequent intermediate interconversion and
product formation are slow enough to be straightforwardly addressed with nanosecond TA and
time-resolved photoluminescence (TRPL) techniques, with many instances demonstrated.

As the field of photoredox catalysis has expanded and novel photocatalysts have been discov-
ered, developed, and implemented for new transformations (23-25, 28-33), it has become clear
that photophysical and photochemical processes outpacing the nanosecond or longer timescales
of diffusion-controlled reactions play vital roles in reaction mechanisms. Thus, ultrafast spec-
troscopic methods have emerged as critical tools to reveal the photophysical dynamics of these
chromophores and to designate the observed photochemical events as productive or loss pathways.
This review focuses on the role of ultrafast spectroscopic techniques in deciphering photoredox
mechanisms, bringing particular attention to cases in which photophysical and photochemical
processes on the ultrafast timescale profoundly affect the overall photochemical mechanism or
the efficiency of the productive photochemical pathway (Figure 1). It briefly discusses fundamen-
tal photophysical and photochemical processes that precede productive chemical steps or serve
as loss pathways, as well as principles underlying the most common and insightful ultrafast spec-
troscopic approaches utilized in the literature, before reviewing pertinent examples of ultrafast
characterization of photoredox catalysts and their dynamics.

2. ULTRAFAST PHOTOINDUCED PROCESSES
OF PHOTOREDOX CATALYSTS

The overall efficiency of a photoredox reaction depends on competition between productive path-
ways, which generate product species or intermediates en route from the substrate to product, and
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Figure 1

A graphical depiction of the intersection between photoredox catalysis and ultrafast spectroscopy, which is
the focus of this review. Abbreviations: PC, photocatalyst ground state; PC*, photocatalyst excited state.

loss pathways, which waste input photonic energy by returning to the ground state or generating
an unreactive excited state or side product. The most relevant photophysical pathways occurring
on the ultrafast timescale are described in the following subsections. We devote special attention
to processes frequently exhibited by metal coordination compounds, which constitute the bulk of
the photoredox platforms reviewed herein.

2.1. Intersystem Crossing

Excited states have access to multiple spin configurations depending on the number of electrons
occupying distinct molecular orbitals, and the process by which a chromophore changes over-
all spin multiplicity is termed intersystem crossing (ISC). This process is facilitated by spin—orbit
coupling and can approach ultrafast rates depending on the molecular details of the chromophore,
such as if heavy atoms are present, if the orbital characters change between initial and final states,
and if the states are near degenerate (34). While this process, and the subsequent vibrational cool-
ing, usually steps down the free energy of the photoredox catalyst excited state, the resultant state
typically has a much longer excited-state lifetime because of spin-forbidden radiative or non-
radiative relaxation pathways to the ground state (phosphorescence or back-ISC, respectively),
potentially enabling diffusion-mediated reactivity pathways. Some organic photoredox catalysts
undergo ISC to form triplet excited states in the absence of heavy atoms because of charge trans-
fer (CT) configurations that increase the coupling between excited-state spin manifolds (35).
Overall, ISC is usually an early, productive photophysical step that a photoredox catalyst takes
before substrate photoactivation, with phosphorescence and back-ISC being kinetically sluggish
loss pathways.

2.2. Internal Conversion

Excited states can nonradiatively relax to lower energy states of the same spin multiplicity via
internal conversion (IC). Strictly speaking, IC (and ISC) is an isoenergetic process, and the en-
ergy loss that takes place during these steps is from vibrational relaxation within the vibrational
manifold of the newly accessed states. The rate of IC from the lowest-energy excited state to
the ground state is typically dictated by Franck—-Condon overlap between the excited-state and
ground-state vibrational wave functions (36), although the presence of conical intersections can
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lead to IC rates much faster than one would predict via the Franck-Condon overlap method (37).
IC plays an important role in the excited-state dynamics of transition metal complexes due to
low-lying metal-centered [also termed ligand-field (LF)] excited states that can serve as another
pathway for rapid depopulation of conventionally photoreactive metal-to-ligand charge transfer
(MLCT) or ligand-to-metal charge transter (LMCT) excited states, depending on the electronic
structure of the complex (38, 39). In some cases, IC is accompanied by structural distortions if the
excited-state nuclear equilibrium geometries differ greatly between excited states. In the context
of photoredox catalysis, IC plays an important role as a loss pathway for both diffusion-limited
and preassociated photoredox reactions, although in some literature examples, accessing low-
energy, structurally distorted excited states is proposed to be the origin of observed photoreactivity
(40).

2.3. Photoinduced Electron Transfer

Excited states and photogenerated intermediates can oxidize or reduce other species in solution
via electron transfer (ET), provided that there are sufficient thermodynamic driving force and
electronic coupling, with kinetics governed by Marcus theory and its elaborations (41, 42). Pho-
toinduced ET can occur on the subnanosecond timescale if the redox partners are proximal to one
another following photoexcitation, by noncovalent association (43), covalent attachment (44, 45),
or diffusion if one of the redox partners is present at high concentrations (typically greater than
100 mM) (46). Following photoinduced ET, there is always the possibility of thermodynamically
downhill back-ET (also termed charge recombination) to reform the ground electronic states of
all species, dissipating input photonic energy as heat to the solvent and furnishing a loss pathway.
ET is central to photoredox catalysis, as activation of the substrate or cocatalyst usually involves
oxidation or reduction instigated by the photocatalyst excited state, forming high-energy inter-
mediates that can undergo unimolecular or bimolecular reactions to eventually form products.
Explicitidentification of ultrafast E'T processes by spectroscopic methods relies on known spectral
information regarding the product of the ET reaction, which can be challenging to independently
experimentally verify by nontransient techniques if the intermediates rapidly decompose upon
generation, as is often the case for substrates of photoredox reactions (47). In many cases, pulse
radiolysis can provide useful reference spectra for radical ion intermediates invoked in photoredox
catalytic cycles when steady-state methods fail (48).

2.4. Excitation Energy Transfer

Excited states can nonradiatively transfer their energy to proximal chromophores via excitation
energy transfer (EET) processes. Starting from the donor excited state, EET deexcites the donor
to the electronic ground state while bringing the acceptor to an electronic excited state. Two
mechanisms of EET invoked in photoredox catalysis are the Forster and Dexter mechanisms, the
latter of which is typically dominant at close interchromophore distances and with optically dark
excited states (49). In analogy to how photosynthetic organisms utilize EET to funnel solar en-
ergy from light-harvesting proteins to the photosynthetic reaction center (50), EET strategies
to sensitize reactive excited states have been engineered into photoredox platforms (51). This is
especially relevant in cases where direct sensitization by photoexcitation is inefficient due to low
oscillator strength or a low probability of the optically active state relaxing to the reactive state.
Unfortunately, the photophysical details that make EET-based sensitization a useful photochem-
ical strategy can give rise to issues in spectroscopic confirmation of EET as the photochemically
relevant mechanism if the final state is challenging to independently prepare in practice. Typically,
transition metal complexes engage in energy transfer processes through the Dexter mechanism
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due to the low oscillator strength of their high-spin-multiplicity excited states, although specific
literature examples featured in this review demonstrate the utility of the typically more rapid
Forster mechanism.

2.5. Photoinduced Bond Homolysis/Dissociation

Some molecular excited states are dissociative in nature or feature thermodynamically weak bonds,
meaning that upon photoexcitation they can spontaneously and homolytically fragment to form
radical intermediates on the ultrafast timescale (52-54). There are many examples of this process
when accessing high-energy transitions with UV radiation, but in the visible-wavelength region,
relevant to photoredox catalysis, the best model systems are the diatomic halogen-containing
molecules and other halogenated organic molecules (55, 56). In the context of photoredox cataly-
sis, the fragmentation process has been spectroscopically documented mostly in transition metal
complexes exhibiting LMCT excitation manifolds, where dissociated ligand radicals can serve as
an intermediate or a reagent toward an intended transformation. Bond reformation via radical-
radical coupling, analogous to back-ET, is a clear loss pathway to this mode of photocatalysis,
although spectroscopic investigations into this phenomenon in photoredox contexts are less
common than for other ET or EET mechanisms (57).

3. ULTRAFAST SPECTROSCOPIC METHODS

The diverse range of photophysical processes that occur in a photocatalyst following photoexci-
tation can be addressed with various complementary ultrafast spectroscopic techniques, including
some that are not described here but have recently been reviewed elsewhere (58). Central to each
technique is the use of a pulsed-laser excitation source, typically with subpicosecond duration,
resonant with an electronic absorption feature of the photocatalyst of interest. The use of a laser
is followed, at some time delay (ranging from tens of femtoseconds to several nanoseconds), by a
range of possible “probe” pulses or spectroscopic readouts that can assess the state of the photoex-
cited system. The techniques most relevant to photoredox catalysis thus far can be subcategorized
into ultrafast optical spectroscopy (59, 60), ultrafast vibrational spectroscopy (61-66), and ultra-
fast X-ray spectroscopy (67-71), all of which have been extensively reviewed in the broad scope
of molecular excited-state dynamics and are schematized in Figure 2.
In the context of photoredox catalysis, each technique has its own benefits and drawbacks:

m Ultrafast optical TA spectroscopy is by far the most widespread spectroscopic technique
used to study photoredox catalysis due to its relatively straightforward implementation and
applicability to a wide variety of photochemical systems, but not all photogenerated species
strongly absorb at convenient optical frequencies and optical signatures can be challenging
to confidently assign.

m Ultrafast vibrational spectroscopy, such as time-resolved infrared (TRIR) spectroscopy,
benefits from its ability to track even minor changes in molecular structure or charge
distribution using modifications of vibrational spectra between species, although the low
oscillator strengths of most vibrational transitions and increased operational complexity
present challenges.

m Ultrafast X-ray spectroscopy takes many forms, including ultrafast absorption, emission,
and scattering methods, some of which have found a niche in the photochemical sciences by
being able to monitor the ultrafast dynamics of transition metal complexes with individual
orbital-level precision; however, these techniques come with high operational complexity
and limited accessibility.
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Relevant ultrafast spectroscopic methods used for the study of photoredox catalysis. (#) Ultrafast optical spectroscopy. (#) Ultrafast
vibrational spectroscopy. (¢) Ultrafast X-ray spectroscopy. Abbreviations: CT, charge transfer; ET, electron transfer; IC, internal
conversion; ISC, intersystem crossing; LE, ligand field; MLCT, metal-to-ligand charge transfer.

In each case, transient spectra are typically reported as difference absorption or intensity spectra
in the detection frequency range dictated by the technique; thus, each method has indepen-
dent spectral fingerprints for the various possible photogenerated intermediates. When used in
concert with one another, with steady-state characterization techniques, or with computed ref-
erence spectra, they are powerful tools for identifying the ultrafast dynamics of a broad range of
chromophores, including those relevant to photoredox catalysis.

4. ULTRAFAST DYNAMICS OF PRECIOUS METAL
PHOTOREDOX CATALYSTS

Early flash photolysis experiments on precious metal complexes, such as those composed of ruthe-
nium and iridium, revealed the long excited-state lifetime of these complexes, on the order of
microseconds, owing to the formation of *MLCT states, which have spin-forbidden radiative and
nonradiative relaxation pathways to the singlet ground state (72). Because of their long excited-
state lifetimes and suitable excited-state redox potentials, these complexes found early application
as photocatalysts for hydrogen evolution, oxygen reduction, and CO, reduction (73, 74). Due to
the relatively long timescale for excited-state relaxation in precious metal complexes, early ul-
trafast characterization studies of these complexes focused on quantifying rates of intrinsically
fast processes, such as IC or ISC (75, 76). These early studies observed that quantum yields for
ISC within precious metal complexes are near unity and, thus, are not typically a roadblock for in-
creased photoreactivity (77). In contrast, some recent ultrafast characterization studies of precious
metal complexes instead focused on direct observation and quantification of subsequent ultrafast
dynamics following ISC that are more consequential for overall photoredox reaction efficiency,
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Ultrafast spectroscopic investigations of precious metal photoredox catalysts. (#) An iridium photocatalyst connected to a PCET moiety
exhibits ultrafast PCET dynamics, generating an intermediate with slower charge recombination than in the absence of the PCET
moiety. (b)) A ruthenium photocatalyst is tethered to a photosynthetic light-harvesting protein for EET-based sensitization of the
ruthenium photocatalyst. (¢) A palladium photocatalyst features a bulky phosphine ligand that slows nonradiative decay processes that
compete with palladium-methyl bond homolysis. Abbreviations: CT, charge transfer; EET, excitation energy transfer; ET, electron
transfer; LE, ligand field; LMCT, ligand-to-metal charge transfer; MLCT, metal-to-ligand charge transfer; OD, optical density; PCET,
proton-coupled electron transfer; RPE, R-phycoerythrin. Panel # adapted with permission from Reference 79. Panel b adapted with
permission from Reference 80. Panel ¢ adapted from Reference 81 (CC BY 3.0).

such as charge and energy transfer between metal centers and coordinating ligand or covalently
bound species (78-80), as well as deactivation processes (81).

An example of an ultrafast process that was designed into a precious metal complex
was reported by Sayre et al. (79), who implemented and directly observed ultrafast charge-
separated state formation within an Ir(IIT) photoredox catalyst, [Ir(IIT)(2-(2,4-difluorophenyl)-5-
(trifluoromethyl)pyridil(CF;)-ppy). (bpy)|PFs (Figure 3). Charge-separated state formation was
driven by a redox-active benzimidazole—phenol (BIP) substituent on the 2,2-bipyridyl group that
coordinates the iridium photocatalyst. The imidazole—phenol pair within BIP is known to facilitate
charge separation in metal complex systems through proton-coupled electron transfer (PCET)
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and was hypothesized to mitigate charge recombination between the reduced substrate interme-
diate and the oxidized Ir(III) photocatalyst. Upon excitation of the iridium photoredox catalyst into
the MLCT excited state, the BIP moiety reduced the Ir(IIl) center while simultaneously trans-
ferring a proton from the phenol group to the neighboring amide of the benzimidazole group.
Ultrafast TA spectra of the Ir(IIT) complex without the BIP substituent revealed an excited-state
absorption (ESA) feature that is associated with the *MLCT,,,, state within 1.5 ps and has an
excited-state lifetime of 2.3 ps. Upon addition of the BIP substituent to the Ir(III) complex, Sayre
et al. observed a red shift in the ESA feature due to the extended aromatic conjugation from the
BIP ligand. Additionally, ultrafast TRIR spectroscopy indicated comparable spectra to infrared
spectroelectrochemistry upon electro-oxidation of the iridium complex with the BIP moiety, but
not the parent unfunctionalized iridium complex, ultimately allowing the authors to assign the
resultant intermediate as a state with oxidized BIP and reduced bipyridine. Doing so resulted in
a reduced charge recombination rate between the Ir(III)-BIP complex and the formed interme-
diate in the photoreduction of methyl viologen (MV**), relative to the Ir(IIl) complex without
BIP, due to the decreased driving force of BIP oxidation of MV™** in comparison to the oxi-
dized iridium complex. Facilitating ultrafast ET within Ir(III) complexes through the inclusion
of redox-active substituents has also found practical application in enhancing the reduction of
N-hydroxyphthalimide esters (82). In this case, the purposefully introduced ultrafast PCET
dynamics clearly influenced downstream productive photochemical events, as confirmed with
ultrafast TA and TRIR spectroscopy.

As discussed above, precious metal complexes have excellent photoreactivity and long excited-
state lifetimes, but the molar absorptivity of these complexes is often lower than that of organic or
biorelevant chromophores. Covalent attachment of the precious metal complex [Ru(Il)(bpy)s;]**
to the light-harvesting protein R-phycoerythrin (RPE) improves the light absorption efficiency
and yields for thiol-ene coupling and cysteinyl desulfurization relative to bare [Ru(IT)(bpy);]**
(80) (Figure 3). Covalent attachment of [Ru(Il)(bpy);]** and RPE drove ultrafast EET from the
protein to the Ru(II) complex. TRPL kinetics revealed a strong quenching effect in the RPE pho-
toluminescence lifetime from 2.6 ns to 0.4 ns upon attachment of the [Ru(Il)(bpy);]** complex,
indicating that efficient EET was occurring. Through ultrafast TA spectroscopy, the lifetime of
the ground-state bleach (GSB) and stimulated emission signal of RPE decreased from 1.6 ns to
137 ps with incorporation of [Ru(Il)(bpy);]** and corroborated the time-resolved fluorescence
data. The TA spectra confirmed that EET, and not photoinduced ET, was involved within the
RPE-[Ru(Il)(bpy);]**, since the spectral features following RPE excited-state decay explicitly gave
rise to a [Ru(ID)(bpy);]** excited-state difference spectrum, not one that corresponds to its oxi-
dation or reduction. The improved light absorption properties of RPE-[Ru(Il)(bpy);]** relative
to those of bare [Ru(IT)(bpy);]** as well as efficient ultrafast EET led to improvements in prod-
uct yields for photocatalyzed cysteinyl desulfurization and radical thiol-ene reactions when using
green or red light-emitting diodes (LEDs), which led to little or no product formation in cases
with [Ru(IT)(bpy);]** alone.

Waddell et al. (81) recently demonstrated that ultrafast excited-state deactivation processes
and methyl radical intermediate formation within Pd(I) organometallic complexes are highly
synthetically relevant (Figure 3). Their study compared the excited-state dynamics and photore-
activity of a Pd(I) complex coordinated by tri-zert-butylphosphine ligands with those of a Pd(IT)
complex with prototypical a-di-imine ligands. The authors used ultrafast TA spectroscopy to
monitor the rates of undesired processes, like IC, that compete with the desired alkyl radical inter-
mediate formation on the ultrafast timescale. Transient spectral features of Pd(II) coordinated by
the tri-zerz-butylphosphine exhibited an excited-state lifetime of 6.4 ps, and the authors observed
a long-lived feature associated with complex photodecomposition. The transient spectrum of the
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Pd(I) a-di-imine complex had an excited-state lifetime of 3.1 ps that decayed to baseline. The
absence of a long-lived feature for this complex indicated insignificant photodegradation. The
longer excited-state lifetime of the tri-zert-butylphosphine Pd(II) complex strongly suggested
slower IC of the excited state to the ground state relative to the a-di-imine Pd(I) complex,
and the measured ultrafast excited-state dynamics corresponded to methyl activation quantum
yields, which were approximately 0.7 and 0.13 for the tri-zert-butylphosphine and a-di-imine
Pd(II) complexes, respectively. This study is a particularly pertinent example of ultrafast spec-
troscopic identification of loss pathways that are directly reflected in overall photochemical
reactivity.

5. ULTRAFAST DYNAMICS OF FIRST-ROW TRANSITION
METAL PHOTOCATALYSTS

5.1. Iron

Relaxation from MLCT to LF states in first-row transition metal complexes has been believed
to limit the photocatalytic activity of these compounds because LF states do not have long life-
times or are not reactive enough to efficiently perform many photoredox reactions (Figure 4).
Furthermore, LF excited states are somewhat localized on the metal center, such that the sur-
rounding ligands are thought to create an electronic coupling barrier between the substrate and
the redox-active part of the photocatalyst (83). Small LF splitting in first-row analogs to precious
metal complexes, like [Fe(I[)(bpy);]**, leads to relaxation from the initially occupied MLCT states
to low-lying LF states on the subpicosecond timescale (84, 85). Ultrafast TA spectroscopic in-
vestigations into the photoreactivity of the LF states of [Fe(II)(bpy);]Br, demonstrated that the
low reaction QY was due to the short lifetime of the LF state (86). The short-lived nature of
the MLCT states of Fe(Il) led to the implementation of strategies to increase the reactivity of
the LF states of Fe(Il) (83, 86). Woodhouse & McCusker (83) showed that decreasing the LF
state energy by coordinating Fe(II) with tren(py); ligands, which have a small LF splitting, de-
creased the driving force for excited-state relaxation and resulted in a [Fe(IT)(tren(py);)]** complex
with a 55 ns excited-state lifetime, allowing it to participate in bimolecular photoinduced ET pro-
cesses. While this result challenged the paradigm that LF states are functionally inert, the modest
driving force for photoinduced ET managed by the LF excited state of [Fe(IT)(tren(py);)]*+ makes
many reactions thermodynamically inaccessible.

Alternatively, increasing LF state energies relative to the energies of CT states is a viable strat-
egy to increase CT state lifetimes (87, 88); the Wirnmark group (89, 90) showed that destabilizing
the LF states of iron complexes increased the lifetimes of CT states so that they could drive
bimolecular photoredox chemistry. In these studies, the authors destabilized the LF states by co-
ordinating Fe(II) and Fe(III) centers with o-donating N-heterocyclic carbene (NHC) ligands that
promoted strong LF splitting. The increase in LF splitting decreased the difference between the
LF and the MLCT or LMCT state energies and reduced the driving force for relaxation from
these CT states to the LF states. While aspects of this research related to excited-state engineer-
ing and reaction mechanisms have been reviewed thoroughly elsewhere (91, 92), we focus here
on the use of ultrafast characterization to better understand the excited-state dynamics of these
complexes in the context of photoredox catalysis.

By tuning the LF state energies, Kjer et al. (93) demonstrated a long-lived CT state of
an NHC-coordinated iron complex, [Fe(IlT)(phtmeimb),]*, that could partake in bimolecular
photochemistry. Using ultrafast TA spectroscopy and TRPL, they showed that the 2LMCT
state of [Fe(IIl)(phtmeimb),]* has a lifetime of 2 ns (Figure 4). The [Fe(IlI)(phtmeimb),]*
complex was also emissive, indicating direct decay from 2LMCT to the ground state. To test the
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Figure 4

Ultrafast spectroscopy of first-row transition metal photoredox catalysts has identified and characterized reactive states of both CT and
LF character. (#) Comparison of the photophysical phenomena of precious metal complexes and first-row transition metal complexes
shows that the short-lived, low-lying LF states of first-row complexes can lead to challenges in terms of photoredox activity. () TA
spectra of a [Fe(phtmeimb)’]*+ complex reveal the formation of a photoreactive 2LMCT state. (¢) Single-wavelength decay traces from
a series of [Co(HI)(bpy)S]pr with varied substituents demonstrate control over the >LF state lifetime. Abbreviations: CT, charge
transfer; LE ligand field; LMCT, ligand-to-metal charge transfer; MLCT, metal-to-ligand charge transfer; TA, transient absorption.
Panel # adapted with permission from Reference 155. Panel b adapted with permission from Reference 93. Panel ¢ adapted with
permission from Reference 103.

photoredox capabilities of [Fe(IIT)(phtmeimb),]*, the authors used the complex to catalyze the
reduction of MV?** and oxidation of diphenylamine. To conclusively tie the observed quenching
of the [Fe(III)(phtmeimb),]* emission to photoinduced ET reactions, they used TA spectroscopy
to observe production of the MV?* and diphenylamine radical intermediates, as evidenced by the
emergence of their characteristic spectral signatures.
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NHC-coordinated iron complexes, such as [Fe(IlI)(btz);]** and [Fe(Il)(btz);]**, also have
long-lived excited-state lifetimes (89, 90). Ultrafast TA spectroscopy revealed that the 2LMCT
state lifetime of [Fe(Il[)(btz);]** and the SMLCT state lifetime of [Fe(I)(btz);]** are 100 ps and
528 ps, respectively (89, 90). The relatively long lifetimes of the photo-oxidative 2LMCT state
of [Fe(IlT)(btz);]** and the photoreductive *MLCT state of [Fe(Il)(btz);]** prompted investiga-
tion into coupling these complexes within a single, two-photon catalytic cycle for atom transfer
radical addition reactions (94). The first step in the catalytic cycle involved the reduction of pho-
toexcited [Fe(IlT)(btz);]**+, forming [Fe(Il)(btz);]**. Ultrafast TA spectra directly confirmed the
initial reduction of photoexcited [Fe(IIl)(btz);]**, showing that reduction of [Fe(IlT)(btz);]** to
[Fe(I)(btz);]** occurs within the 2LMCT state lifetime in the presence of an excess sacrificial elec-
tron donor. Subsequent photogeneration of the [Fe(II)(btz);]** *MLCT state initiated the atom
transfer radical addition reaction by reducing an alkyl halide substrate, returning the complex to
its [Fe(IlT)(btz);]** starting state.

Iron photoredox catalysts that do not depend on destabilization of LF states have been stud-
ied for their ultrafast photophysical dynamics (95-97). For instance, studies have shown that
Fe(IIT)Cl; activates C-H bonds, owing to the high reactivity of the in situ—formed chlorine
radical upon photoexcitation into its dissociative LMCT state (97). With the intention of de-
signing a more selective C-H activation photocatalyst and better understanding the role of the
chlorine radical in C-H bond activation, Gygi et al. (96) studied the photochemistry of Fe(IIT)
chloride—pyridine-di-imine, [Fe(IIT)(pyridine-di-imine)Cl,]*. Excitation of [Fe(III)(pyridine-di-
imine)CL,]* into the LMCT state generated a chlorine radical capable of promptly abstracting a
hydrogen atom from one of the C-H bonds within the second coordination sphere of pyridine-
di-imine, indicating stable adduct formation between the chlorine radical and one of the benzene
rings on the pyridine-di-imine ligand.

Recognizing thata chlorine radical-pyridine-di-imine adduct was the intermediate responsible
for C-H bond activation, the Nocera group (97) employed ultrafast TA spectroscopy to directly
monitor adduct formation via its characteristic absorption signal (98). They observed the con-
current emergence of features associated with the chlorine radical-pyridine-di-imine adduct and
Fe(II) formation (97). Notably, the decay kinetics of these signals unfolded on distinct timescales;
the lifetime of the Fe(II) signal was measured at 1.1 ps, attributed to the reverse reaction involving
the chlorine radical and the Fe(II) center, reforming the initial complex. In contrast, the chlorine
radical-pyridine-di-imine adduct feature exhibited a longer lifetime of 70 ps, clearly illustrating
the stabilizing effect of adduct formation on the chlorine radical and supporting the observation
of augmented photoreactivity of this complex.

5.2. Cobalt

Similar to studies surrounding iron complexes, investigations into the ultrafast dynamics of
cobalt complexes have focused on controlling LF state energies to increase excited-state life-
times and photoreactivity. Excited-state engineering strategies that have been successful in the
case of Fe(Il) and Fe(Ill) complexes, such as the use of NHC ligands to control LF state en-
ergies, can be directly transferred to Co(IIl) photoredox catalysts (99-101). Because the LF
splitting in Co(III) is greater than the splitting of isoelectronic Fe(II) complexes, the LF states
of Co(III) complexes are inherently more tunable and expected to be even more redox active,
making more reactions accessible from these states (102). However, as discussed above in the con-
text of catalysts like [Fe(tren(py);)]** (83), the difficulty with driving photoredox reactions from
LF states is that there is typically a trade-off between the LF state energy and its excited-state
lifetime.

www.annualreviews.org o Photoredox Catalysis

9.11



PC76_Art09_Scholes

ARjats.cls  January 24,2025 13:46

9.12

The convention that increasing LF state energy comes at the cost of its lifetime was recently
challenged by Chan et al. (103), who used ultrafast TA to demonstrate that systematically increas-
ing the LF splitting within a series of [Co(IIT)(bpy);]** complexes led to increased excited-state
lifetimes (Figure 4). They explained this result by invoking the Marcus inverted region, which
predicts that, upon sufficient destabilization of the LF states, the activation barrier for recombi-
nation to reform the ground state increases concomitantly with LF state energy. Leveraging the
long lifetime and favorable redox activity of the Co(IIl) bipyridine chromophores, Chan et al.
used the Co(IIl) complexes to catalyze the bimolecular oxidative coupling of boronic acid and
aryl amides, achieving greater product yields in comparison to precious metal Ru(II) and Ir(IIT)
chromophores.

A related study used ultrafast TA spectra to benchmark the strong oxidizing character of
the lowest-lying LF state of a Co(IIl) bipyridine complex, [Co(III)(4,4'-Br,bpy);]**, which has
a lifetime of 4.1 ns (104). GSB recovery kinetics were used to determine the rate of bimolecular
quenching of [Co(4,4'-Brybpy);]** by a series of organic substrates with increasing reduction po-
tential. By analyzing the quenching as a function of the oxidation potential of the substrate, the
authors of this study estimated the redox potential of the LF state of [Co(4,4'-Br,bpy);]** to be
1.25 Vversus Fc/Fc™.

5.3. Nickel

Traditionally, nickel complexes have been employed as cocatalysts alongside exogeneous chro-
mophores to compensate for the short excited-state lifetimes of nickel and drive photoredox
chemistry. Working within this constraint, Powers et al. (105) and Jun Hwang et al. (106) used
photoredox mediators alongside Ni(Il) catalysts to demonstrate a scheme for H, evolution.
While ultrafast dynamics are likely at play in this system, similar to those discussed above for
[Fe([II)(pyridine-di-imine)Cl,] (96, 97), these studies found that the excited-state lifetime of the
nickel complex was too short (<14 ps) to efficiently take part in bimolecular photoredox chemistry
when directly photoexcited, and only when coupled with an organic chromophore with a long-
lived excited state could the nickel catalyst undergo the appropriate changes in oxidation state to
facilitate H, evolution.

Despite the original perception that exogenous chromophores are necessary for Ni(II) cataly-
sis, several studies have reported Ni(II) complexes capable of independently driving photoredox
reactions, some of which are highlighted in Figure 5 (40, 107-111). Shields et al. (107) inves-
tigated the photophysical mechanisms and photoredox capabilities of the Ni(II) bipyridine aryl
halide complex, [Ni(II)(dtbbpy)(o-tolyl)Cl], in the context of C-O cross-coupling without an ex-
ogenous chromophore. Using ultrafast TA spectroscopy, they found the excited-state lifetime of
[Ni(II)(dtbbpy)(o-tolyl)CI] to be 4.1 ns, long enough to partake in diffusion-limited processes.
The combination of steady-state spectroscopy and early-time (<10 ps) ultrafast TA spectra sup-
ported the assignment of the excited state to a *MLCT transition, but experimental evidence
supporting the idea that the long-lived state was *MLCT in character was lacking, although the
TA spectrum matched a predicted *MLCT TA spectrum generated using time-dependent den-
sity functional theory calculations. In a subsequent study, Ting et al. (40) used ultrafast TA and
TRIR spectroscopy to monitor the excited-state dynamics of [Ni(I[)(dtbbpy)(o-tolyl)Cl]. They
collected TRIR spectra from [Ni(II)(dtbbpy)(o-tolyl)Cl] with carbonyl-functionalized bipyridine
ligand that could report whether the bipyridine ligand was reduced through changes in the C=0
infrared stretching frequency. The authors observed that, within 10 ps, there was an ESA signal at
reduced frequencies relative to the GSB attributed to reduced bipyridine and, after 10 ps, an ESA
feature formed at higher frequencies than the GSB feature, inconsistent with reduced bipyridine.
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Given that reduced bipyridine is expected for an MLCT transition, this study provided evidence
that, while there is an initially formed *MLCT state, the long-lived state of the complex is a *LF
state (40). This assignment of the long-lived state of [Ni(IT)(dtbbpy)(o-tolyl)Cl] as a tetrahedral
3LF state has been supported by recent ultrafast X-ray transient absorption (XTA) spectroscopy
studies in which the experimental spectrum at 100 ps matched a simulated 3 LF transient spectrum

(112) (Figure 5d). These reports amount to a unique set of investigations where combinations of

ultrafast optical, vibrational, and X-ray spectroscopies fully dissected the excited-state dynamics

of a photoactive species leveraged in photoredox catalysis.

However, identifying the state responsible for the photoredox activity of Ni(Il) bipyridine
aryl halide complexes remains an open debate in the literature. Recent findings indicate that
Ni-C bond homolysis, a necessary step in cross-coupling, is not thermodynamically feasible
from a *LF state and that the reaction proceeds through a *LMCT state (113). The impor-
tance of CT states for the cross-coupling activity of Ni(I[)-bipyridine aryl halide complexes has

prompted investigations into elongating the CT state lifetime of these nickel complexes (108).
Bim etal. (108) investigated the photophysical pathways of a Ni(I)-bipyridine aryl halide complex,
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[Ni(II)(Phbpy)Cl], with a covalent aryl-bipyridine attachment. This tethering was expected to pre-
vent the complex from relaxing from MLCT to LF states. Ultrafast TA spectra showed that the
tethered complex had a longer MLCT lifetime (14 ps) in comparison to the untethered complex
(9 ps), with ground-state recovery suggesting that deactivation did not occur via LF states. Reac-
tivity studies indicate that the tethered complex can undergo Ni-C bond homolysis, suggesting
that LF states are not the only photocatalytically relevant pathway. However, due to low reaction
quantum yields, Ni-C bond homolysis cannot be directly probed via time-resolved spectroscopy.

5.4. Copper

Photoredox implementation of copper-derived photochemistry has mostly leveraged both Cu(I)
and Cu(II) oxidation states through divergent photochemical activation pathways, and each oxida-
tion state features unique ultrafast excited-state dynamics that have a substantial impact on their
subsequent photochemistry, similar to what has been observed in iron (89, 90) and manganese
(114, 115) photocatalysis. Interest in the photoredox properties of Cu(I) complexes stems from
its closed-shell 3d'° ground-state electronic configuration, which prevents deactivation through
LF states and extends the lifetimes of the reactive MLCT states (116). However, while the is-
sues related to deactivation through LF states have been bypassed, other unproductive decay
pathways exist in Cu(I) complexes; for example, Cu(I) phenanthroline complexes undergo pseudo-
Jahn-Teller flattening distortions, which lead to nonradiative decay of the MLCT state (117). To
mitigate the flattening distortions that deactivate Cu(l) phenanthroline complexes, the Castellano
group (118-120) demonstrated through ultrafast TA spectroscopy how the introduction of steric
hindrance through the addition of progressively larger substituents on the phenanthroline ligands
of Cu(]) led to distortion resistance, increased excited-state lifetimes, and photoredox activity. In
another study, Jayasekara et al. (121) used ultrafast X'TA and TA spectroscopy to observe the pho-
tophysical mechanism of Cu(I)OTT during a [2+2] photocycloaddition reaction. Ultrafast XTA
spectra provided information about both the oxidation state and the coordination environment of
the copper center and showed that, upon photoexcitation in the presence of a norbornene sub-
strate, Cu(I)OTf formed a *MLCT state that preceded the formation of a Cu(Il) complex within
100 ps. Complementary ultrafast TA data confirmed that the SMLCT state formed with a time
constant of 4.2 ps.

While Cu(II) complexes have been known to drive photoredox reactions, the presence of low-
lying LF excited states and the highly oxidizing nature of their excited states lead to orthogonal
photoactivation modalities and shorter excited-state lifetimes of Cu(II) complexes versus Cu(l).
In an early investigation of Cu(II) photoreactivity, Kochi (122) argued that, upon photoexcitation,
Cu(II)Cl, undergoes an LMCT transition to form Cu(I)Cl alongside a chlorine radical. The chlo-
rine radical thus generated can drive difficult oxidation reactions, similar to the abovementioned
mechanism for LMCT catalysis of Fe(III)Cl; (96, 97). Given the lack of understanding of Cu(II)
LMCT photophysical dynamics in the context of its demonstrated photoreactivity, Mereshchenko
etal. (57) used ultrafast TA spectroscopy to monitor the LMCT transition of Cu(II) chloride com-
plexes in acetonitrile, observing that excitation into the LMCT bands of the Cu(Il) can lead to
formation of Cu(I) and a reactive chlorine radical that kinetically compete with ultrafast relaxation
into LF states. These findings were supported in subsequent ultrafast studies by Fayad et al. (123).

In an extension of these fundamental developments, Cu(Il) complexes have recently become
relevant for decarboxylative coupling reactions driven by LMCT transitions (124, 125). Li et al.
(124) reported a versatile, visible-light-driven decarboxylative cross-coupling reaction where they
hypothesized that a carboxyl radical forms upon photoexcitation of the Cu(Il) complex into a
LMCT state. The carboxyl radical was expected to spontaneously eject an equivalent of CO,,
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leaving behind an alkyl radical that can take part in cross-coupling reactions (124). In a subse-
quent investigation, Chen et al. (125) confirmed the Cu(II) photoredox carboxyl radical formation
through ultrafast TA spectroscopy, where they observed the emergence of a carboxyl radical fea-
ture within 1 ns after photoexcitation. This developing area of Cu(II) photochemistry via LMCT
photoactivation is poised to benefit significantly from future ultrafast spectroscopic studies, with
underexplored productive and nonproductive mechanistic pathways kinetically competing on
ultrafast timescales.

6. ULTRAFAST DYNAMICS IN SELECT SECOND-ROW, THIRD-ROW,
AND CERIUM PHOTOREDOX CATALYSTS

Zhang et al. (126, 127) recently investigated photoactive Zr(IV) complexes that can undergo
thermally activated delayed fluorescence (TADF) and can be used as the photosensitizer for
photoredox catalysis. To better understand the TADF process within the Zr(IV) complex,
[Zr(IV)MePDP),], they used ultrafast TA spectra to monitor ISC between the initially formed
'LMCT and *LMCT states (127). Ultrafast TA spectra of [Zr(IV)(MPDP),] revealed the emer-
gence of ESA features within 5 ps, indicating ' LMCT state formation. Over the following 200 ps,
the 'LMCT features converted to a broad, long-lived ESA feature that was attributed to *LMCT
state formation. Conversion of the !LMCT state feature to the *LMCT feature was accompa-
nied by isosbestic points, indicating that ISC outcompetes direct relaxation to the ground state.
Enabled in part by the long lifetime of its *LMCT state (1.04 ms), [ZrIV)M¢PDP),] was able to
drive both reductive and oxidative photochemistry with a series of electron acceptors and donors
in addition to isomerization and atom transfer radical addition reactions.

Mo(0) photoredox catalysts are becoming increasingly relevant for their photophysical and cat-
alytic performance, comparable to that of precious metal complexes. Kitzmann et al. (128) used
ultrafast TA spectra to characterize excited-state formation within a [Mo(0)(CO);(tpe)] photore-
dox catalyst. Ultrafast TA spectra of the Mo(0) complex revealed that a SMLCT state formed
within 0.5 ps after excitation. The observed timescale of the formation of the *MLCT state was
turther supported by TRIR spectra of the coordinating ligand Mo(0) complex, which showed the
formation of an ESA feature associated with *MLCT state by 1 ps after excitation. The *MLCT
lifetime of [Mo(0)(Co);(tpe)] was a few hundred nanoseconds, making it a viable bimolecular
photocatalyst, and the complex catalyzed the dehalogenation of chloropyrazine.

[W100O;5]*~ is an effective photocatalyst for C-H activation, although the excited state respon-
sible for reactivity has not been fully experimentally characterized. Waele et al. (129) aimed to
identify the reactive state of a [W100;3,]*~ complex for hydrogen atom transfer photoreactivity;
through ultrafast TA spectroscopy, they simultaneously observed the formation of a GSB feature
and an ESA feature, associated with a hot S state, within 0.5 ps. By 1 ps, the ESA feature at 375 nm
had narrowed, indicating IC to the S; excited state, followed by a decay over the next 100 ps ac-
companied by a new ESA feature attributable to the previously uncharacterized reactive triplet
state with an excited-state lifetime of 50 ns and a 50% quantum yield of formation.

While the above studies focused on excited-state electronic processes, they did not closely
monitor the structural changes that take place in the excited state. In a unique example of excited-
state structural characterization, Lee et al. (130) used time-resolved X-ray liquidography, which
provides structural information on transient intermediates formed after photoexcitation, to char-
acterize the dehalogenation of 1-fluoro-4-iodobenzene using a [Ce(II1)Cl4]*~ photoredox catalyst.
They attributed the observation of oscillatory features within the difference scattering curves 50 ps
after photoexcitation to contraction of the Ce~Cl bonds associated with [Ce(II[)Cls]*~ excited-
state formation. In the presence of substrate, excited-state [Ce(IIN)Clg]*~ scattering features
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X-ray liquidography tracks structural changes of Ce(lll) complex during reaction
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Figure 6

Data and findings from time-resolved X-ray liquidography measurements taken on [Ce(II)Clg]3~ in the
presence and absence of substrate. Figure adapted from Reference 130 (CC BY 4.0).

decayed with a lifetime of 500 ps, giving way to scattering features associated with [Ce(IV)Clg]*~
(Figure 6). The decay of the scattering features of [Ce(III)Cls]*~ was significantly faster in the
presence of substrate than when no substrate was present, where the lifetime was measured to be
9.4 ns; the quenching of the excited-state lifetime of [Ce(II[)Cls]*~ in the presence of substrate
was attributed to photoreduction of the substrate. This unique report is one of the first to directly
measure the structural changes undergone by a photoredox catalyst following photoactivation of
a substrate.

Ce(IV) complexes have been investigated for a series of LMCT-derived photoredox transfor-
mations (131), in analogy to those discussed above for Fe(III) and Cu(II) complexes. For example,
Hu et al. (132) demonstrated that Ce(IV) alkoxy photoredox catalysts can selectively functionalize
light alkanes through photodriven alkoxy radical formation. A subsequent study by An et al. (133)
used ultrafast TA spectroscopy to track the alkoxy radical formation process, which occurred on
the subpicosecond timescale.

7. ULTRAFAST DYNAMICS IN ORGANIC AND RADICAL
PHOTOREDOX CATALYSTS

Practical application of organic photoredox catalysts requires an understanding of how molecular
structure dictates excited-state dynamics and, ultimately, overall reactivity. Speckmeier et al. (134)
demonstrated that systematic chemical modifications to a donor—acceptor organic photocatalyst
can tune its propensity to engage in photoinduced ET. While this study provides a detailed route
for relating catalyst structure to reactivity, relatively little research has focused on characterizing
the photophysical mechanisms taking place within photoexcited catalysts. As discussed above in
relation to transition metal complexes, ultrafast characterization can provide fundamental insights
into organic photoredox excited-state properties and reactivity, which are important for bridging
catalyst design and performance.

The benefits of investigating the ultrafast excited-state properties of organic photoredox cata-
lysts is evident in studies on phenoxazines and structurally similar molecules that have emerged as
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effective atom transfer radical polymerization (ATRP) catalysts (135-137). While earlier studies
of organocatalyzed ATRP established empirical relations between the structure of phenoxazine-
based molecules and catalytic performance, they neglected experimental investigations into the
excited-state dynamics, namely the efficiency of ISC to long-lived triplet states, which are ben-
eficial for reactivity (138). To fill this gap, researchers have used ultrafast TA spectroscopy to
understand the influence of structure on the photophysics of a series of phenoxazine catalysts
with different aryl substituents (139, 140). This research showed that use of a naphthalene sub-
stituent in place of a phenyl substituent can introduce a shallow naphthalene-based CT state
that increases the quantum yield of ISC. Other aspects of the organocatalyzed ATRP reaction
that have been characterized include photoinitiation and solvent-dependent dynamics using ul-
trafast TRIR and TA spectra, as well as measurements of the photoinitiation rate with different
catalyst substituents (141-143). Counterintuitively, these spectroscopic findings indicate that
slower photoinitiation rates lead to greater control over polymer molecular weight and dispersity,
establishing new design rules for the organocatalyzed ATRP reaction.

An emerging area in photoredox catalysis is the development of highly reducing or oxidiz-
ing chromophores by subjecting a molecular precatalyst to reduction or oxidation, respectively,
before photoexcitation (144-147). Radical organic photoredox catalysts have open-shell, doublet
excited states. The doublet excited states of these radical organic chromophores have lifetimes
on the order of picoseconds or less, which typically prevent them from participating in diffusion-
limited photochemistry (148). Because of the short-lived nature of the excited states of radical
species, studies investigating their photochemistry have involved preassociation of the radical
chromophore with an electron acceptor or donor. Covalent linking of phenothiazine radical
cations to electron donors facilitates rapid ET (within 20 ps), as monitored by ultrafast TA
spectroscopy (147).

Despite the short-lived excited states of the radical organic chromophores, researchers have
reported that they can catalyze bimolecular chemistry (144, 145). Zeman et al. (144) reported a
doublet excited state of a perylene di-imide (PDI) radical anion, 2(PDI~*)*, that could participate
in bimolecular ET reactions. The authors demonstrated that steady-state absorption spectra of
neutral PDI and the radical PDI™* had distinct spectral features. Ultrafast TA spectra of PDI™*
in the absence of an electron acceptor revealed an ESA signal that decayed with a lifetime of
160 ps alongside the GSB signal. In the presence of an electron acceptor, the ESA feature of
PDI™* decayed more rapidly, indicating that the excited state was quenched through the reac-
tion with the electron acceptor (Figure 7). The GSB feature did not recover to baseline in the
presence of the electron acceptor, indicating that the catalyst was not returning to the PDI™*
ground state. The presence of the PDI product was confirmed through the emergence of posi-
tive PDI spectral features in the ultrafast TA spectra. PDI TA features were present only when
an electron acceptor was used; this finding strongly supports PDI*-driven bimolecular pho-
tochemistry. While this study (144) provides clear evidence that radical organic chromophores
can catalyze diffusion-limited chemistry, other research has argued that, in some cases, the pho-
toredox activity of doublet excited states may be better explained by in situ conversion of the
open-shell radical catalysts to closed-shell analogs, which are known to have comparatively longer
excited-state lifetimes (149), or by preassociation of the photoexcited radical with the substrate
(150). While many studies have utilized ultrafast spectroscopy to investigate radical photore-
dox mechanisms, they lack the clear mechanistic evidence established by the Schanze group’s
(144) investigation of *(PDI~*)*, such as the obvious generation of closed-shell photoprod-
ucts of the photosensitizer following interaction with the substrate. Ultrafast spectroscopies will
play a vital role in reliably deciphering the mechanisms surrounding these powerful photoredox
catalysts.
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Steady-state and ultrafast TA spectroscopy data of a PDI™® photoredox catalyst with and without a bimolecular quencher alongside the
corresponding Rehm—Weller analysis. Abbreviations: ET, electron transfer; OD; optical density; PDI, perylene di-imide; SCE,
saturated calomel electrode; TA, transient absorption; TDAE, tetrakis(dimethylamino)ethylene. Figure adapted with permission from

Reference 144.

8. CONCLUDING REMARKS AND FUTURE DIRECTIONS

A great deal of progress has been made in characterizing the photophysical and photochemical
dynamics of photoredox catalysis using ultrafast techniques. Supplemental Table 1 highlights
many of the photophysical processes featured in this review that have been interrogated on the
ultrafast timescale to concisely convey this point.

However, there remain many areas at the intersection of photoredox catalysis and ultrafast
spectroscopy that warrant further investigation. Some of them are described below.

8.1. Further Application of Ultrafast X-ray and Vibrational
Spectroscopic Techniques

Most of the studies highlighted in this review utilized ultrafast optical spectroscopy to char-
acterize the excited-state dynamics pertinent to photoredox catalysis. As stated above, ultrafast
techniques that probe samples using near-UV or visible light typically rely on processes of in-
terest having convenient optical signatures. While ultrafast optical spectroscopy is not ideal for
characterizing changes in structure or oxidation state that can take place shortly after excitation,
X-ray and vibrational spectroscopy can successfully characterize these processes (151). A recent
study demonstrated the utility of these techniques by using ultrafast XTA spectroscopy to show
that the long-lived excited state of a Fe(I) complex is of *LF character (152), although it had
originally been identified as a *MLCT state through other techniques (153). With regard to vi-
brational spectroscopy, TRIR studies recently helped identify the role of an unexpected transient
N~ species in what was presumed to be an azidyl radical-mediated C-H activation photoredox
reaction (154). To continue to establish the utility of ultrafast X-ray and vibrational spectroscopy
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and dive deeper into direct measurement of relevant structural and electronic dynamics in pho-
toredox catalysis, more reports utilizing these techniques need to be added to this growing body of
literature.

8.2. Using Coherence as a Tool to Understand Photoredox
Excited-State Dynamics

Vibrational coherences observed alongside ultrafast population dynamics can contain information
related to vibrational modes important to photochemical processes (155, 156). For example, early
experiments in this area showed that vibrational coherences can accompany ET reactions (157,
158) and that suppression of specific vibrational modes that accompany undesired relaxation path-
ways within a metal complex can lead to an elongated excited-state lifetime (159, 160). However,
identification of vibrational modes that may serve as the reaction coordinate for a photoredox
reaction is a challenge. Additionally, whether information gained from coherence can be widely
applied in the development of our understanding of photoredox catalyst function remains to be
determined.

8.3. Ultrafast Characterization of Verifiably Preassociated Systems

Ultrafast techniques are optimal for investigating the excited-state properties of preassociated
systems, which typically have fast dynamics relative to bimolecular, diffusion-limited events. Pho-
toenzymes are an example of a preassociated system that has benefited greatly from ultrafast
spectroscopic characterization. Ultrafast TA spectroscopy and transient X-ray crystallography
have been used to monitor ET from active-site residues (161) or substrates (162) and struc-
tural changes within a protein after photoexcitation of a bound cofactor (163), respectively.
Success in measuring the excited-state dynamics of these exotic systems motivates further in-
vestigation of other underexplored preassociated systems. An example of an underexplored
preassociated photoredox platform is electron donor—acceptor complexes that presumably have
interesting and mechanistically relevant ultrafast excited-state dynamics but have not yet been
deeply spectroscopically characterized (164).

8.4. Discovery and Characterization of Photocatalysts
with Unconventional Properties

Insights from recent studies have challenged the notion that long-lived excited states are a nec-
essary characteristic of photoredox catalysts, as evidenced by reports of radical photocatalysts,
reactivity derived from metal-centered excited states, and LMCT photoreagents. This new per-
spective provides an opportunity to revisit metal complexes and organic molecules that had
previously been overlooked as potential photocatalysts due to short-lived excited states. Addi-
tionally, the development of brighter benchtop LEDs has made it possible to quantitatively drive
inefficient reactions that would have not been observed otherwise, such as a recently reported
visible-light-driven Birch reduction that required, in some cases, more than 48 h (165). Expanding
the library of known photoredox-catalyzed reactions provides additional candidates for mecha-
nistic inquiry through ultrafast spectroscopies, offering new targets for exploration in synthetic
chemistry and physical chemistry alike.
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