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for achieving microsecond (µs) time resolution in chemi-
cal reactions [4–9], direct access to elementary excited-state 
dynamics became feasible only with the advent of fs laser 
technology [10–22]. As early as 1988, Ahmed H. Zewail 
articulated the fundamental challenge of modern photo-
chemistry by emphasizing that chemical bond breaking and 
formation occur with extraordinary speed in the transition-
state region, where the entire reaction pathway—including 
product distribution—is defined [16]. Zewail’s pioneering 
work, which enabled real-time observation of bond forma-
tion and cleavage on atomic timescales, marked a paradigm 
shift in chemical dynamics and was awarded the 1999 Nobel 
Prize. This realization established that ultrafast dynamics 
govern the branching between radiative, non-radiative, and 
reactive channels [15, 16, 23–25].  

The ultrafast dynamics of photoexcited molecules are 
often governed by conical intersections, which facilitate 
rapid non-radiative transitions between electronic states. 
A landmark demonstration was reported by Polli et al. 
[1], who showed that the retinal isomerization underly-
ing vision proceeds via a conical intersection within appr. 

1  Introduction

Photochemical processes underpin a broad spectrum of nat-
ural and technological phenomena, spanning visual percep-
tion to solar energy conversion [1, 2]. Elementary molecular 
events unfold on femtosecond (fs) to picosecond (ps) tim-
escales and ultimately determine the fate of photoexcited 
states. Achieving a detailed understanding of such ultrafast 
dynamics in realistic, complex environments is therefore 
crucial for advancing photochemistry, photocatalysis and the 
rational design of photoactive materials [3]. While Eigen, 
Norrish and Porter were awarded the Nobel Prize in 1967 
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200  fs, with coherent wave-packet motion tracked using 
sub-20  fs spectroscopy [1]. Such studies underscore that 
only spectroscopic techniques with fs temporal resolution 
can directly capture these fleeting, yet decisive, molecular 
events. In realistic systems, excited-state dynamics are not 
dictated solely by intrinsic molecular properties. Intra- and 
intermolecular interactions, together with environmen-
tal factors such as solvent dynamics, critically modulate 
the rates and competition of individual pathways, thereby 
shaping excited-state branching [10, 26–28]. Developing a 
mechanistic understanding of these influences is essential 
for formulating design strategies that enable targeted con-
trol over photochemical reactivity and efficiency. Over the 
past decades, fs transient absorption spectroscopy (TAS) 
has emerged as a key experimental tool for probing such 
processes in real time [29]. It allows direct observation of 
elementary steps including internal conversion (IC), inter-
system crossing (ISC) and charge transfer (CT) follow-
ing photoexcitation. At the same time, interpreting fs TAS 
data in complex molecular systems remains challenging, as 
multiple transient contributions often overlap. Already in 
1990, Khundkar et al. [10] recognized that a comprehensive 
description of ultrafast reaction dynamics requires integra-
tion of time-resolved techniques with complementary sta-
tionary methods.

These concepts are pertinent to photocatalysis, where 
efficiency and selectivity are frequently determined within 
the first few fs after excitation [29, 30]. Early work by Dam-
rauer et al. [31] demonstrated that the identity and distri-
bution of photochemical products are governed by ultrafast 
photophysical processes, highlighting the central role of 
ultrashort-timescale spectroscopy in elucidating modern 
photoredox mechanisms [30]. A particular emphasis of this 
Review is placed on excitation-wavelength-dependent phe-
nomena, most notably the so-called Red-Edge effect [32–
37]. Originally identified in fluorescence spectroscopy, it is 
becoming increasingly evident that excitation-wavelength-
dependent reactivity also plays a decisive role in photo-
chemistry, challenging long-standing assumptions such as 
excitation-independent emission or maximal reactivity at 
peak absorption [38–57]. Combined action-plot analysis 
and ultrafast spectroscopic measurements reveal that pro-
cesses such as fluorescence or ISC can critically influence 
quantum yields when they occur on timescales faster than 
solvent relaxation [43].

This review builds upon the plenary lecture delivered 
by the corresponding author at the 10th National Cataly-
sis Conference (NCC-10) (Sivas Cumhuriyet University, 
2025), focusing on fs TAS as a powerful tool for unravel-
ing elementary mechanisms in photoexcited molecules. We 
explore how molecular structure and environmental factors 
modulate these mechanisms and how this knowledge can 

be leveraged for rational material design. Our experimental 
approach combines fs broadband TAS with stationary spec-
troscopic and electrochemical techniques, complemented 
by quantum-chemical calculations. Systematic variation of 
ligands, solvents, chromophoric units, excitation conditions 
and reference systems enables correlations between time-
resolved observables—such as excited-state lifetimes—and 
stationary properties including absorption characteristics 
and quantum yields. This integrative strategy provides 
mechanistic insight into complex excited-state landscapes 
and forms a foundation for the rational design of future pho-
toactive materials.

This review does not aim to comprehensively assess 
the extent to which ultrafast spectroscopic methods have 
already been adopted in photocatalysis, nor to establish a 
unified methodological or mechanistic framework for the 
field. Instead, we present selected case studies that exem-
plify the current state of research and highlight the insight 
afforded by ultrafast spectroscopy. These examples range 
from vision-related isomerization [1] to structurally and 
mechanistically diverse photocatalytic systems, illustrating 
the breadth of excited-state dynamics and reactivity patterns 
encountered in photochemistry. Individual electron-transfer 
mechanisms are addressed only in brief, as they constitute a 
broad and well-established research field beyond the scope 
of this review. Detailed treatments of the fundamental prin-
ciples of electron-transfer in photocatalysis, along with 
recent developments, are available in numerous dedicated 
studies, including those by Pfund et al. [58, 59], Balapure et 
al. [60], Lee et al. [61] and Sakizadeh et al. [30].

2  Experimental Approach and 
Spectroscopic Techniques

Photon absorption enables selective population of electroni-
cally excited states of a molecule [62, 63], with the photon 
energy defined by its frequency according to the Planck-Ein-
stein relation [64–66]. The quantitative characterization of 
molecular absorption is given by the Beer-Lambert law [67–
69], where the absorption strength of a sample is expressed 
in terms of the molar decadic absorption coefficient [62, 
63, 70]. However, the evaluation of transition probabilities 
and intensities necessitates a quantum mechanical treat-
ment based on perturbation theory [62, 63, 71], wherein the 
molecular absorption rate depends on the magnitude of the 
transition dipole moment within the framework of Fermi’s 
golden rule [63, 64, 72, 73]. In practice, transition dipole 
moments are often rarely known with sufficient precision 
to reliably predict the branching behavior of a molecule in 
its excited state. As a result, a comprehensive understand-
ing of molecular excited-state dynamics necessitates the 

1 3



Topics in Catalysis

application of multiple, complementary experimental and 
theoretical techniques.

Following optical excitation into an electronically excited 
singlet state (S1 or Sn), molecular deactivation can proceed 
via radiative and non-radiative relaxation pathways, as well 
as through CT or photochemical reaction (CR) [10, 63, 
74, 75]. The interplay between these competing processes 
is commonly depicted using a Jabłoński diagram (Fig.  1) 
[76]. Among the earliest non-radiative events are vibra-
tional relaxation (VR) and intramolecular vibrational redis-
tribution (IVR), which dissipate excitation energy through 
inter- and intramolecular channels on timescales spanning 
hundreds of fs to nanoseconds (ns) [10, 74, 77]. Exited-state 
evolution is further governed by isoenergetic transitions 
between electronic states. IC connects states of identical 
spin multiplicity and typically occurs on ps to sub-µs times-
cales [75, 77], whereas ISC mediates spin-forbidden transi-
tions between singlet and triplet manifolds, extending from 
ps to µs. The reverse process (rISC) may proceed on sub-
stantially longer timescales, reaching the millisecond (ms) 
regime [75, 78]. Although ISC is formally spin-forbidden, 
it becomes weakly allowed through spin–orbit coupling, 
which can be enhanced by heavy atoms or specific func-
tional groups [77, 78]. Due to the high density of vibrational 
and rotational states at elevated energetic regions, popu-
lation of higher electronic states is typically followed by 
rapid non-radiative relaxation to the fundamental vibration 
level of the lowest excited singlet or triplet state. The com-
paratively large energy gap between S1 and the electronic 
ground state S0, combined with reduced non-radiative tran-
sition probabilities in accordance with the Franck–Condon 
principle, renders radiative decay competitive. In agreement 

with Kasha’s rule [79], emission generally originates from 
the fundamental vibration level of the lowest excited state 
and is independent of the excitation wavelength, although 
well-established exceptions exist [10, 62, 75, 77, 80]. Radi-
ative deactivation occurs either via fluorescence, which pre-
serves spin multiplicity and exhibits lifetimes in the ns to 
sub-µs range [81], or via phosphorescence, which involves 
spin-forbidden transitions and may persist from µs to hours 
[63, 72, 75, 81, 82]. Beyond relaxation pathways, photo-
excitation can initiate CT processes or trigger CR that are 
central to the function of photoactive systems [2, 74, 76].          

The overall efficiency of such photochemical processes 
is dictated by the competition between productive path-
ways leading to reactive intermediates or final products and 
dissipative loss channels that deactivate the system [30]. 
A central method for probing excited-state dynamics is fs 
pump-probe spectroscopy. In this approach, an ultrashort 
laser pulse is divided into a pump pulse that initiates pho-
toexcitation and a time-delayed probe pulse that monitors 
transient changes in absorption of the excited sample. Sys-
tematic variation of the delay time allows recording of the 
temporal evolution of the system in the form of TA spectra, 
defined as probe-pulse absorption with and without pump-
pulse excitation [2, 18, 29]. In fs broadband TAS, the probe 
spans a wide spectral range, enabling real-time observation 
of transient species and electronic transitions following 
photoexcitation. Detailed experimental implementations are 
reported elsewhere [83–85]. The resulting transient spectra 
contain characteristic signatures of distinct processes: nega-
tive transient responses arise from ground-state bleaching 
(GSB) or stimulated emission (SE), while positive contri-
butions are associated with excited-state absorption (ESA) 

Fig. 1  Jabłoński diagram illustrat-
ing fundamental photophysical und 
-chemical processes that can occur 
after optical absorption. See text 
for further explanations
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conical intersection between the potential energy surfaces 
of the electronic ground and excited states and unfolds on 
an exceptionally fast timescale of about 200 fs [1, 91–94]. 
Resolving such dynamics experimentally requires tech-
niques offering both high temporal resolution and broad 
spectral coverage. Early transient absorption studies [95, 
96] employing ps time resolution identified intermediates 
and photoproducts, yet were intrinsically unable to directly 
access the primary sub-ps dynamics that determine photo-
product formation [97]. Accurately capturing the temporal 
evolution of such ultrafast processes therefore demands 
experimental timescales that commensurate with the under-
lying dynamics, i.e., the use of fs optical pulses [10, 11, 
98–100]. Experiments employing sub-35  fs pulses [92] 
revealed that the cis–trans isomerization proceeds from a 
vibrationally coherent excited state and occurs on a times-
cale faster than typical vibrational dephasing and relaxation, 
comparable to the vibrational period of low-frequency tor-
sional modes in retinal. This ultrafast behavior challenged 
the classical photochemical model, which assumes com-
plete intrastate relaxation of the excited state prior to IC 
to the ground-state photoproduct. Instead, a nearly barrier-
less, nonadiabatic transition, governed by strong coupling 
between the excited state and the photoproduct ground state, 
was proposed [92, 97, 101], and further supported by theo-
retical studies describing a conical intersection between the 
ground- and excited-state potential energy surfaces [102, 
103]. Polli et al. [1] provided direct experimental evidence 
of this mechanism (Fig. 2) using sub-20 fs broadband TAS, 
complemented by advanced molecular simulations. Collec-
tively, these studies demonstrate that ultrafast broadband 
TAS constitutes a powerful and indispensable framework for 
resolving primary photoinduced processes on their intrinsic 
timescales. In combination with complementary approaches 
such as advanced theoretical simulations, it enables a com-
prehensive mechanistic understanding.

or hot ground-state absorption (HGSA). An ultrafast pho-
tochemical reaction leads to various photoinduced spe-
cies such as intermediates, whose dynamics can also be 
mapped [2, 20, 29, 85]. In complex systems, these contribu-
tions frequently overlap, complicating unambiguous path-
way assignment [20, 85]. Consequently, comprehensive 
mechanistic insight necessitates the integration of ultrafast 
spectroscopy with complementary steady-state techniques 
and theoretical modeling. UV–Vis and fluorescence spec-
troscopy, NMR and EPR for long-timescale dynamics and 
quantum-chemical calculations for electronic structure and 
excited-state pathways provide essential contextual infor-
mation. Complementary, action plots—acquired using 
wavelength-tunable ns-pulsed lasers with constant photon 
flux at each wavelength—[43] correlate photochemical con-
version yields with excitation wavelength, thereby directly 
linking optical absorption to chemical reactivity [86, 87]. 
Only through the integrative analysis of ultrafast, station-
ary and theoretical data, the branching pathways of com-
plex excited-state dynamics can be resolved and their causal 
interdependencies elucidated, fulfilling the central objective 
of modern time-resolved spectroscopy.

3  Case Studies

3.1  Resolving Primary Ultrafast Vision-Related 
Isomerization Pathways by TAS

In line with seminal investigations of the cis–trans isom-
erization of retinal in rhodopsin, a process fundamental to 
visual perception [88–90], we correlate fs spectroscopic 
results, i.e., understanding the role of ultrafast dynamics 
such as IC – including conical intersections – and solvent 
dynamics in modulating reaction pathways and long-term 
behavior. Retinal photoisomerization is mediated by a 

Fig. 2  a Isomerization potential energy surfaces of the chromophore in rhodopsin as a function of the isomerization coordinate. b–d Averaged 
structures of the chromophore during the cis–trans isomerization [1]. Reproduced from Polli D et al. [1] with permission from Springer Nature

 

1 3



Topics in Catalysis

photoinitiators are excited to the S2 state and lack efficient 
ISC pathways because no energetically proximate triplet 
states are available for either S2 or S1, resulting in dominant 
ultrafast IC in the sub-ps timescale and markedly reduced 
triplet-state formation (Fig. 3b, e) [85, 116, 118, 119]. When 
formed, the ensuing triplet states undergo α-cleavage on the 
ps timescale, thereby generating radicals for polymerization 
initiation.[116, 118] The kinetics of the α-cleavage for Me 
are nearly twice as slow as those observed for Bz and TMB, 
which is attributed to structural differences in the mesitoyl-
radical precursors. A long-lived spectral component is 
assigned to absorption by the α-cleavage products for all 
three photoinitiators. Accordingly, the differences in early 
excited-state dynamics propagate directly into the efficiency 
of radical formation and, consequently, polymer-chain ini-
tiation [85].

The study by Wolf et al. [85] illustrates how fs TAS in 
combination with electronic-structure calculations serves 
as a powerful tool for mechanistic elucidation, enabling 
the identification of decisive design parameters for high-
performance photoinitiators and providing a foundation 
for rational optimization of systems used in applications 
such as dental applications, biomaterials, 3D-printing and 
lithography [3, 85, 120–129]. Beyond photoinitiation, this 
approach is readily extendable to other photoinduced pro-
cesses, including photocatalytic reactions, as a detailed 
understanding of the earliest photoinduced events could 
enable targeted control over reaction pathways and product 
selectivity. Nevertheless, the extent to which this experi-
mental approach can deliver quantitatively predictive out-
comes remains an open question, which the following case 
studies of selected photocatalytic systems will address, 
highlighting both the potential and the current limitations of 
fs-spectroscopic approaches in predictive reaction design.

3.3  CT-Mechanisms in Homogeneous Photocatalytic 
Systems Modulated by Intra- and Intermolecular 
Specifications

CT mechanisms that underpin photocatalysis—such as 
metal-to-ligand CT (MLCT), ligand-to-metal (LMCT), 
ligand-to-ligand CT (LLCT) or intramolecular CT (ICT)—
are highly sensitive to intra- and intermolecular interactions, 
which modulate the photophysical properties and ultimately 
catalytic performance of the system [130–134]. As illus-
trated throughout the following case studies, the earliest 
photophysical events following photoexcitation critically 
determine reaction outcomes on much longer timescales. 
We further highlight the power of an approach combining 
electrochemical, theoretical, steady-state, and time-resolved 
spectroscopic techniques to enable a comprehensive 

3.2  Ultrafast Excited-State Dynamics Guiding 
Photochemical Efficiency

Studies [85, 104, 105] on photoinitiators for laser-induced 
polymerization provide a compelling demonstration of how 
ultrafast excited-state dynamics decisively shape subse-
quent processes and directly govern macroscopic reaction 
outcomes. In photoinitiated chain-growth polymerizations, 
both the initiating species and the propagating chain ends 
act as reactive centers, e.g. as radicals [104, 106–111]. How-
ever, in radical polymerization the initiation efficiency is 
not dictated solely by the chemical identity of the generated 
radicals, but is critically controlled by the elementary pho-
tophysical events occurring within the first few ps following 
photoexcitation, i.e., before radical formation [104, 105]. 
For efficient triplet-radical photoinitiation, rapid popula-
tion of a triplet state from an excited singlet state via ISC is 
essential. This requires suppression of competing ultrafast 
non-radiative decay channels from the excited singlet state 
and a sufficiently small singlet–triplet energy gap [3, 112–
118]; the resulting T1 state must persist long enough to out-
compete deactivation processes such as phosphorescence 
and enable productive radical formation [85]. Wolf et al. 
[85] conducted comparative studies on benzoin-type (ben-
zoin (Bz) and 2,4,6-trimethylbenzoin (TMB)) and benzil-
type (mesitil (Me)) photoinitiators, combining fs TAS with 
quantum-chemical calculations. This integrated approach 
allowed the authors to disentangle the mechanistic pathways 
governing population of the T1 state and to correlate the 
resulting efficiency ratios quantitatively with photoinitia-
tion efficiencies obtained from pulsed laser polymerization/
electrospray ionization-mass spectrometry (PLP/ESI–MS) 
experiments, thereby providing a molecular-level rationale 
for the pronounced differences in photoinitiator efficiency. 
The benzoyl radical derived from Bz exhibits the highest 
initiation efficiency, whereas the mesitoyl radical displays 
strikingly different efficiencies depending on whether it is 
generated from TMB or Me. Despite the significantly stron-
ger absorption of Me at the excitation wavelength, radicals 
generated from TMB outperform those from Me, even when 
TMB and Bz are excited nearly non-resonantly at the red 
edge of their weak absorption band (Fig. 3a) [85, 104, 105]. 
These observations demonstrate that high absorption at the 
excitation wavelength does not necessarily correlate with 
efficient photoinitiation. Instead, selective population of 
suitable electronic states and efficient ISC were identified as 
decisive factors: The combination of fs-TAS with excited-
state calculations revealed that benzoin-type photoinitiators 
undergo rapid ISC from the initially populated S1 state on 
sub-ps to ps timescales (Fig. 3c, d), effectively competing 
with IC and facilitated by the presence of nearly isoener-
getic excited triplet states (Fig. 3b). In contrast, benzil-type 
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center, further quenching luminescence. To achieve long-
lived excited states and mitigate these structural distortions, 
the use of rigid, sterically encumbered ligands is crucial 
[157, 164]. Systematic ligand design employing sterically 
demanding phosphines stabilizes the Cu(I) coordination 
environment and limits the extent of excited-state JT dis-
tortions, while bidentate diimine ligands further reinforce 
the coordination sphere, prevent the formation of homo-
leptic Cu-diimine complexes, and act as electron acceptors 
in photo(redox) processes [130, 135, 137, 157, 169–179]. 
Diimines are Schiff-base NN-chelating ligands that function 
as both σ-donors and π-acceptors, enabling decisive control 
over the electronic properties of the complex [130].

A particularly illustrative example is provided by a novel 
heteroleptic Cu(I) complex introduced by Bruschi et al. 
[130], featuring a non-innocent benzo[g]chinoxalin-2-one 
diimine ligand (BQXOT). This system combines PS and 
molecular photo-Cat functionality for direct CO2 reduction 
within a single architecture, underscoring how deliberate 
ligand design can fundamentally shape photochemically 
reactivity. Upon photoexcitation, the PS mediates electron 

mechanistic understanding of photocatalytic processes 
within complex environments.

Light-driven hydrogen evolution and homogeneous 
photocatalytic CO2 reduction have traditionally relied on 
photosensitizers (PSs) and catalysts (Cats) based on costly 
scarce-metal architectures incorporating redox-active 
ligands [130, 135–151]. In response, significant efforts have 
been directed toward the development of photocatalytic sys-
tems based on earth-abundant elements [135, 137, 152–156]. 
Among these, heteroleptic Cu(I) complexes have emerged 
as particularly promising because they exhibit long-lived 
MLCT excited states and offer highly tunable redox and 
photoluminescence properties achievable through ligand 
design, outperforming their homoleptic analogues [135, 
137, 157–163]. The closed-shell 3d10 configuration of Cu(I) 
precludes metal-centered (MC) d-d transitions associated 
with non-radiative deactivation [157, 164–166]; however, 
MLCT excitation often triggers a pseudo-Jahn–Teller (PJT) 
distortion, reducing the lifetime of the excited states [157, 
164, 167, 168]. Moreover, the flattened geometry of Cu(I) 
complexes facilitates solvent coordination to the metal 

Fig.  3  a Wavelength-dependent extinction coefficients of Bz (red), 
TMB (green) and Me (blue). The different excitation coefficients at 
the excitation wavelength of the TAS the probe wavelength range are 
highlighted. b Accessible photophysical and -chemical pathways fol-
lowing excitation of a photoinitiator illustrated in a Jabłoński diagram. 

c–e TA spectra and fit functions of c Bz, d TMB and e Me in MeOH, 
excited at λex = 351 nm and probed at λp = 470 nm (black), λp = 
500 nm (red), λp = 600 nm (green).[85] Adapted with permission from 
Wolf et al. [85]. Copyright © 2012 American Chemical Society
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indicating highly efficient non-radiative deactivation [130]. 
Electrochemical and spectroelectrochemical studies further 
revealed redox features indicative of potential electrocata-
lytic activity of the complex toward CO2 reduction and dem-
onstrated that the Cu(I) complex can accumulate up to three 
electrons on the BQXOT ligand [130, 149, 185]. Photocata-
lytic CO2 conversion mediated by the Cu(I) complex was 
confirmed by reductive quenching of its excited state using 
a sacrificial electron donor, leading to selective formation 
of CO; no reaction occurred in the absence of light, donor 
or CO2. Evidence of photoinduced CT processes involving 
the excited state of the complex was further provided by fs 
TAS using 400 nm excitation pulses. Upon photoexcitation, 
an intense ESA spanning the visible region was observed 
under N2 atmosphere in both DCM and DMF (Fig.  4b). 
Global kinetic analysis revealed an initial sub-ps compo-
nent attributed to ultrafast relaxation and structural reorga-
nization (e.g. IC, flattening and JT distortion), followed by 
ISC on a sub-15 ps timescale to a triplet state whose life-
time is strongly solvent-dependent, ranging from several 

transfer, while the Cat accepts these electrons to drive the 
catalytic reduction of CO2 [130, 180–182]. Owing to the 
fully occupied d10 electron configuration of Cu(I), the low-
est unoccupied molecular orbital (LUMO) is localized on 
the diimine ligand [130, 157], resulting in predominantly 
ligand-centered reduction processes and a lowest-energy 
absorption of MLCT character, in which electron density is 
promoted from a metal-based orbital into the first π∗-orbital 
of the ligand [130, 169, 183, 184]. Efficient photocatalytic 
CO2 reduction under solar irradiation therefore requires 
precise tuning of the non-innocent ligand (NIL) to suitably 
lower the LUMO energy, thereby ensuring strong visible 
absorption and favorable electron transfer to catalytically 
active components. Steady-state absorption spectroscopy 
reveals intense ligand-centered 1LC transitions in the UV 
region and a pronounced MLCT band in the visible, whose 
position and intensity depend on solvent environment (N,N-
dimethylformamide (DMF) vs. dichloromethane (DCM)) 
(Fig.  4a). While the free ligand exhibits weak fluores-
cence, the complex is completely non-emissive in solution, 

Fig.  4  a Wavelength-dependent molar extinction coefficients of 
BQXOT and the Cu(I) complex (1) in [a] DCM and [b] DMF. b TA 
spectra of 1 in DMF under N2 atmosphere, λex = 400 nm. c TA spec-
tra of 1 in DMF in presence of BIH, recorded under N2 atmosphere 

(1:20, left) and CO2 atmosphere (1:100, right), λex = 400 nm [130]. 
Adapted with permission from Bruschi et al. [130]. Copyright © 2024 
The Authors. Chemistry—A European Journal published by Wiley–
VCH GmbH
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excitation and obtained detailed insights into the proper-
ties of their excited states relevant for two-photoelectron 
accumulation [149, 164]. Systematic variation of ligand 
substitution revealed that sterically demanding substituents 
proximal to the metal center are essential for stabilizing 
longer-lived excited states, whereas more distal electron-
donating methyl groups exert only a marginal influence on 
the ultrafast dynamics (Fig. 5d) [149, 168, 187–190]. Most 
revealing were ultrafast TA spectroelectrochemistry experi-
ments performed on singly reduced Cu(I) complexes. In 
contrast to their electrochemically unmodified counterparts, 
the MLCT excited states of the reduced PSs were found 
to be extremely short-lived, deactivating on a timescale of 
only a few tens of ps [149, 164, 168, 187, 188, 190–192]. 
This behavior was attributed to an ultrafast MLCT- to ILCT-
IC localized on the reduced diimine ligand, which effec-
tively precludes further photoinduced charge accumulation 
by limiting the lifetime of the excited, reduced PS [149, 
164]. Thus, the potential for multielectron accumulation is 
governed not only by the energetic accessibility of suitable 
redox states or the HOMO–LUMO gap, but critically by the 
ultrafast dynamics determining the excited-state lifetimes 
of the reduced intermediates [149, 164, 188]. Accordingly, 
strategies such as fast reductive quenching by sacrifi-
cial electron donors or additional stabilization of reduced 
ligands through charge compensation by protonation may 
prove decisive for enabling efficient charge accumulation in 
photocatalytic systems [149, 151, 193–195].

The valence d electrons of first-row transition metals 
experience relatively weak ligand fields, which facilitates 
rapid population of low-lying MC states and thereby impedes 
the formation of long-lived MLCT excited states [155, 196–
201]. When MC and MLCT states become energetically 
competitive, efficient non-radiative deactivation of MLCT 
states typically ensues [155, 202–206], yielding short-lived, 
non-emissive species unsuitable for photocatalysis [155, 

hundred ps in DMF to > 1 ns in DCM. In the presence of a 
sacrificial electron donor, fs-TAS captured rapid reductive 
quenching of the excited state within the first ps, accom-
panied by the appearance of new spectral features assigned 
to reduced ligand states (Fig. 4c), as well as shortened ISC 
and triplet lifetimes. Under CO2 atmosphere, the early-time 
dynamics are markedly altered, including a faster ISC and 
extended triplet lifetime. By linking early-time excited-state 
dynamics to catalytic function, the authors demonstrated 
that CO2 plays a decisive role in modulating the photoin-
duced reduction pathways and that the benzoquinoxalinone 
moiety facilitates the requisite charge build-up that enables 
CO2 activation by acting as an electron reservoir. However, 
a comprehensive mechanistic understanding of the underly-
ing photocatalytic process will require further investigation 
[130].

Photocatalytic water splitting imposes stringent demands 
on PSs and Cats due to its coupled multielectron chemistry. 
Beyond efficient photoinduced electron transfer, functional 
systems must temporarily store several redox equivalents 
while effectively suppressing competitive decay pathways, 
including charge recombination [149–151, 186]. A power-
ful strategy to address these challenges combines electro-
chemical pre-reduction with subsequent optical excitation, 
enabling controlled access to defined redox intermediates 
and direct interrogation of accumulative charge separation 
and storage by correlating spectroelectrochemical tech-
niques with fs-TAS [149, 164]. Within this framework, 
Zhang et al. [149, 164] examined Cu(I) PSs comprising 
xanthphos in combination with either bidentate diimine or 
tetramethyl-substituted diimine ligands as prototypical sys-
tems for photoinduced two-electron accumulation (Fig. 5a–
c). By integrating fs TAS, UV/Vis spectroelectrochemistry, 
resonance Raman spectroscopy and quantum-chemical cal-
culations, the authors achieved a comprehensive assignment 
of the short-lived CT intermediates generated upon MLCT 

Fig. 5  a Molecular structures of Cu(I) complexes 1 and 2. b Intermedi-
ate formed by MLCTphen transition. c Overview of photoinduced CT 
pathways operative in 1 and 2 and their singly-reduced analogues. 
d Decay processes and time constants of 1 and 2 in ACN shown in 

a Jabłoński diagram [149]. Adapted with permission of the Royal 
Society of Chemistry, from Zhang et al. [149]; permission conveyed 
through Copyright Clearance Center, Inc
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methods, resolved the individual relaxation processes and 
provided a comprehensive picture of the energy levels and 
excited-state dynamics in these complexes (Fig.  6) [155, 
211]. Distinct photophysical behavior emerged: the Cr com-
plex exhibits long-lived 3MLCT luminescence, the Mn ana-
logue deactivates non-emissively via a lower-lying 3ILPyr 
state, and the Fe complex undergoes rapid deactivation 
through a strongly distorted 3MC manifold state that sup-
presses 3ILPyr population. Because the lowest 3MLCT state 
in Fe resides at comparatively high energy, a parallel 1ILPyr 
fluorescence pathway becomes accessible alongside other 
deactivation channels. Overall, the study by Wegeberg et 
al. [155] illustrates that identical ligands paired with differ-
ent 3d6 metal centers can generate fundamentally different 
photoactivities, underscoring the power of a rational metal–
ligand design to tailor excited-state landscapes [155].

Light-driven Ni-catalyzed cross-coupling reactions have 
emerged as a versatile route to highly reactive intermediates 
[206, 212–214]. As discussed above, complexes of first-row 
transition metals often suffer from preferential population of 
rapidly deactivating, non-radiative MC d-d states, whereas 
sufficiently long-lived MLCT states are required to enable 
bimolecular electron-transfer processes [206, 215]. Within 

207, 208]. MC states typically undergo rapid non-radiative 
decay, via population of σ-antibonding d orbitals inducing 
structural distortions, low-energy surface crossings back to 
the ground state, and weakening metal–ligand bonds [206]; 
a common countermeasure is ligand-centered control of 
the MLCT/MC energy landscape. Building on earlier work 
from their group [209], Liu et al. [210] demonstrated that 
enhancing MLCT-frontier orbital delocalization with benz-
imidazolylidene-based ligands stabilizes the 3MLCT state 
in a Fe(II) complex. As a consequence, the lowest-lying 
3MC is shifted above the 3MLCT state, giving an unusu-
ally long 3MLCT lifetime of 26 ps. A complementary, sys-
tematic approach was provided by Wegeberg et al. [155], 
who investigated isoelectronic, isostructural homoleptic 
tris(diisocyanide) complexes of the 3d6 metals Cr(0), Mn(I) 
and Fe (II). By tuning the effective nuclear charge, ligand-
field strength and π conjugation of the ligand framework, 
the authors achieved fine control over the energetic ordering 
of 3MLCT and 3MC states. Moreover, the pyrene function-
alization of the isocyanide scaffold enabled targeted control 
over intraligand excited states (ILPyr). TAS spanning the 
ultrafast regime to longer timescales, combined with com-
plementary spectroscopic, electrochemical and theoretical 

Fig. 6  Decay processes, time constants, luminescence quantum yields 
and luminescence wavelengths of a LPyr, b [Cr], c [Mn]+ and d [Fe].2+ 
illustrated in a Jabłoński diagram. Solid vertical lines: Radiative transi-
tions, wavy vertical lines: non-radiative transitions [155]. Reproduced 

with permission from Wegeberg et al. [155]. Published by the Ameri-
can Chemical Society. This work is licensed under a Creative Com-
mons Attribution 4.0 International License (CC BY 4.0)

 

1 3



Topics in Catalysis

non-emissive CS state (D+-Zn-D−) involving ICT was pro-
posed [131, 217]. Time-resolved studies (Fig. 7c–g) show 
that free ligands relax within appr. 100 ps, whereas Zn com-
plexes exhibit long-lived transients into the ns regime, indi-
cating coupled singlet–triplet dynamics [131, 227]. Ultrafast 
processes on the 100  fs timescale, enhanced in polar sol-
vents, correlate with reduced fluorescence quantum yields 
and provide compelling evidence for CT-state formation. 
The photophysical behavior dictates photocatalytic path-
ways: Zn-dipyrrins can promote electron-transfer oxidation 
(generating superoxide via reduction of O₂ by the photo-Cat 
radical anion) or energy-transfer oxidation (producing sin-
glet O₂ through triplet–triplet annihilation) (Fig. 7h). Early 
CT and triplet dynamics resolved by fs-ns TA determine 
which ROS-generation route dominates, with ICT-state 
formation being a key determinant for electron-transfer-
driven catalysis.[131] Alqahtani et al. [221] employed TAS 
to quantify triplet-state formation in Zn-dipyrrins with and 
without heavy-atom substitution across different solvent. In 
absence of heavy atoms, the triplet yield strongly dependent 
on polarity, whereas incorporation of heavy atoms renders 
the triplet population largely insensitive to the surrounding 
medium, indicating distinct ISC mechanisms that must be 
understood to design chromophores with high triplet quan-
tum yields [221].

Al, the most abundant metal in the earth’s crust, is an 
attractive platform for replacing transition metals in catal-
ysis, but its non-noble character limits access to d-block 
reactivity. As a result, strategies that mimic transition-
metal behavior with Al—particularly redox cycles based 
on a main group element—have gained increasing promi-
nence [132, 236–242]. Photochemical homolysis via LMCT 
or LLCT normally demands high-energy UV excitation 
because Al complexes possess high-lying acceptor orbitals 
and unfavorable energetics associated for accessing sub-
valent Al species [132, 243–246]; incorporation of redox-
active NILs introduces low-lying acceptor orbitals and 
enables LLCT under significantly milder, visible-light con-
ditions [132, 236, 247]. Wenzel et al. [132] demonstrated 
this concept with Al(III) complexes bearing tridentate, 
monoanionic bis(pyridylimino)isoindolide-(BPI)-ligands 
(Fig.  8a) that undergo visible-light-induced Al–C bond 
homolysis. By combining steady-state and transient UV/Vis 
spectroscopy, spin- and radical-trapping experiments, EPR/
NMR and quantum-chemical calculations, they mapped 
a radical-polar-crossover mechanism, in which the BPI 
scaffold provides low-lying orbitals for LLCT. Systematic 
BPI substitution tuned solubility and shifted ligand-cen-
tered transitions bathochromically into the visible region 
(Fig. 8b, c). TD-DFT shows the lowest-energy S₁ excitation 
(~ 452 nm) to be strong LLCT, transferring electron density 
from Al–C σ-bonds into π∗-orbitals of the BPI ligand [132]. 

this context, Ting et al. [206] examined the structure–reac-
tivity-relationships of a series of Ni complexes bearing either 
bipyridine (bpy) or aryl ligands by combining ultrafast TAS 
with complementary spectroscopic methods and theoretical 
calculations. The TAS signatures on the earliest sub-ps tim-
escales upon photoexcitation closely resemble the absorp-
tion features of the bpy radical anion, indicating an initially 
populated MLCT state that formally reduces the bpy ligand. 
Within a few ps, this MLCT state evolves into a longer-lived 
excited state of d-d character, as supported by DFT calcu-
lations. Remarkably, the lifetime of this long-lived excited 
state remains essentially invariant across systematic substi-
tution of both ligand fragments with electron-donating and 
– withdrawing groups—[206] a behavior inconsistent with 
MLCT assignment [206, 215, 216]. Instead, the authors pro-
pose that the 3d-d excited state, characterized by weakened 
Ni(II)-aryl bonds, promotes photoinduced homolytic bond 
cleavage, generating aryl radicals alongside catalytically 
active Ni(I) species [206].

Bis(dipyrrinato) Zn(II) complexes are intramolecular 
donor–acceptor systems whose CT dynamics are highly sen-
sitive to ligand design and solvent polarity [131, 217–220]. 
Despite the d10 electron configuration and the concomitant 
redox inertness of the Zn(II) center, coordination of two 
dipyrrin ligands enables ICT that can evolve into non-emis-
sive charge-separated (CS) states [131, 221–224]. These CS 
states may recombine to long-lived triplet states, a feature 
central to photocatalysis [131, 219, 221, 225–227]. While 
ground-state symmetry breaking—achieved, e.g. through 
heteroleptic complex formation or tailored ligand design—
can suppress CS state population, homoleptic Zn-dipyrrin 
complexes permit a solvent-dependent, photoinduced ICT 
driven by excited-state symmetry breaking, which is sta-
bilized in polar media [131, 219–221, 228–232]. Leier et 
al. [131] showed that ligand structure, substitution patterns 
(Fig. 7a) and environment govern the excited-state dynam-
ics of these homoleptic Zn(II) dipyrrin complexes and their 
photocatalytic oxidation performance by correlating fs-ns 
TA spectra and steady-state data [131]. Coordination to 
Zn induces strong intramolecular CT character; increas-
ing solvent polarity significantly reduced extinction coef-
ficients (Fig. 7b, c) [131, 217, 223, 228, 233, 234], while 
stabilizing a non-emissive CS state at the expense of fluo-
rescence quantum yield and lifetime [131, 219, 223, 228]. 
Emission spectra display substantial Stokes shifts exceed-
ing 450  cm⁻1, indicative of excited-state relaxation prior 
to emission, attributable to conformational, vibrational or 
electronic reorganization [131, 217, 218, 233, 235]. Func-
tional substituents can modestly increase fluorescence quan-
tum yields by restraining structural distortions. Supported 
by theoretical calculations, a thermally activated conversion 
from the emissive 1(π − π∗) excited state (D-Zn-D*) to a 
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255] nearly identical transient spectra for 340 (S2 ← S0) and 
400 nm (S1 ← S0) excitation imply ultrafast IC between sin-
glet excited states.

For the free ligand (1-H) the ESA decays within 
appr. 50 ps, with a transient SE band on a few-hundred-fs 
timescale, consistent with rapid IC via a conical intersec-
tion. In contrast, the Al complex (1-AlMe₂) shows ESA 
persisting > 1 ns, reflecting slowed ground-state repopula-
tion. Global kinetic analysis identified a common sub-ps IC 
component and two slower (tens–hundreds ps) components 
exclusive to the Al complex, representing branching into 
distinct relaxation pathways; amplitude analysis indicated 

The associated vibronic progression reflects skeletal BPI 
vibrations [132, 248, 249]. Barrierless S₁ relaxation leads to 
homolytic Al–C cleavage, affording a reduced BPI-Al radi-
cal that, without efficient trapping, undergoes ligand alkyla-
tion; [132, 250] this photo-induced pathway contrasts with 
thermally driven alkylation in NIL-organo-Al systems [251–
254]. fs-ns TAS with 340 and 400 nm excitation revealed an 
immediate broad ESA across the visible region and a weak 
SE component hidden by the very low fluorescence quan-
tum yields of both free ligand and Al complex (Fig. 8d, e). 
The ESA rises within the 100 fs instrument response, indi-
cating vertical excitation to a hot Franck–Condon singlet 
state followed by sub-ps structural reorganisation; [21, 132, 

Fig. 7  a Structure of ligands 1–2 and zinc complexes 3–4. b Wave-
length-dependent molar extinction coefficients of ligands 1 (yellow) 
and 2 (blue) in DCM. c Normalized absorption spectra of 3 (red) and 4 
(green) in DCM. d–g TAS of (d) 2 in DCM λex = 575 nm, e 1 in DCM 
λex = 400 nm, f 4 in DCM λex = 550 nm, g 4 in EtOH λex = 560 nm 
at indicated delay times. Areas influenced by scattering effects from 
the pump pulse are masked by the grey box. Top section: Normalized 
steady-state absorption (black) and emission (grey) spectra. h Sche-

matic of potential ROS formation pathways from a photo Cat (PC): 
Electron transfer involves a donor (ED) reducing the PC to produce 
superoxide, energy transfer proceeds via ISC to the triplet state of PC, 
enabling singlet oxygen generation though triplet–triplet annihilation 
[131]. Adapted from Leier et al. [131]. Published by the Royal Society 
of Chemistry. This article is licensed under a Creative Commons Attri-
bution 3.0 Unported Licence (CC BY 3.0)
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pyridine-pyrrolide or pyridine-dipyrrolide (PDP) ligands 
inverts the usual MLCT pathway to a LMCT-dominated 
excitation, yielding long-lived photoluminescence from 
states with substantial LMCT character and efficient pho-
toredox-active excited states [134, 259–262]. Visible absorp-
tion bands were assigned to mixed 1IL/1LMCT transitions 
by TD-DFT. The lack of solvatochromism across solvents 
of varying polarity indicated that photoexcitation is not 
accompanied by a significant change in the molecular dipole 
moment. Emission is independent of excitation wavelength 
and solvent polarity, mirroring the lowest-energy absorption 
band. Temperature-dependent emission shows a gradual 
intensity decrease on cooling, accompanied by the emer-
gence of a second, closely spaced component that dominates 
at low temperature. This behavior reflects emission from S₁ 
(fluorescence) and T₁ (phosphorescence); at low tempera-
ture phosphorescence dominates, while increasing tempera-
ture activates rISC, making delayed fluorescence the main 
pathway. The near-identical fluorescence and phosphores-
cence spectra imply comparable mixed IL/LMCT character 
for both states, in agreement with DFT. Temperature-depen-
dent lifetime measurements further corroborate the TADF 
mechanism, revealing a decrease in emission lifetime with 

that ~ 20% of the excited population follows the photochem-
ical route that yields ultrafast Al–C homolysis.

Thus, irradiation of 1-AlMe₂ at 340 nm or 400 nm 
populates S₁, from which the molecule either relaxes non-
radiatively or undergoes a dissociative vibrational motion 
that efficiently cleaves the Al–C bond, generating a methyl 
radical and a masked Al(II) radical (1-AlMe*). The polarity 
of the Al–C bond and the efficiency of vibrational energy 
transfer are the key determinants governing photo-reductive 
CT homolysis in main-group systems [132].

Thermally activated delayed fluorescence (TADF) has 
emerged as a key design principle for photocatalytically 
active chromophores, as it enables access to long-lived 
excited states that are crucial for bimolecular photochemical 
processes [134, 256]. Central to this mechanism is a small 
energy gap between the lowest S and T excited states, which 
allows thermally activated rISC [134, 257, 258]. Zhang et 
al. [134] compellingly demonstrated this concept using a 
Zr(IV)-based early transition-metal complex featuring a d0 
electron configuration and excited states with pronounced 
LMCT character. Because d⁰ systems lack low-lying MC 
states, rapid non-radiative deactivation is avoided. Pairing 
the electron-deficient Zr center with strongly electron-rich 

Fig.  8  a Designed CT homolysis. b Normalized stationary absorp-
tion spectra of 1-H and 1-AlMe2 in n-hexane. c Normalized stationary 
absorption (straight lines) and emission spectra (dotted lines) of 1-H 
(red), 2-H (blue) and 3-H (grey). d, e Contour diagram (right) and 
TAS (left) in benzene of d 1-AlMe2λex = 340 nm and e 1-H λex = 
400 nm at indicated delay times. Top section: Normalized steady-state 

absorption spectra before (VT) and after (NT) transient measurements 
and emission spectra. Superimposed fluorescence is marked by grey 
bars and inversed stationary absorption (red) and fluorescence spectra 
(green). Adapted from Wenzel et al. [132]. Published by Wiley–VCH 
GmbH. This work is licensed under a Creative Commons Attribution 
4.0 International License (CC BY 4.0)
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direct activation of aryl chlorides via photoinduced electron 
transfer, obviating the need for electrochemical activation 
[273, 274] or more elaborate photoredox strategies [275–
278]. By systematic substitution at the phenyl moiety of the 
phenothiazines, excited-state reduction potentials as nega-
tive as appr. -3.0 V were achieved, thereby rendering aryl 
chlorides bearing both electron-withdrawing and electron-
donating substituents amenable to activation. This strategy 
was exemplified in photocatalytic borylation and phospho-
nylation reactions. Strikingly, Cats that are closely related in 
structure displayed pronounced differences on catalytic effi-
ciency. Decisive mechanistic insight into these performance 
differences was obtained through the combined applica-
tion of fs TAS and spectroelectrochemical investigations 
under oxidative conditions [266]. Whereas the excited sin-
glet and triplet states of the neutral phenothiazines exhibit 
largely similar photophysical characteristics [266, 279], 
their corresponding radical cations display markedly diver-
gent excited-state dynamics. In the case of dialkylamino-
substituted phenothiazines, a second photoexcitation of the 
radical cation induces transfer of the positive charge to the 
phenyl substituent [266]. This process is accompanied by 
substantial structural reorganization [266, 280–282], which 
extends the lifetime of the excited radical cation into the ns 
regime. The enhanced photocatalytic activity of these sys-
tems is attributed to the resulting suppression of rapid elec-
tron back transfer.[266, 279] Cats in which this structural 
and electronic reorganization is inhibited by steric or con-
formational constraints exhibit diminished reactivity [266].

Taken together, the studies discussed in this section 
exemplify how ultrafast spectroscopic approaches in con-
cert with complementary techniques extend well beyond 
excited-state characterization, providing essential insight 
into structure-dynamics-reactivity relationships and guiding 
the rational design of molecular architectures with tailored 
excited-state properties for several applications, including 
photocatalysis.

increasing temperature that can be described by a kinetic 
model involving two emissive states in rapid thermal equi-
librium. The absence of prompt fluorescence and the strictly 
monoexponential decay observed over the entire tempera-
ture range indicate highly efficient ISC and near-complete 
depopulation of the initially populated S1 state. Ultrafast 
TAS at RT (Fig. 9a, b) supports a consistent kinetic scheme 
(Fig. 9c): photoexcitation initially populates a S1 state with 
a mixed 1IL/1LMCT character, which undergoes IC within 
appr. 1 ps, plausibly driven by subtle JT-type distortion. ISC 
follows on an appr. 12 ps timescale to a long-lived T1 state 
with 3IL/3LMCT character that persists through the fs TAS 
observation window. Complementary µs-TAS measure-
ments confirm the assignment of this state to a T1 state and 
agree with lifetimes obtained from time-resolved emission 
spectroscopy. Combining these data with the S1-T1 energy 
gap yields an rISC time constant of appr. 41 ns at RT. Cyclic 
voltammetry further reveals reversible oxidative redox pro-
cesses while preserving single-electron reduction chemistry 
(Fig. 9d). Together with the exceptionally long excited-state 
lifetimes, this redox accessibility renders Zr-based LMCT 
sensitizers ideally suited for photoinduced bimolecular 
reactions under diffusion-controlled conditions—an essen-
tial requirement for applications in photoredox catalysis 
and solar fuel chemistry. Looking ahead, a central challenge 
will be the rational control of TADF lifetimes, which will 
be critical for tailoring PSs to specific catalytic and energy-
conversion applications [134].  

In photoredox catalysis, including arylation reactions, 
metal-free organic Cats have emerged as powerful alter-
natives to metal-based systems [263–266] and substitu-
ent effects are known to exert a decisive influence on the 
excited-state dynamics of these organic donor–acceptor 
architectures [224, 266, 267]. Aryl chlorides represent par-
ticularly challenging substrates for photoredox catalysis 
due to the high strength of the C(sp2)-Cl bond and their 
strongly negative reduction potentials [266]. Building on 
earlier work [268–272], Weick et al. [266] demonstrated 
that highly electron-rich N-phenylphenothiazines enable 

Fig.  9  a, b TAS of Zr(MesPDPPh)2λex = 480  nm at indicated delay 
times. c Excited state dynamics of TADF with parameters obtained 
from temperature-dependent emission and transient absorption. We 
interpret the slanted arrows as representing the superposition of at least 

two processes, such as IVR/VR and ISC. d Excited state photoredox 
properties. [134] Adapted from Zhang et al. [134] with permission 
from Springer Nature
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maximum at 370  nm and Kim et al. [289] observed red-
shifted maximal efficiency in the ring contraction of 
N-aryl-azacycles. Although the mechanistic origins of these 
discrepancies between absorption strength and photochemi-
cal reactivity remain not completely understood [43, 290], 
the evidence collectively points to the interplay of multiple 
photophysical and -chemical processes, with system-spe-
cific relative contributions [22, 43]. One contributing fac-
tor is supposed to be the microenvironment surrounding 
the molecules. Carroll et al. [26] attributed wavelength-
selective reactivity in a pyrene-chalcone system in [2 + 2] 
cycloadditions to selective excitation of specific microen-
vironments, modulating accessible molecular transitions 
and altering product distributions depending on irradiation 
wavelength (Fig.  10c). Furthermore, the four fundamen-
tal pillars of precision photochemistry–molar extinction, 
wavelength-dependent quantum yield, concentration of the 
chromophores and duration of irradiation–were outlined by 
Pashley-Johnson et al. [54]. These parameters are intrinsi-
cally interconnected and collectively define the experimen-
tal conditions to be employed, including the irradiation 
wavelength, light intensity and solvent environment [54].

Taken together, these studies indicate that wavelength- 
and environment-dependent reactivity represents a general 
photophysical principle, likely extendable to other photo-
chemical reactions, e.g. photocatalytic processes. A deeper 
mechanistic understanding requires direct access to ultrafast 
dynamics that govern branching among competing relax-
ation pathways, ultimately determining reaction yields, 
alongside a systematic investigation of their dependence on 
key reaction parameters [22, 28, 43]. Solvation dynamics 
play a central role, as solvent–solute interactions influence 
both the energetic landscape of electronic states and their 
transitions, as well as the structural evolution of photoex-
cited molecules [28]. Using fs TAS, Strolka et al. [27] dem-
onstrated that ISC times in bengal rose can be continuously 
tuned by varying the solvent composition, showing that 
when electronic transitions occur faster than solvent reor-
ganization, they can dominate photochemical outcomes. 
Venkatraman et al. [28] similarly illustrated, using selected 
model compounds including photoredox Cats, how solvent 
interactions can steer photochemical pathway selectivity. 
Studies by Kimura [291], Suda [292, 293] and Fukuda et 
al. [294]. on excitation wavelength-dependent excited-state 
intramolecular proton transfer (ESIPT) dynamics in flavo-
noids across conventional solvents and room-temperature 
ionic liquids (RITLs) underscore the critical role of early 
solvation processes in directing photochemical reactions. 
Due to extremely slow solvent relaxation in RITLs com-
pared to conventional solvents, competing processes can be 
observed on markedly longer timescales. Both the rate and 
yield of tautomerization decreased with increasing excitation 

4  Perspective

4.1  The Red-Edge Effect in Photochemistry

First identified in fluorescence spectroscopy, selective exci-
tation of a fluorophore at the long-wavelength edge of its 
absorption band can, under suitable conditions, induce sys-
tematic red-shifts in emission spectra as well as extended 
excited-state lifetimes [34, 36, 37]. This excitation wave-
length-dependent emission behavior is generally consistent 
with Kasha’s rule [79] and Vavilov’s law [283], provided that 
the ensemble of excited molecules is energetically heteroge-
neous due to distinct interactions of individual fluorophores 
with their local environment [22, 32, 34, 284]. Beyond non-
specific solvent effects, such as those arising from solvent 
polarity or viscosity, specific interactions between solvent 
and fluorophore, e.g. hydrogen bonding, can exert a signifi-
cant influence [28, 285–287]. When excitation is selectively 
shifted to the red edge of the absorption spectrum, the energy 
is insufficient to excite the entire ensemble. Instead, species 
whose excited states are stabilized by strong environmental 
coupling are preferentially excited, resulting in red-shifted 
emission [32–35]. This so-called red-edge excitation is inti-
mately linked to slow dielectric relaxation of the surround-
ing medium, which prevents complete equilibration of the 
excited state during its lifetime [22, 33, 34, 36, 284]. The 
principle of excitation wavelength-dependent selectively 
manifests in numerous apparently counterintuitive photo-
chemical observations, including non-monotonic action 
plots, excitation-dependent quantum yields and deviations 
from peak absorption-based reactivity assumptions [38–
56]. These observations suggest that red-shifted excitation 
can selectively access alternative reaction pathways. For 
instance, Marschner et al. [288] demonstrated that wave-
length-dependent photocycloadditions exhibit a non-linear 
relationship between reactivity and absorption intensity. 
Their action plots and solvent comparisons highlight how 
environmental factors modulate quantum yields, reinforcing 
the concept of excitation wavelength-dependent reactivity 
central to the red-edge effect. Further, Fast et al. [57] exam-
ined oxime ester photoinitiators and found that maximum 
conversion occurred at higher wavelengths compared to the 
maximum absorption peak with low molar extinction coeffi-
cients (Fig. 10a, b). This counterintuitive result supports the 
idea that absorption spectra alone are insufficient predictors 
of photochemical efficiency [48, 57]. Kanchana et al. [48] 
interpreted the results on their studies on oxime esters in 
terms of wavelength-dependent balance between singlet and 
triplet cleavage, where longer-wavelength excitation favors 
triplet formation and enhanced radical diffusion. Kalayci et 
al. [40] recorded persistent [2 + 2] cycloaddition reactivity 
of acrylamidopyrene at 490 nm, well beyond the absorption 

1 3



Topics in Catalysis

controlled variation of photon flux in an iridium photo Cat 
enables selective switching between triplet energy transfer 
and electron transfer processes as one—and two photon 
mechanisms, thereby precisely tuning the available redox 
potential for challenging reductions. Selective excitation at 
the red edge of the absorption band is also of particular rel-
evance for biological systems, as it may enable excitation of 
chromophores whose principal absorption bands lie in the 
UV region using visible light, which is considerably more 
benign for biological applications [50, 301, 302]. Collec-
tively, these studies highlight that red-shifted reactivity is 
not a marginal phenomenon but a fundamental design prin-
ciple. Consequently, a refined understanding of wavelength-
dependent reactivity and its modulation by external factors 
is essential for the targeted control of photochemical and 
photocatalytic processes through precisely tuned photonic 
fields [288].

wavelength in RITLs and the highly viscous solvent glyc-
erin triacetate, indicating that ESIPT competes with solvent 
relaxation under these conditions [22, 291–294]. The con-
cept of precision photochemistry has also been adopted in 
photoredox catalysis [54, 295]. Reeves et al. [296] showed 
that the efficiency of a reversible addition-fragmentation 
chain-transfer (RAFT) photopolymerization is maximized 
at wavelengths that do not correspond to either the mono-
mer or photo Cat absorption maxima. Ghosh et al. [297] 
exploited light-color-controlled generation of distinct redox 
states of rhodamine 6G for chromoselective C-H arylation, 
establishing a direct link between excitation wavelength, 
redox potential and selectively in catalytic systems. When 
radical chain reactions compete with photocatalytic path-
ways, the quantum yield of photoredox catalysis depends 
not only on excitation wavelength but also on light inten-
sity [54, 298, 299]. Kerzig et al. [300] demonstrated that 

Fig. 10  a, b Steady-state absorption spectra and wavelength-dependent 
methyl methacrylate conversion for a OXE01 and b OXE02 under 
constant photon exposure (60 µmol per irradiation wavelength, PLP 
synthesized) [57]. Adapted with permission from Fast et al. [57]. Copy-
right 2017 American Chemical Society. c Top: Simplified Jabłoński 

diagram of the ground and excited states for a chromophore under the 
influence of different microenvironments A and B. Bottom: Depen-
dence of absorbance, excited-state lifetime and reaction quantum yield 
on microenvironments A and B [26]. Adapted with permission from 
Carroll et al. [26]. Copyright 2025 American Chemical Society
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contrast to ITX (Fig.  11b–d). Global analysis of transient 
responses, including amplitude ratios of SE and ESA as well 
as extracted time constants, and further transient anisotropy 
data corroborate this finding. For DETC, pronounced SE at 
532 nm with a decay time of appr. 100 ps was observed, 
rendering this photoinitiator particularly suited for pulsed 
depletion strategies in direct STED laser writing, whereas 
ITX does not meet these criteria. This study emphasizes that 
the relative balance of competing processes such as SE and 
ESA constitutes a critical design parameter for functional 
photoinitiators, accessible only via ultrafast time-resolved 
methods [3].

Thielemann et al. [308] further demonstrated in acetyl-
acetonate-ligated lanthanoid complexes that the ligand envi-
ronment can selectively modulate photodynamics. fs TAS 
revealed pronounced ligand-specific behavior, with relax-
ation times sensitive to the identity of the lanthanoid center, 
indicative of intramolecular energy transfer from ligand to 
metal. Knöfel et al. [309] additionally showed that coordi-
nating different metal fragments to a homoleptic dimolybde-
num metalloligand allows fine-tuning of optical properties 
directly correlated with fluorescence quantum yields. Taken 
together, these studies underscore that a systematic char-
acterization of how excited-state landscapes and lifetimes 
are modulated by intra- and intermolecular interactions is 
essential for the rational tailoring of photoactive systems. 
Such mechanistic insight is indispensable for achieving tar-
geted functionalities with maximal efficiency in advanced 
photochemical applications.

5  Conclusion

Femtosecond broadband absorption spectroscopy provides 
a powerful lens into the elementary mechanisms of photo-
excited molecules in complex environments. As highlighted 
throughout the case studies presented in this review, the 
reactivity, selectivity and overall efficiency of photochemi-
cal systems are determined to a remarkable extent by the ear-
liest ultrafast events following photoexcitation. A rigorous 
mechanistic understanding of these primary steps provides 
the foundation for the deliberate modulation of photo-
physical properties and ultimately for the rational design 
of functional light-responsive materials. Since the seminal 
contributions of Ahmed H. Zewail [15, 16, 23–25], ultrafast 
spectroscopy has undergone a transformative evolution over 
the past two to three decades. Continuous advances in laser 
technology and detection methodologies have progressively 
enhanced both temporal and spectral resolution, enabling an 
increasingly sophisticated dissection of competing elemen-
tary pathways and their interplay [11–14, 16, 17, 310, 311]. 
Given the current pace of innovation, further conceptual and 

4.2  Mechanistic Insights and Design Principles

The rational design of tailor-made photoactive systems 
requires a detailed understanding of excited-state dynam-
ics across multiple timescales. Only by integrating ultrafast 
spectroscopic techniques, quantum-chemical modeling and 
long-timescale observations, excited-state lifetimes and 
branching ratios can be accurately characterized. These 
insights provide the foundation for constructing solvent-
dependent reactivity maps and for establishing concrete 
guidelines in the selection of appropriate ligands and sol-
vation environments. Such mechanistic understanding 
underpins the rational development of photoactive systems 
with tailored properties, including selective reactivity and 
enhanced quantum yields. The validity of these design strat-
egies is exemplified by several case studies.

Mauri et al. [303] provided a mechanistic framework for 
radical formation via two- and three-photon excitation in 3D 
laser nanoprinting. The efficiency and resolution of this pro-
cess are critically governed by the performance of the pho-
toinitiators employed [304, 305], which in turn depends on 
the underlying radical generation pathways, the reactivity 
of the produced species and the absorption characteristics 
of the molecules. A pivotal factor in radical generation is 
ISC between singlet and triplet states, which competes with 
IC and radiative relaxation. Accordingly, both efficient ISC 
and sufficiently long-lived triplet states are prerequisites for 
effective initiation [303, 306]. However, the photochemical 
performance of common photoinitiators cannot be inferred 
solely from their chemical composition or the electronic 
structure in the ground or lowest triplet state. Quantum 
mechanical analyses of 7-diethylamino-3-thenoylcoumarin 
(DETC) photoinitiators reveal how triplet state dynam-
ics and hydrogen atom transfer reactions critically govern 
polymerization efficiency, providing direct guidance for 
the design of systems with tailored excited-state lifetimes 
and reactivity [303]. A complementary perspective was pre-
sented by Wolf et al. [3], who evaluated the suitability of 
organic photoinitiators for Stimulated-Emission-Depletion 
(STED) -inspired far-field lithography. Using fs pump-
probe spectroscopy, they directly monitored the excited-
state dynamics of DETC and isopropylthioxanthon (ITX) 
in solution, capturing the competition between SE and ESA. 
While STED-based approaches rely on efficient depletion 
of the first excited singlet state via SE induced by a sec-
ond laser, competing ESA accesses higher-lying states with 
poorly controllable dynamics and potentially undesired side 
reactions, thereby impacting both photoinitiator transition 
properties and polymerization dynamics (Fig. 11a) [3]. Effi-
cient STED-inspired lithography therefore requires domi-
nant SE coupled with minimal ESA [3, 307]. Experimental 
results confirmed SE dominance over ESA for DETC, in 
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technical breakthroughs are not only expected but likely to 
redefine our understanding of photoinduced reactivity in the 
near future. In this review, we have provided an integrative 
perspective on central concepts in contemporary photo-
chemistry that have emerged from ultrafast studies. Strat-
egies such as the targeted manipulation of CT states, the 
mechanistic elucidation of solvent-controlled dynamics and 
the exploitation of excitation-wavelength-dependent reac-
tivity extend far beyond molecular model systems and offer 
substantial opportunities for transition into photocatalysis. 
As discussed, emerging examples already demonstrated that 
these principles can be successfully implemented in cata-
lytic contexts. The synergistic integration of ultrafast spec-
troscopy with steady-state characterization and advanced 
theoretical approaches will be crucial achieving predictive 
control over photocatalytic transformations and for estab-
lishing new design paradigms in light-driven chemistry.
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coefficient and emission profile of DETC in EtOH. c Extracted fit coef-
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probe absorption spectroscopy of DETC in EtOH at selected probe 
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