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Abstract: The rapid development of photo(redox) catalysis within the 
last decades is remarkable to the extent that the utilization of light-
driven processes in organic chemistry has become a credible 
alternative to current thermal processes. Such advances offer 
tremendous opportunities of collaborations between scientific realms 
that can have a drastic impact on the development of the field. In this 
concept article, a special emphasis is placed on spectroscopic 
techniques that are used, or could be used, for light-induced 
transformations and photoredox catalysis applications. These include 
UV-VIS, IR and X-Ray transient absorption spectroscopy, laser 
pulsed radiolysis (PR), photo-induced chemically induced dynamic 
nuclear polarization (Photo-CIDNP), photoacoustic spectroscopy, 
time-resolved Raman spectroscopy (TRRS) and time-resolved 
dielectric loss spectroscopy (TRDL). The theoretical background 
behind each technique is briefly introduced followed by selected 
relevant examples from the literature.  

1. Introduction 

The use of light to drive chemical reactions has long been 
proposed as an alternative to our current classical use of fossil 
fuels. The sun represents one of the most abundant sources of 
renewable energy that can be harvested efficiently through 
chemical engineered solutions. For example, solar cells, first 
developed in 1954 by the Bell’s laboratory,[1] that convert sunlight 
into electricity are now part of our daily landscape. Plants, that 
produce feedstock via photosynthesis, have inspired a plethora of 
scientists who have dedicated their research to the development 
of artificial photosynthetic systems.[2] The use of sunlight to 
mediate organic reaction had also been reported by Ciamician 
and Silber using prolonged exposure to sunlight.[3] More than a 
century later, the use of photosensitizers to initiate organic 
transformations using visible light is amongst the most prominent 
research area in photochemistry and organic chemistry. An 
outstanding amount of photosensitized chemical transformation 
have been reported, yet the reaction mechanism or the efforts to 
elucidate the mechanism have not always been as thoroughly 
investigated. This is now changing and to quote Vincenzo Balzani, 
Paola Ceroni et al. “Elucidation of photochemical mechanisms in 
complex photocatalytic systems is difficult, but it is compulsory in 

order to make progress in the growing field of organic 
photocatalysis, which so far largely relied on empirical findings.”[4] 
In this concept article, we aim to provide the reader with recent 
reports on spectroscopic techniques that are used, or could be 
used, to investigate specific mechanistic aspects of photoredox 
catalysis. These techniques are briefly presented, alongside 
relevant examples from the literature.  

 

Figure 1. Photophysical and photochemical scheme describing the reaction 
between a photosensitizer (PS) and a quencher (Q) under light irradiation. The 
corresponding rate constant for electron transfer (ket), geminate charge 
recombination (kGCR) and back-electron transfer (kBET) are indicated.  

In a typical photophysical scheme for photoreactions depicted in 
Figure 1, photon absorption by a photosensitizer (PS) leads to 
the formation of an excited state (PS*) that can diffuse to form an 
encounter complex with a quencher (Q), from which an excited-
state reaction could occur if the thermodynamics are favorable. 
The formation of an encounter complex is considered a 
prerequisite for bimolecular reactivity. The interaction between 
PS* and Q can be investigated through Stern-Volmer 
experiments, as developed by Otto Stern and Max Volmer in 
1919.[5] To do so, the steady-state or time-resolved 
photoluminescence of the PS is recorded and monitored in the 
presence of increasing amounts of quencher. The ratio of the 
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steady-state photoluminescence (PLI0) or the time-resolved 
photoluminescence (t0) without quencher and with known 
concentration of quencher (PLI or t) is then plotted against the 
concentration of quencher. Different selected scenarios (amongst 
many) can then occur: 

• Plots of PLI0/PLI and t0/t versus the concentration of 
quencher are linear and coincident. This observation is 
in line with a dynamic quenching mechanism (Eq.1), 
where PS and Q diffuse and undergo collisions during 
the quenching process. The slope, also known as the 
Stern-Volmer constant (KSV in M–1), gives access to the 
bimolecular quenching rate constant (kq in M–1s–1), 
when divided by t0.  
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• Plots of PLI0/PLI are not linear and exhibit upward 
curvature. This is symptomatic of a static quenching 
mechanism, i.e. mostly when a non-emissive ground 
state adduct is formed. Information about this non-
emissive adduct can sometimes be investigated by UV-
Visible absorption changes during titrations, or by 
monitoring the initial amplitude (a) loss of the time-
resolved photoluminescence.[6] Plots of a0/a and 
PLI0/PLI versus the concentration of quencher give 
information about the equilibrium constant, KS, for 
quencher-chromophore adduct formation, Eq. 2. Note 
that this equation is only valid in cases where the 
ground-state adduct is completely non emissive and 
when the concentration of quencher is large in 
comparison to the concentration of the photosensitizer. 
The reader is directed toward an excellent tutorial 
review on static quenching for additional information.[7]  
Often, a combination of both processes, i.e., static and 
dynamic quenching takes place, and can be easily 
monitored using a combination of steady-state and 
time-resolved photoluminescence measurements. The 
dynamic process can be monitored by time-resolved 
photoluminescence measurements and Eq.1 whereas 
the upward curvature in a Stern−Volmer plot of PLI0/PLI 
versus the concentration of quencher can be modelled 
using Eq. 3 which displays a quadratic dependence on 
the quencher concentration. 
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Very importantly, whereas a decrease in photoluminescence 
indicates an excited-state quenching process, it does not inform 
on the exact nature of the quenching mechanism, i.e., electron 
and/or proton transfer, energy transfer, change in non-radiative 
rate constants, etc, which can only be investigated by more 
sophisticated techniques, as will be described in this concept 
article.  
The pair of PS* and Q within the encounter complex can undergo 
electron transfer, a process perfectly explained with Marcus 
theory,[8] forming the geminate radical pair composed of either the 
oxidized PS (PS•+) and the reduced Q (Q•–) or the reduced PS 
(PS•–) and the oxidized Q (Q•+). This geminate radical pair can 
then undergo geminate charge recombination to form the initial 

PS and Q reactants or undergo cage escape (fCE) to generate the 
separated charged species. The solvent separated radicals can 
either undergo back-electron transfer (kBET) or further react in 
catalytic transformations leading to the desired product formation. 
The investigation of these fCE processes for a given geminate 
radical pair is of great interest as the efficient formation of the 
solvents separated radicals is a key parameter to control the 
optimization of photocatalytic reaction.[9] If the cage-escape yields 
are null, the geminate radical pair undergoes in-cage geminate 
charge recombination to form the ground-state product and the 
formation of charge-separated product will not be observed 
experimentally.  
These cage-escape yields are often measured by comparative 
actinometry techniques using equations 4 and 5. To do so, the 
absorption changes generated from the oxidized PS (PS•+) or 
reduced PS (PS•–) are compared with the absorption changes of 
the excited state of a reference actinometer (ESref) and 
normalized by their relative absorptances at the excitation 
wavelength (lexc). The change in molar absorption coefficient (De) 
for the actinometer are known from the literature in some cases 
or can be determined by variable power excitation measurements 
using transient absorption measurements, whereas the De values 
of the oxidized or reduced photosensitizers can be determined by 
photolysis,[10] spectroelectrochemistry[11] or using transient 
absorption spectroscopy with reference electron 
acceptor/donors.[12] It is best to measure the changes in 
absorption following pulsed light excitation at wavelengths where 
the De between the ground and reduced or oxidized state is 
maximized.[9aj]  
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Final fCE values are obtained by comparing the relative yield of 
PS•+ or PS•– produced (f) to the percentage of quenched 
photoluminescence (%PL), determined via time-resolved or 
steady-state PL measurements. A linear regression of all the data 
point by constraining the Y-intercept at 0 provides a slope that 
corresponds to the cage-escape yield value.[9b, 13]  
In sum, Figure 1 represents a generally accepted model that 
describes light induced reactions that serves as a basis to our 
understanding of fundamental aspects that govern excited-state 
reactivity. As mentioned earlier, the approach developed by Otto 
Stern and Max Volmer is considered a robust approach to 
investigate the first step of excited-state reactivity. Yet, it does not 
provide in-depth mechanistic information. For that, more detailed 
spectroscopic experiments are needed, which are presented in 
this concept article, in hope to inspire the growing community of 
researcher and favor the collaborations between disciplines that 
will undoubtedly lead to significant advances in the field. 
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2. Spectroelectrochemistry 

2.1. Technique overview 

Spectroelectrochemistry (SEC) combines advantages of both 
electrochemistry and steady-state spectroscopy to provide 
simultaneous characterization of redox potentials and the 
corresponding spectroscopic signatures of the oxidized or 
reduced species. This approach can be combined to several 
spectroscopic techniques (UV-vis, NIR, IR, Raman, EPR,…) 
although most examples are reported using UV-Vis and NIR 
spectroscopy. [9e, y, 13-14] SEC is often used as one of the first step 
in mechanistic investigations as it can be performed on 
photosensitizers or reactants in solution or anchored at the 
surface of photoelectrodes. SEC can therefore provide essential 
information on the spectroscopic properties of reaction 
intermediates produced during photoredox catalysis. For example, 
SEC can be used to determine the absorption spectra and the 
corresponding molar absorption coefficient of any reduced or 
oxidized species (photocatalyst/electron donor/reagents) that 
could be formed during the reaction, as long as they are 
electrochemically stable. These spectra can then be correlated to 
transient absorption data to determine the nature of key 
intermediates involved in a photoredox catalytic process. SEC is 
therefore a powerful technique for understanding and identifying 
the species involved in light-induced reaction mechanism. 

 
2.2. Selected examples from the literature 

Spectroelectrochemistry was used, amongst others, by Meyer 
and co-workers who reported a sensitized material prepared by a 
layer-by-layer assembly approach to spatially arrange redox 
active species and photosensitizers on a conductive indium-
doped tin oxide thin film.[14i, k] This assembly consisted of a methyl 
viologen electron acceptor, a phosphonate [Ru(bpy)3]2+ analogue 
as photosensitizer, a phosphonate [Fe(tpy)2]2+ derivative as 
primary electron donor and either a triphenylamine derivative as 
secondary electron donor or a ruthenium water oxidation catalyst 
(WOC) (Figure 2).[14i, k] Spectroelectrochemistry was used to 
determine the redox potential of each species anchored on the 
indium-doped tin oxide this film as well as the changes in UV-
Visible absorption occurring upon changes in redox state. Nernst 
equation was used to analyse the absorption values taken during 
stepwise application of increasingly positive potentials (Figure 2). 
Reductive spectroelectrochemistry of nITO |-MV provided the one 
electron reduction potential of the methylviologen acceptor, 
E0(MV2+/+•) = –0.42 V vs NHE. Oxidative electrochemistry allowed 
to determine the formal reduction potentials (Figure 2A) for the 
other species, with E0(TPA+/0) = 1.10 V vs NHE, E0(FeIII/II) = 1.13 
V vs NHE (Figure 2B), and E0(S+/0) = 1.35 V vs NHE (Figure 
2C).[14i, k] The different oxidation states of the water oxidation 
catalyst and the associated UV-Vis spectra were also determined 
through this technique.[14k] The determination of these formal 
potential allowed the authors to understand the thermodynamic 
associated with the photoelectrode assembly and understand the 
nanosecond transient absorption experiments, not detailed in this 
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section. In conclusion, spectroelectrochemistry is a versatile 
technique that allows to characterize photosensitizers and 
reagents both in terms of redox potential and spectroscopic 
features. It provides the experimentalist with thermodynamic 

parameters and spectroscopic features that can help rationalize 
reaction mechanisms and corroborate spectral features obtained 
with other spectroscopic techniques (vide infra).  

 

 

Figure 2. Absorption spectra measured during electrolysis of the individual components within the assembly nanoITO|-MV2+-S-FeII-RuII (left) with: A) Absorption 
spectra measured during the reduction of nanoITO|-MV2+, B) Absorption spectra measured during the oxidation of nanoITO|-S, C) Absorption spectra measured 
during the oxidation of nanoITO|-FeII, and D) Absorption spectra measured during the oxidation of nanoITO|-WOC. The insets show absorbances at key wavelengths 
as a function of applied potential for the oxidation to RuIIIORuIII and RuIVORuIII (data in green), with the latter absorbing at 560 nm. The corresponding reduction 
potentials were obtained using a modified Nernst equation.[15] All measurements were performed in 0.1 M acetate buffer (pH 4.65) with 0.5 M NaClO4 as the 
supporting electrolyte. Adapted with permission from reference.[14k] Copyright 2019 American Chemical Society. 

3. UV-Visible Transient Absorption 
Spectroscopy 

3.1. Technique overview 
UV-Visible transient absorption spectroscopy probably represents 
the most prominent technique to study reaction intermediates and 
unravel important mechanistic details. It is part of the pump-probe 
techniques, in which a sample is illuminated with a laser pulse 
(the pump) leading to the formation of an excited state. An 
analytical lamp (the probe) then records an absorption spectrum 
as a function of time, usually from the fs up to seconds time range, 
depending on the apparatus. The absorption signal is then 
compared to a signal without laser illumination and a difference 
spectrum allows to obtain the changes in absorption before and 
after pulsed light irradiation.[16] This technique provides UV-Visible 
absorption spectra of the excited state and, central to this 
perspective, the UV-Visible absorption spectra of key 
intermediates if the excited photosensitizer reacts with a 
quencher. If the UV-Visible absorption spectra of the oxidized and 
reduced species are known, it is also possible to determine the 
nature of the operative quenching mechanism, i.e., whether the 
light-induced reaction proceeds via oxidative or reductive 

quenching or via energy transfer. As mentioned in the introduction, 
charge-separated products will only be observed if the cage-
escape yields are non-null.  
The direct observation of photoproducts and their evolution in time 
is a clear advantage of UV-Visible nanosecond transient 
absorption spectroscopy. Even more importantly, if the formation 
or consumption of products/reactants can be monitored at specific 
wavelengths, it is possible to gain access to the kinetic rate 
constants for any given process. Single wavelength absorption 
changes can be fit to obtain the corresponding observed rate at a 
given concentration. By plotting the observed rates obtained at 
different concentration as a function of quencher concentration, 
one can obtain the corresponding kinetic rate constants.  
A typical transient absorption set-up is composed of two main 
components (Figure 3). An excitation part that contains the 
excitation laser and the optics required to convey light to the 
sample and a detection unit composed of a light source that 
probes the sample and is collected by a detector. The wavelength 
of the excitation laser can be tuned to finely excite the system of 
interest, while the light probe is usually a broad-band spectrum 
source. While transient absorption probing is commonly 
performed by UV-Visible light, other region of the electromagnetic 
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spectrum can be used including infrared radiation and X-rays 
(vide infra). 

 
Figure 3. General representation of a transient absorption experimental set-up. 

3.2. Selected examples from the literature 
Ru(II) polypyridyl complexes probably represents the most 
studiedcategory of photosensitizers for application in excited-
state electron transfer chemistry, although there are currently 
tremendous research endeavors by pioneering groups that 
develop earth abundant photosensitizers for such applications.[9y, 

14f, 17] Nevertheless, Ru(II) photosensitizers are very useful to 
introduced the concept of transient absorption spectroscopy as 
these photosensitizers present metal-to-ligand charge transfer 
(MLCT) excited-state, where the Ru(II) center is formally oxidized 
to Ru(III) and one of the ancillary ligand is formally reduced.[18] 
This creates a “loss” in the typical ground state absorption, which 
is characterized by a bleach of the MLCT transition when 
recording a transient absorption spectrum (Figure 4). The 
reduced ligand is responsible for novel transitions compared to 
the ground state, which leads to positive absorption features in 
the transient absorption spectra. These positive and bleached 
signals imply the presence of isoabsorptive points, i.e., points 
where the absorbance of the ground state and the excited state 
remains unchanged. In the difference spectra, this corresponds to 
∆Abs = 0 (Figure 4). Most often, the corresponding reduced or 
oxidized species absorbs at these ground and excited-state 
isosbestic points which enables to study the formation of these 
species without contribution from the excited-state (Figure 4). 
This facilitates the determination of rate constants for the 
formation of various products. 
For most photosensitizers exhibiting MLCT excited states, the 
presence of isosbestic points is often observed and facilitates the 
determination of the rate constants. In Ir(III) PS, the excited state 
is often composed of a manifold of different transitions which, in 
most cases, leads to only positive ∆Abs features in transient 
absorption spectroscopy.[19] This obviously complicates the 
determination or the corresponding rate constants as the signal of 
the oxidized or reduced species will be superimposed with the 
signal from the excited state. It is however possible to extrapolate 
the corresponding rate constant by recording excited-state 
lifetimes and using that value in the corresponding fit. Most of the 
time, researchers use transient absorption spectroscopy to 
confirm the operative quenching mechanism and to determine the 
associated kinetic rate constant for selected processes (forward 

electron transfer, back-electron transfer, hydrogen atom transfer, 
…).  
 

 

Figure 4. Ground-state (dashed), excited-state (orange), oxidized (purple) and 
reduced (green) spectra of [Ru(bpy)3]2+. The transient absorption spectrum of 
the reduced species was recorded using sodium ascorbate whereas the 
spectrum of the oxidized species was recorded using sodium persulfate. 
Experiments were carried out in argon purged MilliQ water. The spectra were 
recorded 200 ns after pulsed 420 nm light excitation. Red stars indicate the 
ground-to-excite-state isosbestic points. Experiments were carried out for this 
concept article.  

A great series of examples that highlights the vibrancy of the field 
of photoredox catalysis can be found in the sensitization-initiated 
electron transfer story. In 2017, König and co-workers developed 
a photoredox catalytic system based on sensitization-initiated 
electron transfer to combine the absorption and redox potentials 
properties of two distinct molecules through a bimolecular energy 
transfer process.[20] The reaction was optimized with 2-
bromobenzonitrile (model substrate), [Ru(bpy)3]2+ 
(photosensitizer), pyrene (Pyr, energy acceptor and redox active 
molecule), N-methylpyrrole (radical trapping agent) and N,N-
diisopropylethylamine (DIPEA, sacrificial electron donor). At the 
time, the proposed catalytic cycle for this C–H arylation reaction 
followed the following steps: 1) Excitation of [Ru(bpy)3]2+ to reach 
the corresponding [Ru(bpy)3]2+* excited state, 2) Triplet-triplet 
energy transfer from [Ru(bpy)3]2+* to Pyr to form the 
corresponding triplet Pyr(T1), 3) Reductive quenching of Pyr(T1) 
by DIPEA to generate Pyr•– and DIPEA•+, 4) Electron transfer from 
Pyr•– to the aryl halide to generate the aryl halide radical precursor 
and regenerating Pyr, 5) Fragmentation of the aryl halide radical 
to yield the aryl radical, which reacts with the trapping agent to 
yield the C–C coupling product.  
In a correspondence paper, Balzani, Ceroni and co-workers 
questioned the feasibility of the proposed electron transfer from 
DIPEA to the Pyr(T1).[4] Based on thermodynamic considerations, 
it was estimated that the electron transfer from DIPEA to the 
Pyr(T1) was uphill by ~1eV and therefore seemed very unlikely. 
An alternative thermodynamically allowed mechanism was then 
proposed. The latter involved energy transfer from the 
photoexcited [Ru(bpy)3]2+ to Pyr followed by triplet-triplet 
annihilation of two Pyr(T1) species to yield a Pyr(S1) intermediate 
that was quenched by reductive electron transfer from DIPEA.  



CONCEPT 

6 
 

In their reply, König and co-workers proposed another alternative 
exergonic reaction pathway involving the formation of [Ru(bpy)3]+ 
by reductive quenching of photoexcited [Ru(bpy)3]2+ by DIPEA. 
This reaction is slightly uphill and kinetically slow but such 
sacrificial amine derivatives are known to reduce [Ru(bpy)3]2+ 
under irradiation, which allows to accumulate [Ru(bpy)3]+. With a 
reduction potential of –1.33 V vs SCE,[18, 21] [Ru(bpy)3]+ could 
reduce Pyr(T1) formed by the previously mentioned triplet-triplet 
energy transfer, yielding the Pyr•– key intermediate.[22] 
In 2020, Moore and co-workers investigated the different 
proposed mechanistic pathways for this reaction using 
nanosecond transient absorption spectroscopy.[9ad] Excited-state 
quenching of [Ru(bpy)3]2+* was observed when increased 
concentrations of pyrene were added. This enable the 
determination of the bimolecular quenching rate constant for 
triplet-triplet energy transfer as kTTET = 3.09 x 108 M-1 s-1. Clear 
appearance of excited-state absorption features at 420 and 520 
nm were in line with the formation of Pyr(T1). Interestingly, a 
decrease in the Pyr(T1) was observed upon increasing the initial 
Pyr concentration, pointing towards the presence of a triplet-triplet 
annihilation process which was confirmed by fluorescence lifetime 
measurements at 390nm (Pyr(S1) fluorescence). The excited-
state quenching of [Ru(bpy)3]2+* was also investigated with DIPEA 
which allowed to determine the corresponding electron transfer 
rate constant, ket = 1.31 x 107 M-1 s-1. Formation of the 
corresponding reduced [Ru(bpy)3]+ complex was confirmed by 
transient absorption spectroscopy. Finally, the photocatalytic 
system was investigated in the presence of varying 
concentrations of both Pyr and DIPEA. The lifetime of Pyr(T1) and 
[Ru(bpy)3]+ was monitored at different concentrations. A clear 
decrease in the lifetime of [Ru(bpy)3]+ with increasing 
concentration of Pyr was identified. Furthermore, the Pyr(T1) 
lifetime was quenched as a function of the initial DIPEA 
concentration. As the reaction of photoexcited [Ru(bpy)3]2+ with 
DIPEA resulted in the formation of [Ru(bpy)3]+, these transient 
absorption results were consistent with the formation of the Pyr•– 
through an electron transfer event form [Ru(bpy)3]+ to Pyr(T1). The 
possibility of a triplet-triplet annihilation pathway for the Pyr•– 
generation was investigated by TCSPC lifetime measurements 
using [Ru(bpy)3]2+ in the presence of both Pyr and DIPEA. 
Formation of Pyr(S1) by triplet-triplet annihilation was also 
observed. However, the intensity of Pyr(S1) was reduced to less 
than 5%. Further calculations and control experiments revealed 
that the majority of the Pyr(T1) is consumed by electron transfer 
with [Ru(bpy)3]+ while only minor proportion (<5%) undergoes 
triplet-triplet energy transfer to form Pyr(S1) or other non-radiative 
processes. Taken together, these results allowed to unravel the 
reaction mechanism depicted in Figure 5.  

 
Figure 5. Proposed sensitization-initiated electron transfer mechanism showing 
the formation of both Pyr(T1) and [Ru(bpy)3]+ by visible light absorption, and 
subsequent formation of Pyr•– proposed by Moore and co-workers.[9ad] SET 
stands for “single electron transfer” and EnT stands for “energy transfer”. 

Recently, Swierk and co-workers reported a complete 
mechanistic investigation of a photoinduced a-aminoarylation 
reaction by combining steady-state photochemical and transient 
absorption spectroscopy. 1,4-dicyanobenzene (DCB) was 
coupled to N-phenylpyrrolidine (NPP) to generate 4-(1-phenyl-2-
pyrrolidinyl)benzonitrile using [Ir(ppy)3] as the photosensitizer and 
NaOAc as a base.[23] The electron transfer step between DCB and 
[Ir(ppy)3] was firstly investigated by Stern-Volmer analysis which 
yielded a quenching rate constant kq = 2.2 x 109 M–1 s–1. Using 
transient absorption spectroscopy, the initial spectra (100 ns after 
laser pulse) presented positive features at wavelengths longer 
than 460 nm and a bleach centered at 380 nm that were assigned 
to the formation of Ir(IV). Another new positive absorption at 430 
nm was this time attributed to DCB•–. At time scale longer than 1 
µs, changes in the transient spectra (new absorption at 860 nm, 
bleach at 380 nm and a blue shift of the absorption feature at 600 
nm) were pointing toward the formation of a new species. This 
was ascribed to the formation of a DCB dimer formulated as 
(DCB)2•– and confirmed by spectroelectrochemistry at high 
concentration of DCB. 
A kinetic model was developed to understand the reaction 
between [Ir(ppy)3], DCB and (DCB)2•–. This model included 
several steps, such as the back electron transfer between Ir(IV) 
and DCB•– (krecomb), pairing of DCB and DCB•– (kpair), and electron 
transfer between Ir(IV) and (DCB)2•– (krecomb2). This model was 
then used to fit the single wavelength absorption changes 
recorded at characteristic wavelengths. A recombination rate 
constant, krecomb = 5.4 x 109 M–1 s–1, was calculated and points 
towards a diffusion-controlled process. Nevertheless, given the 
low concentration of Ir(IV) and DCB•–, it was proposed that the 
preponderant pathways was the reaction between DCB•– and 
excess DCB to form (DCB)2•– with a rate constant of 1.1 x 106 M–

1s–1. Back electron transfer then took place between Ir(IV) and 
(DCB)2•– with krecomb2 = 6.0 x 109 M–1s–1.  
NPP was then added to the reaction mixture. On short time scale 
the transient spectra were completely different with a broad 
absorption from 400-600 nm with a sharp peak at 440 nm as well 
as a slight increase in the near-IR region. The broad 400-600 nm 
absorption was assigned to the formation of NPP•+ and the peak 
at 440 nm to DCB•–. No features could be ascribed to the Ir 
photosensitizer, which suggest that oxidation of NPP is completed 
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within 100 ns. A minimum value of kox of 4 x 108 M–1s–1 was then 
determined using a kinetic modelling. After 10 µs, drastic changes 
in the transient absorption spectra were observed which agreed 
with the formation of an alkane radical.[24] 
Single wavelengths absorption changes confirmed the formation 
of a new species on a 10-100 µs timescale which decayed on the 
millisecond timescale. Here again, the kinetic model developed in 
their study was further developed to include the deprotonation of 
NPP•+ (kdeprot) and the coupling of NPP• and (DCB)2•– (kcouple). 
Unproductive pathways, such as the electron transfer between 
NPP•+ and DCB•– (krad recomb) and (DCB)2•– were also considered 
to gain a complete mechanistic view of this photoactivated a-
aminoarylation reaction (Figure 6). It should be emphasized that 
the determination of kinetic rate constant requires these 

experiments to be carried out at several concentrations of 
individual reactants. 
Besides electron transfer, photocatalytic processes can also 
occur via energy transfer mechanisms. For energy transfer, two 
very different interactions can be involved. Both electron 
exchange (orbitals overlap – Dexter type) and dipole-dipole 
interactions (dipole fields overlap – Förster type) may offer access 
to an excited state active species through photosensitization from 
photo-excited chromophores. While electrons transfer requires a 
thermodynamic match between the redox potential of the donor 
and the acceptor, the energy transfer process efficiency mostly 
depends on optimization of spectral or molecular orbital overlap, 
according to the associated energy transfer mechanism, i.e. 
Förster or Dexter energy transfer.[25] 
 

 

Figure 6. Mechanism for the a-aminoarylation reaction between N-phenylpyrrolidine (NPP) and 1,4-dicyanobenzene (DCB) as proposed by Swierk and co-
workers.[23] Catalytically unproductive pathways are represented with orange arrows. 

In this context, MacMillan and co-workers reported the coupling 
of carboxylic acid with aryl halide to form O-aryl ester products 
using a dtbbpy-Ni(0) complex as the coupling catalyst, [Ir(ppy)3] 
as the photosensitizer and tert-butyl-isopropylamine as the base. 
The proposed catalytic cycle started with the oxidative addition of 
aryl halide to the Ni(0) complex to generate a Ni(II)(aryl) species 
that could rapidly coordinate a carboxylate nucleophile to yield a 
Ni(II)(aryl) carboxylate species. At this stage, a triplet-triplet 
energy transfer step from the excited photosensitizer to the Ni(II) 
species was proposed to induce the reductive elimination and 
generate the O-aryl ester product. This energy transfer 
mechanism was supported by the correlation between the 
catalytic reaction yield and the triplet energy of Ir(III) complexes 
and an anticorrelation with the oxidizing power of different Ir(III) 
based photocatalyst.[26]. In order to confirm that the reductive 
elimination step was induced by triplet-triplet energy transfer, 
Scholes and co-workers deciphered the mechanism of an 
iridium/nickel-catalyzed C–O cross-coupling reaction from time-

resolved spectroscopic and transient absorption studies.[27] Time-
resolved Stern-Volmer quenching experiment between [Ir(ppy)3] 
and a Ni(II)(Ar) acetate complex yielded a quenching rate 
constant kq = 1.77 x109 M–1s–1. The mechanism of excited-state 
quenching was then studied by transient absorption spectroscopy 
as both photoinduced electron transfer and energy transfer could 
be operative. On the one hand, electron transfer would lead to the 
formation of the corresponding Ir(IV)/Ni(I) (oxidative electron 
transfer) or Ir(II)/Ni(III) (reductive electron transfer) species. On 
the other hand, energy transfer would lead to the ground-state 
Ir(III) photosensitizer and the formation of the photoexcited Ni(II) 
catalyst. Pulsed light excitation at 400 nm led to the concomitant 
formation of excited Ir and Ni species due to their overlapping 
absorption features. The short excited-state lifetime of the Ni 
complex (t = 4.22 ns) did not lead to any quenching processes.  
Absorption changes corresponding to [Ir(ppy)3]* (ground-state 
bleach at 410 nm and absorbance at 520 nm) were recorded at 
timescale longer than the decay of the excited Ni complex. 

CN

CN

CN

CN

•
–

CN

CN

CN

CN
2

• –

krecomb = 5.4 (± 0.7) x109 M–1s–1

krecomb2 = 6.0 (± 0.6) x109 M–1s–1

2

N

N

N

IrIV

*

N

N

N

IrIII
N

N

N

IrIV

• +

CN

CN
CN

CN

•
–

kquench = 2.2 x109 M–1s–1

N
Ph

N
Ph

•+
kdeprot = 8 (± 2) x105 M–1s–1

-H+

N
Ph

•

kox = >4 x108 M–1s–1

N
Ph

•+

krad recomb = 1.0 (± 0.2) x1010 M–1s–1

CN

CN
2

• –

N
Ph

CN

CN

kpair = 1.1 (± 0.1) x106 M–1s–1

krad recomb2 = 1.4 (± 0.6) x109 M–1s–1 N
Ph

CN

CN

N
Ph

•+

2

kcouple = 2.5 (± 0.3) x1010 M–1s–1

CN

CN
NC

N
Ph

NC

N
Ph

CN

–



CONCEPT 

8 
 

Excited state population dynamics showed that [Ir(ppy)3]* 
decayed to the ground state on the microsecond time scale 
(Figure 7). The quenching rate constant, kq = 1.70 x109 M–1 s–1, 
for the excited-state energy transfer from [Ir(ppy)3]* to Ni(II)(Ar) 
acetate was then extracted from decay data using different 
concentrations of Ni(II)(Ar) acetate. This value is consistent with 
the one determined by classical time-resolved Stern-Volmer 
analysis. The role of tert-butyl-isopropylamine base used in the 
reaction was also assessed due to its potential role as hole-
electron transfer relay between [Ir(ppy)3]* and the Ni(II)(Ar) 

acetate. To investigate this possibility, transient absorption 
spectroscopy was performed in the presence of the three 
components and minimal changes were observed for the lifetime 
of [Ir(ppy)3] compared to the mixture without the amine, pointing 
towards the dominant role of Ni(II)(Ar) acetate reacting with the 
Ir(III) excited state (Figure 7). The proposed reaction mechanism 
implies then that energy transfer occurs from [Ir(ppy)3]* and 
generates the ground-state [Ir(ppy)3], concomitantly producing a 
spectroscopically silent triplet excited state of Ni(II) accounting for 
the correlated lifetime decay and the lack of new signals.  

 

 

Figure 7. (a) Stern-Volmer plot for the quenching of [Ir(ppy)3]* by Ni(II)(Ar) acetate (black) and tert-butyl-isopropyl amine (red). (b) Temporal evolution of 
photoinduced dynamics of a mixture of the [Ir(ppy)3] and Ni(II)(Ar) acetate in DMF, lexc = 400 nm. (c) Single-wavelength traces of the corresponding mixtures in (b) 
at 410 nm (t = 0.93(0.02) µs) and 520 nm (t = 1.00(0.01) µs). (d) Proposed mechanism for the C–O cross-coupling reaction. (e) Temporal evolution of photoinduced 
dynamics of a mixture of [Ir(ppy)3], Ni(II)(Ar) acetate and tert-butyl-isopropyl amine in DMF, lexc = 400 nm. (f) Single-wavelength traces of the corresponding mixture 
in (e) at 410 nm (t = 0.94(0.04) µs) and 520 nm (t = 1.03(0.01) µs). Adapted with permission from reference[27]. Copyright 2020 American Chemical Society. 

Recently, a Fe(III) photosensitizer, [Fe(phtmeimb)2]+, first 
reported by Wärnmark et al., was used to perform visible light 
dehalogenation reaction of 4-bromobenzyl 2-chloro-2-
phenylacetate.[9b] As this example gathers the use of several 
spectroscopic techniques, we sought to develop it throughout this 
concept article. The green-light induced dehalogenation reaction 
was shown to operate efficiently in dichloromethane, but the 
dehalogenation yields dropped significantly when acetonitrile or 
DMF were used. It was shown by nanosecond transient 
absorption spectroscopy that this drop in yield was due to a 
significant drop in cage-escape yields. Indeed, cage escape 
yields measured by comparative actinometry in DMF and CH3CN 
were less than 7% but reached higher values (between 36% and 
63% depending on the quencher) in CH2Cl2. This difference in the 
formation of separated charged species was observed despite the 
very similar excited-state quenching rate constants in all three 
solvents.[9b] These results were in line with the low cage escape 
yield (5%) reported by Wärnmark et al. for both N-phenylamine 
electron donor and methyl-viologen electron acceptor in 

CH3CN.[9y] They were also consistent with those reported by 
Persson et al., in which electron transfer between DMA and PS* 
only resulted in observable photoproducts at very large DMA 
concentration (>500 mM), attributed to ultrafast spin-allowed 
geminate charge recombination between the reduced PS and 
oxidized DMA (~ 0.2 ps).[9z]  
UV-Visible transient absorption spectroscopy for photoredox 
catalysis application is most often performed on the nanosecond 
to second timescale as these processes often rely on diffusion 
processes. It is however also possible to perform similar transient 
absorption measurements on the femtosecond timescale. This 
allows the investigation of ultrafast photoinduced processes 
occurring in the excited electronic states. Information on 
elementary processes such as solvation, chemical reaction, 
conformational change, excitonic energy or electron transfer in 
solution can also be probed by this powerful technique. The 
measurement consists in a series of differential spectra spanning 
time delays from several femtoseconds to a few nanoseconds 
after the trigger by the visible-light pump.[28]  
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In the case of the Fe(III) photosensitizer, femtosecond transient 
absorption was used to confirm that the use of CH2Cl2 led to large 
photoproducts yields and to a decrease in the rate constant for 
geminate charge recombination within the solvent cage. 
Femtosecond transient absorption spectroscopy was performed 
using CH3CN or CH2Cl2 and N,N-dimethylaniline (DMA) as the 
electron donor (Figure 8). In CH2Cl2 the LMCT excited state 
decayed concomitantly to the formation of charge separated 
species, confirming the electron-transfer nature of the excited-
state quenching of [Fe(phtmeimb)2]+* by the amine and yielding 
the corresponding electron transfer rate constant, ket = 2.30 x1010 
M–1s–1. The spectral signature of the charge separated state 
corresponded to those recorded by nanosecond transient 
absorption spectroscopy. In CH3CN, the formation of such charge 
separated species was not observed. This was consistent with the 
low yield of charge separated products measured on the 
nanosecond time scale. The experiments indicate that the visible-
light-mediated dehalogenation catalysis would be more efficient 
in dichloromethane compared to solvents of higher polarity and 
led to the optimization of the photoredox catalysis experimental 
conditions. Indeed, when the dehalogenation reaction was 
performed in CH2Cl2 in optimized catalytic conditions, 87% 
isolated yield was obtained for the photoredox catalytic process, 
whereas the yields decreased to 15%, 7%, 30% and 31% in 
acetone, BuCN, CH3CN, and DMF respectively. The iron 
photosensitizer could be recycled with 88% yield after the 
photoreaction.  

 

Figure 8. (a) Nanosecond transient changes recorded after pulsed 532 nm laser 
excitation in argon saturated CH2Cl2. Absorption changes were modelled (solid 
line) as a 1:1 sum of the reduced [Fe(phtmeimb)2]+ and oxidized quencher 
spectra obtained by spectroelectrochemistry. (b) Cage-escape yields for DMA 
(green), DMT (orange), and TTA (purple) in CH2Cl2 (circle), CH3CN (square), 
and DMF (crossed square). (c,d) Femtosecond transient absorption changes 
recorded under argon after pulsed 500 nm laser excitation of [Fe(phtmeimb)2]+ 
in the presence of 0.35 M DMA in CH2Cl2 (c) and in CH3CN (d). Reprinted with 
permission from reference[9b]. Copyright 2021 American Chemical Society. 

Cage-escape yields were already studied in the literature,[9a-ai] 
but this report on the fact that cage-escape yields may impact 
reaction yields sparked a renewed interest in factors governing 
these cage-escape processes. Recently, we investigated the 
cage-escape yields of a series of inorganic photosensitizers with 

aryl-diazonium electron acceptors. We hypothesized that such 
compounds, which are known to irreversibly generate inert N2 gas 
upon one electron reduction, would lead to increased fCE by 
hindering back electron transfer processes within solvent cage.[9c] 
This hypothesis turned out to be incorrect but allowed to estimate 
that the dissociation of the aryl-diazonium to release N2 and the 
corresponding radical occurred on the short nanosecond 
timescale (less than 10 ns). The fCE were determined for 
[Os(bpy)3]2+, [Ru(bpy)3]2+, [Ir((dFCF3)ppy)2(dtb)]+, [Ir(ppy)2(dtb)]+ 
and [Ir(ppy)3] with a series of aryl diazonium by using [Ru(bpy)3]2+ 
as actinometer. For [Os(bpy)3]2+ and [Ru(bpy)3]2+, the cage-
escape yield increases from 18% to 98% along with the increasing 
driving force for electron transfer. For the iridium photosensitizers, 
fCE using 4-MeO-benzene diazonium were between 43% and 
61% and reached value of 100% when the driving force was 
increased. 

4. Time Resolved Infrared Spectroscopy 

4.1. Technique overview 
Time-resolved infrared (TRIR) spectroscopy is similar to transient 
absorption spectroscopy as changes in the IR region are 
monitored after UV-visible pulsed light excitation. This technique 
is particularly suited for the study of organic molecules bearing 
substituent that have clear IR signatures. In TRIR spectroscopy, 
the reaction is first optically triggered and then followed in time by 
sending in a broadband IR pulse and acquiring the corresponding 
IR spectra at different time delays to deduce the reaction 
dynamics. The intensity decay and rise of vibrational bands or the 
appearance of new IR bands gives information on the decay of 
reactants and formation of products. One of the main limitations 
of TRIR lies in the choice of solvent that also exhibit IR absorption 
features which can mask those of the substrate (for example, D2O 
can be used as solvent instead of H2O if it absorbs too strongly in 
the IR investigated region).[29] Other limitations, as will be 
presented herein, lie in the excited-state lifetime of the sensitizer 
and the cage-escape yields.  
 

4.2. Selected examples from the literature 
[Fe(phtmeimb)2]+ was investigated as PS in a benchmark 
dehalogenation reaction of 4-bromobenzyl-2-chloro-2-
phenylacetate[9b] as reported by Stephenson et al. using 
[Ru(bpy)3]2+.[30] The step involving excited-state electron transfer 
from the quencher to the excited PS was previously described by 
nanosecond and femtosecond UV-Visible transient absorption 
spectroscopy. The reaction could be monitored by TRIR when 
dimethylaniline (DMA) was used as a quencher but not when 
triethylamine (TEA) was used. This is due to a combination of the 
short excited-state lifetime of [Fe(phtmeimb)2]+* in combination to 
the moderate cage-escape yields obtained with TEA (0.21 ±0.05) 
compared to the one determined with DMA (0.60 ±0.09). When 
[Ru(bpy)3]2+ was used, the reaction with TEA could also be 
studied due to the longer excited-state lifetime, even with a low 
cage-escape yield. However, clear indications of ligand-loss 
chemistry were observed that is problematic for mechanistic 
investigations or for catalyst recyclability. 
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Figure 9. TRIR studies of the photo-initiated redox reactions. The following notation is used: 1 = [Fe(phtmeimb)2]+, HE = Hantzsch Ester, dHE = dehydrogenated 
HE, 2a = 4-bromobenzyl-2-chloro-2-phenylacetate, 2b =  = 4-bromobenzyl-2-phenylacetate, DMA = N,N-dimethylaniline, TMB = N,N,N’,N’-tetramethylbenzidine. (a) 
Fourier transform infrared (FTIR) spectra of the relevant substrates. TRIR absorption changes measured after a pulsed 500 nm laser excitation of solution mixtures 
containing (b) [1+] = 3 mM, [DMA] = 1 M, [2a] = 30 mM; and (c) [1+] = 3 mM, [DMA] = 1 M, [HE] = 30 mM. (d) Differential absorption changes expected for substrate 
transformations 2b → 2a and dHE → HE. (E) TRIR absorption changes measured after a pulsed 500 nm laser excitation of a solution mixture containing [1+] = 3 
mM, [DMA] = 1 M, [HE] = 30 mM, [2a] = 30 mM. (f) Kinetic traces measured at the indicated wavenumbers that report on HE• and 2b formations. (g, h) Plots of the 
measured kinetic rate constants as a function of the indicated substrate concentrations. Overlaid to experimental data points are linear fits from which second-order 
rate constants were extracted. (i) Simulated time dependent concentrations of the indicated reaction components based on experimentally determined kinetic 
parameters. Reprinted with permission from reference[9b]. Copyright 2021 American Chemical Society.

As the first light-induced step was confirmed by transient 
absorption spectroscopy to occur via excited-state electron 
transfer, the subsequent electron transfer steps occurring from 
the mono-reduced photosensitizer could be investigated by TRIR. 
Electron transfer from the monoreduced PS to 4-bromobenzyl-2-
chloro-2phenylacetate occurred with a rate constant of 1.6 x108 
M–1 s–1, which irreversibly induced heterolytic C–Cl bond breaking 
to yield the corresponding radical and (presumably) Cl–. The 
dimerization of the sacrificial DMA electron donor was studied in 
details by Bard et al., and occurred with a rate constant of 2.5 x108 
M–1s–1 in CH3CN.[31] TRIR also provided evidence for a hydrogen 
atom transfer side reaction between Hantzsch ester and DMA•. 
This allowed to rationalize why slight excess of Hantzsch ester 
were needed for the reaction to go to completion.   
TRIR experiments in conditions used for photoredox catalysis are 
shown in Figures 9B-E. The collective interpretation of the 
findings obtained from TRIR indicate that the overall 
photocatalytic process is dominated by two kinetically competing 
reaction equilibria (steps 3 and 4) that consume Hantzsch ester 
(Figure 10). Thankfully, the dimerization process of the DMA• to 
form TMB coupled to the conversion of HE• to dHE are two 
irreversible processes that drive the equilibria in the catalytic cycle 
towards the desired dehalogenated final product. 
The reaction dynamics of the photoredox catalytic cycle shown in 
Figure 9F-H were simulated from numerical solutions of the 
coupled differential equations that describe the time dependent 
concentrations of all reaction components observed from the 
TRIR experiments. These simulations are shown in Figure 9I for 
the indicated reaction components. The biphasic formation of HE•, 

as described in steps 3 and 4 of the cycle in Figure 10, is readily 
observed. The bimolecular and concentration dependent kinetics 
for consumption of HE• and dimerization of DMA•+ largely control 
the final formation of dHE relative to phenylacetate product. In fact, 
the kinetic analysis in Figure 9I shows that dHE is formed in the 
presence of an excess of 1.3 times compared to dehalogenated 
product, a result that compares well with steady-state 
photoreaction experiments that required excess amounts of HE to 
ensure complete conversion of 4-bromobenzyl-2-chloro-2-
phenylacetate. 
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Figure 10. Proposed mechanism for the visible-light mediated dehalogenation 
of 2a to 2b in CH2Cl2 using [Fe(phtmeimb)2]+ as photosensitizer in the presence 
of DMA as a sacrificial electron donor and HE.[9b]  

Another relevant example lies in the photosensitized 
dehalogenation/cyclization of dimethyl 2-bromo-2-(pent-4-en-1-
yl)malonate (malonate-Br) using [Ru(bpy)3]2+ and 
[Fe(phtmeimb)2]+ as the photosensitizers.[9a] In experiments 
performed using conditions relevant to photoredox catalysis, 
pulsed light excitation of a solution containing [Ru(bpy)3]2+, TEA 
and malonate-Br resulted in absorption changes that were 
consistent with the consumption of malonate-Br, as evidenced by 
the bleach at 1744 cm–1, and the formation of a cyclic product, as 
evidenced by a slower growth of a positive absorption change 
around 1728 cm–1 (Figure 11). The close resemblance of the IR 

spectra of both cyclic compounds precluded any critical 
differentiation of the formed products from TRIR experiments.  
Overall, kinetic studies using [Ru(bpy)3]2+ were conducted in key 
spectral regions and analyzed under pseudo-first order conditions 
relative to the concentration of malonate-Br substrate, Figure 11. 
The kinetics measured were complex and globally treated with a 
tri-exponential model tentatively assigned to three sequential 
steps in the catalytic cycle: 1) electron transfer from PS– to 
malonate-Br, 2) cyclization of linear-malonate• to form cyclic•, and 
3) bromine atom transfer from malonate-Br to cyclic• to give the 
final product cyclic-Br. 
These assignments were substantiated by the fact that rates 
measured in 1) and 3) were first-order in [malonate-Br] while the 
rate constants measured for 2) were concentration independent 
suggestive of an intramolecular chemical step. A second-order 
rate constant of 1.5 x108 M–1s–1 was obtained for electron transfer 
from the monoreduced [Ru(bpy)3]+ to malonate-Br, with the 
intramolecular cyclization step occurring with a rate constant of 
1.5 x105 s–1. The final step that produces cyclic-Br is slow with 
bromine atom transfer from malonate-Br to cyclic• occurring with 
a rate constant of 3.6 x106 M–1s–1. Kinetic analysis conducted with 
[Fe(phtmeimb)2]+ and DMA as the electron donor showed 
monophasic behavior that was first-order in [malonate-Br] with a 
second-order rate constant of 2.3 x108 M–1s–1 obtained for the 
electron transfer from monoreduced [Fe(phtmeimb)2] to malonate-
Br. 
Taken altogether, the data presented herein allowed to propose a 
plausible mechanism for the two photosensitizers (Figure 12). 
Light excitation of the PS yields an excited-state that is reductively 
quenched by triethylamine, [PS*,TEA] → [PS–,TEA•+]. The 
reduced photosensitizer transferred an electron to malonate-Br, 
which induced heterolytic C–Br bond breaking to yield the linear-
malonate• radical.  

 

Figure 11. The following notation is used: PS = Ru(bpy)3]2+, 1 =  dimethyl 2-bromo-2-(pent-4-en-1-yl)malonate, 2• = radical of dehalogenated 1, 3 = cyclic-Br product 
4 = cyclic product (see figure 11). Absorption changes following pulsed 532 nm excitation of [Ru(bpy)3]2+ monitored at (a) 1728 cm–1 and (b) 1744 cm–1 with the 
indicated concentration of [malonate-Br] in CH2Cl2. (c) Pseudo first-order observed rate constants rates extracted from data in a) and (b) plotted against [malonate-
Br]; the corresponding reaction chemistries are indicated for each dataset. (d) Absorption changes measured at 1728 cm–1 for [Fe(phtmeimb)2]+ following pulsed 
532 nm laser excitation at the indicated concentration of 1. (e) Pseudo first-order observed rate constants rates extracted from data in d) plotted against the 
concentration of 1. Reproduced from reference [9a] with permission from the Royal Society of Chemistry.  
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Figure 12. Proposed mechanism for the visible-light mediated dehalogenation 
of malonate-Br.[9a] 

5. X-Ray Transient Absorption 
Spectroscopy 

5.1. Technique overview 
X-ray transient absorption spectroscopy (XTAS) follows the same 
pump-probe scheme than classical transient absorption 
spectroscopy, using a laser pulse to trigger the formation of a 
transient species and a time delayed X-ray pulse to probe the 
transient electronic and geometric structures around X-ray 
absorbing atoms. XTAS is based on the steady-state X-ray 
absorption spectroscopy (XAS), including X-ray absorption near 
edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS). The main difference between classical 
transient absorption spectroscopy and XTAS lies in the fact that 
the pump and the probe pulse induce two different absorption 
processes that are not coupled coherently due to their high photon 
energy difference (~2 eV for the laser pulse and ~7 keV for the X-
ray probe).[32] The inner shell to valence orbital transitions induced 
by highly energetic X-ray photons provides a new sets of 
electronic transitions correlated with electronic configurations of 
X-ray absorbing atoms. During photoredox catalysis, transition 
metals centers undergo oxidation, spin state and chemical 
environment changes in which electronic configurations of frontier 
orbitals are altered. Such changes frequently lack distinct features 
in the visible light region or are masked by strong electronic 
transitions such as ligands centered p to p* transition. Moreover, 
as the atomic ionization energy (energy required to remove an 
electron from an atom) depends on the atomic number, XTAS 
allows the specific analysis of an element, which renders XTAS a 
powerful method to identify electronic configurational changes at 
specific metal centers induced by visible-light excitation.[33] This 
powerful technique allowed to study the excited state structure of 
light-absorbing molecules[34] as well as to decipher the 
mechanisms and kinetics of photoinduced CO2 reduction[35], 
water oxidation[36] and reduction[37] and organic synthetic[38] 
processes. 
 

5.2. Selected examples from the literature 
In their study of a light-induced hydrogen evolution reaction 
catalyzed by a tetradentate macrocyclic cobalt complex 
[LCoIIICl2]+, photosensitized by [Ru(bpy)3]2+ in the presence of an 
equimolar mixture of sodium ascorbate/ascorbic acid in pure 
water, Southworth and co-workers used XTAS at the Co K-edge 

to follow the dynamic processes of the full catalytic cycle, using 
the element selectivity of XTAS to monitor changes related to the 
cobalt species without any contributions from [Ru(bpy)3]2+ or 
organic compounds.[39]  
In this system, a spontaneous “dark” reduction from Co(III) to 
Co(II) is performed using sodium ascorbate.[40] This “dark” 
process was confirmed by XAS analysis of a mixture of [LCoIIICl2]+ 
and H2Asc/NaHAsc, showing the expected energy shift in the 
XANES region when compared to the Co(III) complex.  
XTAS of the catalytic mixture in water showed the formation and 
decay of at least two different cobalt species in the nanosecond 
to microsecond time scale (Figure 13A-B). After visible light 
excitation, a reduced species is formed within a few nanoseconds 
with a peak at 7714 eV in the differential spectrum, pointing 
towards the formation of a Co(I) complex. This reduced species 
has a lifetime of 1.75 µs as determined from the kinetic trace 
obtained at different time delays (Figure 13C). In order to identify 
the structure of this reduced complex, XANES spectra of different 
Co(I) models were simulated and used to calculate the difference 
spectrum by subtraction with the Co(II) square pyramidal 
spectrum. Molecular orbital DFT calculations for a Co(I) square 
planar geometry reproduced well the pre-edge peak characteristic 
of the Co(I) at 7714 eV. As the simulated spectra finely matched 
the experimental one, it was concluded that the probable 
geometry for the reduced species formed after laser excitation 
was a Co(I) square planar complex.  

 
Figure 13. Co K-edge X-ray transient absorption spectra of an aqueous mixture 
containing [LCoIIICl2]+ (6 mM), [Ru(bpy)3]2+ (30 mM) and H2Asc/NaHAsc (1:1, 
214 mM). (a) Stacked spectra corresponding to a series of time delays between 
laser and X-ray pulses. These measurements were carried out for a range of 
averaged time delays from 0 to 25 μs. Each transient signal represents an 
average of a set of delays over 459 ns. (b) Selected transient spectra showing 
the Co(I) decay and Co(III) formation in the 1.15 μs (magenta) and 5.28 μs (blue) 
time delays. In black, the inverse of the transient spectrum obtained for binary 
mixtures [LCoIIICl2]+/[Ru(bpy)3]2+ corresponding to the Co(III) to Co(II) 
transformation. (c) X-ray kinetics taken at 7713.9 eV of a ternary mixture 
[LCoIIICl2]+/[Ru(bpy)3]2+/Asc, corresponding to the decay of the Co(I) 
photoinduced species (red dots) with the corresponding kinetics fitting (black 
solid line). (d) X-ray kinetics taken at 7732.9 eV of a ternary mixture 
[LCoIIICl2]+/[Ru(bpy)3]2+/Asc, corresponding to the formation and decay of the 
Co(III) photoinduced species (red dots) with the corresponding kinetics fitting 
(black solid line). The decay of the Co(I) species has been fitted using an 
exponential function. The rise and decay of the Co(III) species have been fitted 
by using a system of ordinary differential equations with three parameters: the 
rise rate, the decay rate, and the population of the excited transient Co(I) 
species. Reprinted with permission from reference [39]. Copyright 2016 American 
Chemical Society.  
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While the Co(I) intermediate decays in the measured transient 
spectra, a second oxidized species is formed, as showed by a 
broad band appearing in the energy range of 7720-7750 eV 
(Figure 13A). The formation of this intermediate has a rise time 
of 1.63 µs that correlates with the observed Co(I) lifetime of 1.75 
µs, indicating that both processes are linked to the same reaction 
step. Several mechanisms were considered. The first one 
involved the protonation of Co(I) to the corresponding Co(III) 
hydride that can yield hydrogen by reacting with a proton. 
Alternatively, the Co(III) hydride can produce hydrogen via a 
homolytic pathway through a reaction with a second equivalent of 
Co(III) hydride.[41] Another mechanism would involve the 
reduction of Co(III) hydride to the corresponding Co(II) hydride 
that can react according to the two above-mentioned mechanisms. 
Simulation of XANES spectra of the possible Co(II) and Co(III) 
hydride species was performed. A comparison with experimental 
spectra indicated that the best agreement was found for the 
Co(III) octahedral geometry with two aqua axial ligand 
[LCoIII(OH2)2]3+ formed at longer experimental times, pointing 
toward a mechanism for hydrogen production involving a Co(III) 
hydride species. It was proposed that the formation of the hydride 
intermediate was the rate determining step and that this species 
could then rapidly react with a proton to form H2 and regenerate 
the starting [LCoIII(OH2)2]3+ within a timescale of <2 µs. 

6. Laser Pulse Radiolysis 

6.1. Technique overview 
Laser pulse radiolysis (PR) utilizes short and intense pulses of 
ionizing radiation (photolysis) or of MeV electron pulses 
(radiolysis) that induce solvent ionization. The ionized solvent is 
then able to perform electron or hole transfer to the solutes of 
interest. This is coupled to time resolved absorption spectroscopy 
of the generated oxidized or reduced transient species. The 
technique thus combines the precision of ultrafast laser 
technology with the insights of radiolysis to investigate the 
dynamics of radiation-induced chemical processes. This 
approach allows to probe the intricate details of chemical 
reactions occurring on ultrafast timescales and was involved in 
various fields such as photoredox chemistry and molecular 
biology.[42] 
A typical PR setup (Figure 14) consists of three main 
components: a radiation source, a laser system, and a detection 
system. The radiation source, often a pulsed electron beam or a 
gamma-ray source, generates a burst of ionizing radiation. The 
laser system produces a train of micro- or nanosecond laser 
pulses, which can be tuned to match the temporal profile of the 
radiation burst. The detection system, typically a time-resolved 
spectroscopic setup, captures the changes in the chemical 
system induced by the radiation and laser pulses.[42a] In chemistry, 
it has been used to study the dynamics of short radical reactions, 
electron transfer processes, and chemical kinetics.[43] Notably, the 
technique allowed the first observation of femtosecond solvation 
dynamics of hydrated electrons in water, which was achieved in 
1987 by Migus et al..[44] The technique has also been employed 

to investigate the behavior of biological molecules, such as DNA, 
proteins, and antioxidants, under radiation-induced conditions.[45] 
The main advantage of femtosecond PR lies in its ability to 
capture even ultrafast chemical events with high temporal 
resolution (pico- to femtosecond timescale can be reached), 
enabling the observation of short-lived intermediates and 
transient species. Additionally, the technique offers a non-
invasive and controlled approach to study radiation-induced 
chemical processes. However, challenges remain in terms of data 
analysis, signal-to-noise ratio, and the need for sophisticated 
experimental setups. A limitation lies in the choice of solvent that 
might undergo photochemical or radiolytic decomposition upon 
exposure to the intense laser radiation, producing additional 
reactive species that can interfere with the desired reactions. Most 
of the studies are performed in water, dimethylsulfoxide or 
acetonitrile. [42a] 

 

Figure 14. Laser pulse radiolysis setup. Reprinted with permission from 
reference [45b]. Copyright 2019 American Chemical Society.  

6.2. Selected examples from the literature  
In a recent study reported by Bird, MacMillan and co-workers, PR 
was used in combination with spectroelectrochemistry to 
generate and identify low-valent nickel intermediates relevant to 
dual Ir/Ni-photocatalyzed cross-coupling reactions.[46] Indeed, the 
initial step in most of these reactions involves an electron transfer 
from the Ir(III)* photocatalyst to the Ni(II) precatalyst (for example, 
((dtbbpy)NiBr2). Nevertheless, uncertainty persisted regarding the 
specific Ni species participating in the catalytic cycle. Examining 
the electrochemical reduction of (dtbbpy)NiBr2 led to an 
irreversible process and subsequent chemistry due to a two-
electron reduction. As a result, an alternative method was 
required.[47] The use of PR appeared to be relevant to generate 
and spectroscopically investigate Ni(I) intermediates. The 
recorded absorption spectra using a 9 MeV Laser Electron 
Accelerator Facility (the LEAF)[48] were very close to those 
obtained under electrolytic and synthetic condition (Figure 15C). 
The technique then allowed the observation of a rapid 
comproportionation process between Ni(0) and Ni(II) under 
synthetically relevant electrolysis conditions to generate 
bipyridine-ligated Ni(I). 
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Figure 15. Normalized ∆A/A data for [(tpy)NiBe] generated by electrolysis (Eapp = –750 mV vs SCE) (A), Stoichiometric synthesis (B) and pulse radiolysis (t = 100 
ns) (C). Spectral evolution for Ni(I) signal in the presence of ethyl 4-iodobenzoate (500 mM) (D) and Hammett correlation demonstrating oxidative addition rate 
sensitivity to aryl iodide electronics (E). Adapted with permission from reference [46]. Copyright 2021 American Chemical Society. 

Essentially, PR allowed for the direct observation and 
characterization of the Ni(I) species, providing valuable insights 
into their structure, reactivity, and electron transfer processes. 
The study therefore provided direct measurements of Ni(I) 
oxidative addition rates with electronically differentiated aryl 
iodide electrophiles, highlighting the significance of this 
organometallic step in nickel-catalyzed cross-coupling reactions. 
Various electronically differentiated 4-substituted aryl iodide 
derivatives were examined by pulse radiolysis which allowed to 
monitor the spectral changes associated with the decay of the 
Ni(I) species. Figure 15D displays the quenching of the Ni(I) 
signal when reacting with 4-iodobenzoate, one of the most 
reactive species of the series. A Hammett (σp) correlation clearly 
revealed the sensitivity of the oxidative addition rate to aryl iodide 
electronics. Indeed, plotting the ln(kOA/kOA(H)) vs σp for the 
different 4-substituted iodoarenes showed an 18-fold increase in 
rate over the studied range (σ=−0.27 to +0.66) of the oxidative 
addition rate (Figure 15E). 
The study also allowed to shine light on the factors influencing 
catalytic efficiency and selectivity by characterizing the short-lived 
Ni(I) species lifetimes, reaction kinetics, and stability, which are 
critical for understanding the underlying mechanisms of cross-
coupling reactions. Indeed, as presented in Figure 15F, the 
transiently generated [(dtbbpy)NiBr] complex reacts quickly with 
iodobenzene, while the dimeric form, [(dtbbpy)NiBr]2 appeared to 
be virtually unreactive. This was shown by monitoring the reaction 
between synthesized dimer and iodobenzene through 1H-NMR 
analysis. No conversion of iodobenzene was noticed which 
contrasts with the high reaction rate for the monomeric complex 
measured through pulse radiolysis (kOA= 2.2 (±0.3)×104M−1s−1).  
This may explain why high concentrations of low-valent Ni are 

thought to be deleterious for the reaction rate, given the kinetic 
favorability of dimer formation under such conditions. 
The ultrafast time resolution and high sensitivity of PR enabled 
the detection and analysis of transient species, offering a unique 
opportunity to study Ni(I) intermediates. Initiating the radiolysis 
process with precise timing allowed to explore the reaction 
kinetics for the determination of rate constants associated with 
various steps of the catalytic cycle, including ligand exchange, 
oxidative addition, and reductive elimination. This kinetic data 
aids in understanding the factors affecting reaction rates and 
designing more efficient catalytic systems. This provided 
mechanistic insights into the pathways and steps leading to the 
formation of desired coupling products.  

As presented in this example, PR holds a significant place 
in the field of radiation chemistry by providing a unique tool to 
investigate the dynamics of chemical reactions on ultrafast 
timescales. Its ability to capture transient species and elucidate 
reaction mechanisms has opened new avenues for 
understanding the fundamental processes induced by ionizing 
radiation. With continued advancements in ultrafast laser 
technology and data analysis techniques, PR holds great promise 
for future discoveries and applications in various scientific 
disciplines. 

7. Photo-CIDNP Spectroscopy 

7.1. Technique overview 
CIDNP, or Chemically Induced Dynamic Nuclear Polarization, is 
a phenomenon in which non-Boltzmann nuclear spin states are 
produced in thermal or photochemical reactions through 
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colligation, diffusion, or disproportionation of radical pairs. This 
effect was first observed independently in the late 1960s by 
Bargon, Fischer, Johnsen, Ward, and Lawler. Initially, the 
dynamic nuclear polarization aspect was explained by electron-
nuclear Overhauser effects, but later, Closs, Kaptein, and 
Oosterhoff proposed a radical pair mechanism that relied on 
electron-nuclear spin interactions to alter the recombination 
probability of radical pairs.[49] The reader is referred to literature 
for general and more comprehensive descriptions of the 
technique.[49-50] 
The basic processes involved in the production of photo-CIDNP 
are summarized in Figure 16 for a reductive quenching process. 
The photosensitizer (PS) is promoted to a singlet excited state 
(1PS*) by light absorption and reaches a triplet excited state 
(3PS*) via intersystem crossing. For Ru(II) polypyridine 
complexes, the quantum yield of intersystem crossing between 
the 1MLCT and 3MLCT excited states is 100 %. Reductive 
quenching of this triplet excited state yields a triplet radical pair, 
referred to as 3{P• – Q•+}, which separates into free radicals 
(escape radicals) unless a competing event occurs during its 
lifetime. In cyclic photoreactions, this event consists of triplet to 
singlet conversion followed by back electron transfer, yielding the 
so-called geminate recombination products, i.e. the diamagnetic 
parent compounds. The spin-orbit coupling is the primary cause 
of intersystem crossing, but this does not yield CIDNP. Hyperfine 
couplings may also induce triplet to singlet interconversion and 
this mechanism is responsible for nuclear spin-state sorting (also 
simply referred to as spin sorting). Accordingly, a fraction of the 
geminate recombination products and the corresponding amount 
of free radicals (escape radicals) are generated with equal but 
opposite nuclear polarizations, which are simply referred to as 
escape and geminate polarizations. Escape polarizations are 
carried out by paramagnetic species and are therefore rather 
short-lived. They are strongly reduced by nuclear relaxation 
before the diamagnetic parent compounds are finally recovered 
by random recombination.  

 
Figure 16. Basic processes involved in CIDNP production for a cyclic 
photoreaction for a reductive quenching process. PS stands for the 
photosensitizer and Q for the quencher. Proton transfer and self-exchange 
processes are not represented. Species generated with a non-Boltzmann 
nuclear spin state distribution are colored in magenta (escape polarization) or 
blue (geminate polarization). The spin sorting process is illustrated with nuclear 
polarization on PS. Besides, it is considered that fast paramagnetic nuclear 
relaxation annihilates the escape polarization before random recombination and, 
consequently, that no cancellation of the geminate polarization occurs. 
Polarization arising from so-called F-pairs, i.e., radical pairs formed by random 
reencounter of free radicals, is also ignored.[51] 

In contrast, geminate polarizations are carried out by diamagnetic 
species, which are characterized by much longer 1H longitudinal 
relaxation times. Hence, geminate polarizations that are produced 
on the 10–9-10–10 s timescale can be detected much later by NMR. 
As Boltzmann equilibrium at room temperature corresponds to 
almost equipopulated nuclear spin states, significant signal 
enhancements can be detected even though the spin sorting 
process is not very efficient. Photo-CIDNP enhancements can be 
positive or negative, depending on the sign of the hyperfine 
coupling constant notably, and can be observed for both the 
photosensitizer and the quencher.  
Geminate polarizations exhibit long relaxation times and can be 
easily detected using NMR, while escape polarizations are short-
lived and rapidly produce the parent compound by random 
recombination. The probability of a given radical pair to yield 
geminate or escape products depends on their nuclear spin state, 
which is influenced by the hyperfine coupling. The hyperfine 
coupling intersystem crossing (HF-ISC) favors the geminate 
pathway for one population of nuclear spin, the α state. The sign 
of observable photo-CIDNP enhancements is influenced by the 
hyperfine coupling constant, and these enhancements can be 
observed on either the photosensitizer or the quencher. A steady-
state photo-CIDNP setup is shown in Figure 17. It consists in 
performing classical NMR measurements using an optical fiber 
insert and a coaxial insert which allows the continuous irradiation 
of the sample during the acquisition of the NMR spectrum.   

 

Figure 17. Steady-state photo-CIDNP setup involving optical fiber insert. 
Reprinted with permission from reference [51b]. Copyright 2017 American 
Chemical Society.  

Most studies reported to date make use of photo-CIDNP as a tool 
to investigate the surface structure of proteins, protein folding as 
well as recognition processes and organic reaction 
mechanisms.[50a, 52] Of particular interest for this concept article is 
the use of photo-CIDNP to investigate electron transfer with 
transition metal complexes. There have only been a few reports 
of the use of this technique with reactions involving ruthenium(II) 
polypyridyl complexes, yet the atomic resolution provided by NMR 
spectroscopy makes it a very valuable and promising tool. [51a, b, 

53] 

7.2. Selected examples from the literature  
In a recent study, ruthenium(II) photosensitizers such as 
[Ru(TAP)2(phen)]2+, [Ru(TAP)3]2+ or [Ru(TAP)2(HAT)]2+, (where 
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phen is 1,10-phenanthroline, TAP is 1,4,5,8-
tetraazaphenanthrene and HAT is 1,4,5,8,9,12-
hexaazatriphenylene) were investigated for their visible light 
induced reactivity at various pHs with quenchers that include 
hydroquinone (H2Q), N-acetyl-tyrosine (N-Ac-Tyr) and guanosine 
5’-monophosphate (GMP). For [Ru(TAP)3]2+, it was shown that a 
photo-induced electron transfer was possible. At pH values 
greater than 5, excited-state electron transfer occurred primarily 
with the non-protonated form of the excited photosensitizer. For 
pH values > 7, photo-CIDNP effects were observed for the 
different quenchers, but not for the photosensitizer due to electron 
self-exchange that led to strong longitudinal relaxation 
enhancement which prevented the buildup of non-equilibrium 
magnetizations. Indeed, the absence of CIDNP enhancements 
does not always imply the absence of the generation of radicals 
as other factors can influence these enhancements.  
At acidic pH, GMP was protonated and became an inefficient 
quencher, which led to the disappearance of photo-CIDNP 
enhancements. Interestingly, the excited-state electron transfer 
still occurred at pH < 1 with H2Q or N-Ac-Tyr. This was very 
surprising as protonation of the excited-state would be expected 
at this pH, leading to a very short excited-state lifetime that would 
not compete with diffusional electron transfer. Clear difference in 
behavior could be observed for H2Q and N-Ac-Tyr at low pH. 
Indeed, for hydroquinone, the photo-CIDNP enhancements 
reached a maximum around pH 5 and then decrease to 
enhancements around 80% at pH <1. For N-Ac-Tyr, the photo-
CIDNP enhancements seemed quite constant for all values of pH 
< 5. For hydroquinone, experimental data confirmed that the 
excited-state electron transfer process was diffusion limited at pH 
~5. The decrease observed at lower pH values mostly stemmed 
from a decrease in overall photo-induced electron transfer 
quantum yield because of the shorter excited-state lifetime. For 
N-Ac-Tyr, two antagonistic effects were proposed. The decreased 
excited-state lifetime induced by protonation, which decreases 
the quenching efficiency, and the increased driving force, also 
induced by protonation, which enhances the quenching rate 
constant toward the diffusion limit.  
Most of the photo-CIDNP enhancements on [Ru(TAP)3]2+ were 
observed on the H-2,7 positions, independently on protonation. 
These positions were also identified by DFT calculations as those 
exhibiting the largest electron-spin density. However, protonation 
became a very important aspect when considering the excited-
state reactivity of [Ru(TAP)2(HAT)]2+, with hydroquinone, N-Ac-
Tyr and GMP. This photosensitizer contains non-equivalent 
protonation sites. At pH ~5, photo-CIDNP enhancements are 
primarily observed on the HAT H-2,7 position and, to a lesser 
extent, on the TAP H-2, 7 positions as displayed in Figure 18. 

 

Figure 18. Regions of 1H NMR spectra showing the signals of 
[Ru(TAP)2(HAT)]2+ for samples containing 2 mM H2Q at pH 4.8 and 0.5. 
Equilibrium spectra are in black, and the spectra recorded with sample 
illumination are superimposed in blue. Reprinted with permission from reference 
[51b]. Copyright 2017 American Chemical Society. 

Surprisingly, when the pH was decreased to values <1, drastic 
photo-CIDNP enhancements were observed on the HAT H-10,11 
positions. Hence, it was proposed that two distinguishable 
photoinduced electron-/proton-transfer processes could be 
observed as a function of pH. For pH values greater than 1, 
excited-state electron transfer occurred between the quencher 
and the unprotonated excited photosensitizer. This electron 
transfer is followed by a proton transfer step within the geminate 
radical, preferentially on the HAT N-1,8-positions. At pH values 
under 1, excited-state electron transfer occurs from the quencher 
to the protonated excited photosensitizer. It is proposed that 
excited-state protonation occurred on the HAT N-9,12 positions. 
These observations were in line with electron-spin densities 
calculated by DFT (Figure 19).  

 
Figure 19. Photo-induced electron/proton transfer processes with the 
protonatable Ru(II) polyazaaromatic complex [Ru(TAP)2(HAT)]2+. For clarity 
reasons, the TAP ligands are only indicated for the figures showing the electron-
spin density calculated by DFT.  (a) ground state complex, (b) unprotonated 
3MLCT excited-state complex, (c) unprotonated monoreduced complex, (d) 
monoreduced complex protonated on a proximal nitrogen atom (N-1 or N8) of 
the HAT ligand, (e) excited-state complex protonated on a remote nitrogen atom 
(N-9 or N-12) of the HAT ligand and (f) corresponding monoreduced protonated 
complex. Reprinted with permission from reference [51b]. Copyright 2017 
American Chemical Society. 

(a) [Ru(TAP)2(HAT)]2+ (b) [Ru(TAP)2(HAT)]2+*

(c) [Ru(TAP)2(HAT)]•+ (d) [Ru(TAP)2(HAT-H)•]2+

(e) [Ru(TAP)2(HAT-H)]3+* (f) [Ru(TAP)2(HAT-H)•]2+
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8. Time-Resolved Electron Paramagnetic 
Resonance 

8.1. Technique overview 
The fundamental principle of Electron Paramagnetic Resonance 
(EPR) is akin to NMR spectroscopy. The main difference lies in 
the relaxation rates which are orders of magnitudes higher for 
electrons than for nuclei. EPR involves the application of an 
external magnetic field and microwave radiation to paramagnetic 
samples, inducing transitions between electron spin energy 
levels.[54] While traditional EPR focuses on obtaining a static EPR 
spectrum to reveal information about the sample's electronic 
structure, time-resolved Electron Paramagnetic Resonance (TR-
EPR) allows to investigate how these electron spin levels change 
over time in response to various stimuli or conditions on 
timescales ranging from nanoseconds to milliseconds. TR-EPR 
therefore provides insights into the dynamic behavior of 
paramagnetic species in various environments. This technique 
has already been implemented for a broad range of applications 
across different scientific disciplines.[55] In biology, TR-EPR is 
employed to study biomolecules like proteins and enzymes, 
offering insights into their structural changes and electron transfer 
events with pulse-dipolar EPR expected to become a widely used 
technique.[56] Furthermore, TR-EPR has been applied to materials 
science to explore the properties of paramagnetic materials and 
nanoparticles, helping to design novel materials with specific 
magnetic properties.[57] TR-EPR also allows to investigate how 
the electron spin populations change during chemical reactions, 
shedding light on reaction kinetics and mechanisms, especially 
those involving radical intermediates, and electron transfer 
processes.[58] The TR-EPR setup includes several key 
components, such as a pulsed electron spin resonance 
spectrometer, a microwave source, a variable magnetic field, and 
a time-resolved detection system. The sample of interest is 
exposed to short and intense microwave pulses, which excite the 
electron spins, causing them to transition between energy 
levels.[55] By varying the time delay between the microwave pulse 
and the detection window, researchers can capture the transient 
changes in the EPR signal over time. The most utilized 
instruments employ continuous wave (CW) microwave irradiation 
at a frequency of 9 GHz. In recent years, various TR-EPR 
methods such as ESEEM, HYSCORE, and PELDOR have 
expanded the standard range of EPR techniques. Today, these 
hyperfine and dipolar methods can be applied to characterize not 
only the paramagnetic center itself but also its ligand environment 
and interactions with other EPR-active centers located up to 8 nm 
away.[56a] 
The primary advantage of TR-EPR is its ability to provide detailed 
information about the dynamics of paramagnetic species. 
Capturing transient changes in the EPR signal allows to gain a 
deeper understanding on how electron spins interact with their 
environment. However, TR-EPR also presents challenges. The 
experimental setup can be complex and requires precise 
synchronization of microwave pulses, magnetic fields, and time-
resolved detection systems. Noise and signal-to-noise ratio 
issues can affect the quality of the data, requiring sophisticated 
data processing techniques. Additionally, TR-EPR is limited to 
paramagnetic species. [55] 

8.2. Selected examples from the literature 
Ji and coworkers recently reported the use of TR-EPR 
spectroscopy to study C(sp3)–H activation reaction.[59] Indane was 
selected as a model substrate that was reacted in continuous flow 
with a photo-enhanced phthalimide-N-oxyl (PINO) derivative that 
acted as hydrogen atom-transfer (HAT) mediator (Figure 20D). 
Indane reacted with O2 in the presence of the 
[Ir(dF(CF3)ppy)2(4,4’-CF3bpy)]PF6 photosensitizer and CuCl2 in 
CH3CN under irradiation, yielding the desired oxidation product 1-
indanone in 88% yield at 50°C. TR-EPR spectroscopy in 
combination to HRMS analysis allowed the observation of various 
intermediate species and the determination of the reaction 
kinetics. Operando EPR first highlighted that long-lived PINO 
radicals can be efficiently produced thanks to the Ir–Cu system. 
The EPR signal provided by the capture of the superoxide anion 
by DMPO (Figure 20A) allowed to investigate the activation of 
C(sp3)–H by PINO radicals which was found to proceed with a 
rate constant of approximately 2.5 x 106 s–1. The use of HRMS 
analysis also allowed to confirm the capture of indane’s carbon-
radical by DMPO as depicted in Figure 20B. EPR was also 
implemented to follow the rapid decline of the PINO radical which 
was correlated to the generation of indane’s carbon radical as 
shown in Figure 20C. This suggested that the quenching of the 
PINO radical by indane led to the production of carbon-radicals. 

 
Figure 20. TR-EPR and HRMS findings from free radical trapping experiments. 
In situ EPR Visualization in 3D. (A) For the TR-EPR experiments conducted 
under operando irradiation, the reaction solution was mixed with DMPO and 
introduced into a flat cell. (B) The time-resolved HRMS results exhibit the 
capture of C-radicals by DMPO, as indicated by the blue line. (C) The evolution 
of normalized EPR intensity for both the PINO radical and DMPO-captured C-
radical over time. (D) Radical species involved in the operando EPR tests are 
explored, including C–H activation, oxidation processes, and DMPO auto-
oxidation. Reproduced from ref [59] with permission from the Royal Society of 
Chemistry.  

The lifetime of the reaction intermediates was also investigated 
by TR-EPR. For instance, the PINO radical exhibited a 
characteristic lifetime of about 12 ns under the reaction conditions. 
The study highlighted the impact of light on the C(sp3)–H 
activation. In particular, the photo-induced radical generation 
process resulted in a 3-fold enhancement in the reaction rate 
compared to the dark reaction. Finally, the quantum yield of the 
C(sp3)–H activation process, determined using TR EPR, was 
found to be 0.35, indicating the efficiency of the reaction under the 
given conditions. In conclusion, the application of TR-EPR 
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spectroscopy has not only enabled a comprehensive 
understanding of C(sp3)–H activation but has also provided 
precise quantitative data that elucidates reaction kinetics, 
intermediate lifetimes, radical concentrations, and the influence of 
light. The use of TR-EPR may therefore allow to advance the field 
of photoredox catalysis by providing mechanistic insight into 
these light-induced transformations. TR-EPR also comes with 
some challenges that are mostly related to the complex 
instrumentation, sample compatibility and the data analysis 
complexity. 

9. Photoacoustic Spectroscopy 

9.1. Technique overview 
Modern photoacoustic (PA) spectroscopy combines the principles 
of laser pulse technology and of highly sensitive microvibrations 
detection to analyze the characteristics of materials. It utilizes 
laser pulses to induce a PA effect in a sample, which results in 
the generation of acoustic waves allowing the detection of low 
concentrations of analytes and the fine differentiation between 
different substances based on their absorption spectra. This 
technique has gained significant attention recently in various 
fields, such as environmental monitoring, biomedical imaging, 
and gas sensing.[60] 

  
Figure 21. Scheme of a reflection-mode optical resolution (OR)-PAM system, 
featuring an optical-acoustic beam combiner that reflects light but transmits 
sound.  

PA spectroscopy thus operates based on the principle of the PA 
effect discovered by Alexander Graham Bell.[61] When a sample 
absorbs laser pulses, it undergoes rapid thermal expansion, 
leading to the creation of pressure waves in the surrounding 
medium. These pressure waves can be detected using a highly 
sensitive microphone or other acoustic detection methods. By 
analyzing the amplitude and frequency of the detected acoustic 
waves, valuable information about the sample's optical absorption 
properties can be obtained. A typical PA spectroscopy setup 
consists of several key components. First, a pulsed laser source 

is used to generate short and intense laser pulses of a specific 
wavelength. This laser light is directed onto the sample of interest, 
which can be a solid, liquid, or gas. As the sample absorbs the 
laser pulses, the resulting pressure waves are detected by a 
sensitive acoustic detector, such as a microphone or an optical 
interferometer. Figure 21 illustrates the schematic of a more 
sophisticated system used in PA imaging for high optical 
resolution featuring an optical-acoustic beam combiner that 
reflects light but transmits sound. The detected acoustic signals 
are then processed and analyzed to determine the sample's 
absorption spectrum.[62] PA is thus an indirect technique as an 
effect of absorption is measured rather than the absorption 
itself.[63]  
PA spectroscopy has a wide range of applications across different 
scientific and technological fields. In environmental monitoring, it 
is used to detect and quantify pollutants in air and water samples, 
providing valuable information for pollution control and 
assessment (e.g. water contamination by chemical contaminants, 
suspended microplastics, and green algae colonies or CO, NH3, 
NO, and CH4 air pollutants in automotive industry).[64] In 
biomedical imaging, PA spectroscopy enables non-invasive 
imaging of tissues and organs, offering potential applications in 
cancer diagnosis and monitoring.[60a, c] Additionally, this technique 
has been implemented in gas sensing applications for the 
detection of trace gases in various industrial and environmental 
settings.[60b, 65] 
One of the significant advantages of PA spectroscopy is its ability 
to provide sensitive and selective measurements of the 
absorption properties of samples. It allows for the detection of low 
analyte concentrations and can differentiate between different 
substances based on their typical absorption spectra. 
Furthermore, PA spectroscopy can be applied to a wide range of 
sample types, including solids, liquids, and gases. 
However, there are certain challenges associated with PA 
spectroscopy. One challenge is the need for careful calibration 
and accurate determination of the signal-to-noise ratio to ensure 
reliable measurements. The sensitivity of the technique can be 
affected by various factors such as background noise, laser 
fluctuations, and acoustic interferences. Additionally, the 
interpretation of the acquired data requires sophisticated 
mathematical modeling and analysis techniques to extract 
meaningful information about the sample's composition and 
properties. 

9.2. Selected examples from the literature  
As mentioned above, PA spectroscopy revealed to be particularly 
interesting for high resolution imaging of tissues and organs and 
is reported as an emerging tool in clinical oncology.[62] A recent 
work of Lin and co-workers focused on application of 
Photoacoustic Computed Tomography (PACT) as a non-invasive 
imaging technique for monitoring breast cancer response to 
neoadjuvant chemotherapy. The study aimed to assess the 
effectiveness of PACT in capturing tumor changes during 
treatment and to highlight its potential advantages over 
conventional imaging techniques. The research employed a 
robust methodology, including patient cohorts, PACT image 
acquisition, and comprehensive data analysis. 
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Neoadjuvant chemotherapy is an important treatment approach 
for breast cancer, but accurately monitoring tumor response can 
be challenging. Traditional imaging techniques, such as 
mammography and ultrasound, have limitations in accurately 
characterizing tumor changes. PACT offers a promising 
alternative, combining the advantages of high-resolution imaging 
and functional information. The study enrolled a cohort of breast 
cancer patients undergoing neoadjuvant chemotherapy. PACT 
imaging was performed at multiple time points: before treatment 
initiation, mid-treatment, and after treatment completion. The 
obtained PACT images were analyzed to evaluate tumor volume, 
vascularization, and oxygenation levels. The results of this study 
demonstrated the potential of PACT in monitoring tumor response 
to neoadjuvant chemotherapy. PACT provided detailed 
information about tumor characteristics, including its size, 
vascularity, and even oxygenation levels. In Figure 22, the overall 
changes in tumor volume, vascularization, and oxygenation levels 
are visually presented. These changes highlight the dynamic 
nature of tumor response to neoadjuvant chemotherapy. PACT 
demonstrated its capability in capturing these changes, allowing 
clinicians to track treatment progress and make informed 
decisions.[66] 

 
Figure 22. Human breast images acquired using PACT (a) and dynamic 
contrast enhanced magnetic resonance imagery (DCE-MRI) (b) before and after 
neoadjuvant chemotherapy. Reproduced with permission from reference [66] 
(Wiley-VCH GmbH) under Creative Commons CCBY license  

Compared to conventional imaging techniques, PACT offers 
several advantages. Firstly, it provides high-resolution anatomical 
images, allowing precise localization and characterization of 
tumors. Secondly, PACT enables the visualization of tumor 
vascularity, providing valuable information on the tumor's blood 
supply and response to treatment. Lastly, the fact that PACT can 
also assess tumor oxygenation levels is a crucial factor 
influencing treatment outcomes. 
PA spectroscopy has also been involved in the study of the cage 
escape process with notably the contribution of Farid, Gould and 

coworkers.[9w] Their work reported on the realm of electron-
transfer reactions, specifically focusing on their occurrence within 
the Marcus inverted region. By studying the cyanoanthracene 
radical anions and alkylbenzene radical cations, they contrasted 
two types of electron-transfer reactions occurring in the Marcus 
inverted region: normal charge recombination and charge shift 
reactions. Charge recombination involves the return of an 
electron and a positive ion back to their initial states, releasing 
energy. On the other hand, charge shift reactions entail an overall 
conservation of charge from the electron moving to a nearby 
molecule, leading to energy redistribution. The utilization of PA 
spectroscopy in this study offered a unique perspective on these 
electron-transfer processes. Analyzing the acoustic signals 
generated during the reactions allowed to gain a deeper 
understanding of the energy changes and molecular dynamics 
involved. Data for calculating the separation quantum yield (k-

et/ksep) for the system were determined by using both the transient 
absorption[67] and PA methods which gave very similar results. 
Two distinct pathways were considered: (i) charge recombination 
between cyanoanthracene radical anions and alkylbenzene 
radical cations and (ii) charge shift reactions between 
methylacridinium radicals and alkylbenzene radical cations. PA 
spectroscopy played a pivotal role in obtaining these insights by 
providing a unique way to monitor the energy changes during 
these reactions.  
In summary, photoacoustic spectroscopy is a powerful technique 
that combines laser technology and spectroscopy to investigate 
the absorption characteristics of samples. It has diverse 
applications and offers advantages such as high sensitivity and 
versatility. However, careful experimental design and data 
analysis are crucial to overcome the associated challenges and 
obtain accurate and meaningful results. 

10. Time Resolved Raman Spectroscopy 

10.1. Technique overview 
The Raman effect is based on the inelastic scattering of light 
occurring when photons interact with the vibrational modes of 
molecules. During Raman spectroscopy, most of the scattered 
light retains the same energy as the incident light (known as 
Rayleigh scattering), while a small fraction undergoes a change 
in energy (known as Raman scattering). The analysis of this 
energy change allows to gain valuable information about the 
vibrational modes, chemical bonds, and overall molecular 
structure of the molecules in the sample.[68] Raman spectroscopy 
has been widely used in various scientific and technological fields, 
including chemistry, materials science, pharmaceuticals, but also 
in forensic analysis.[69] 
Time-resolved Raman spectroscopy (TRRS) is a specialized 
technique that provides valuable information about the temporal 
evolution of molecular vibrations and structural changes in a 
sample following an external excitation, such as a laser pulse or 
a photochemical reaction. The principle of TRRS is based on the 
measurement of Raman spectra as a function of time. It involves 
the use of short laser pulses to initiate an ultrafast event in the 
sample, followed by the detection of the Raman-scattered light at 
various time delays after the excitation (typically ns to fs 
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timescale). By capturing the temporal evolution of the Raman 
spectra, it becomes possible to study the dynamics of chemical 
reactions, molecular rearrangements, and other transient 
phenomena. The time resolution of TRRS is crucial for capturing 
fast processes. It relies on specialized techniques such as 
ultrafast lasers, nonlinear optics, and fast detection systems. The 
time delay between the pump and probe pulses can be precisely 
controlled using delay lines or optical delay stages, allowing for 
the investigation of dynamics on various timescales.[70] 
The experimental setup for TRRS typically involves a pump-probe 
configuration. As depicted in Figure 23, a pump laser pulse is 
used to excite the sample, inducing changes in its molecular 
structure or vibrational modes. The pump pulse can be tuned to a 
specific wavelength to target a particular transition or excitation 
energy. After a controlled time-delay, a laser pulse produced by a 
Raman laser is employed to probe the sample and collect the 
Raman-scattered light. The scattered light is then analyzed using 
a spectrometer and a detector to obtain the Raman spectra at 
different time points.[71] 

  
Figure 23. Time resolved Raman spectroscopy setup using the pump-probe 
technique.  

TRRS has been applied to study a wide range of dynamic 
processes in different fields. In chemistry, it can be used to 
investigate photochemical reactions, molecular photophysics, 
and energy transfer processes.[72] In materials science, it enables 
the study of ultrafast structural changes in materials, including 
phase transitions, charge transfer, and lattice dynamics.[73] It is 
also employed in biological research to explore protein folding, 
enzymatic reactions and DNA dynamics.[74] 
One of the major advantages of Raman spectroscopy is its non-
destructive nature, as it requires minimal sample preparation. It 
can analyze samples in various states (solid, liquid, or gas) and 
can even perform in situ and real-time measurements. Raman 
spectroscopy also offers high chemical specificity, allowing for the 
identification and differentiation of closely related compounds. 
However, there are certain challenges associated with Raman 
spectroscopy. One challenge is fluorescence interference, where 
the sample or impurities fluoresce under laser excitation, 

overwhelming the Raman signal. This can be addressed by using 
appropriate laser wavelengths and avoiding fluorescence-prone 
samples. Another challenge is the relatively weak Raman 
scattering signal, which requires sensitive detectors and long 
acquisition times to enhance the signal-to-noise ratio. Additionally, 
Raman spectroscopy may not be suitable for samples with high 
water content or strong light absorption. 
The analysis of TRRS spectra requires advanced data processing 
techniques to extract meaningful information from the time-
resolved measurements. Kinetic models, spectral fitting 
algorithms, and multivariate analysis methods are often employed 
to analyze the time-dependent Raman data and extract kinetic 
parameters or identify transient species.[70] 
 

10.2. Selected examples from the literature  
A study reported in 2019 by Ma, Xhang and Phillips highlights the 
specific contributions and significance of the application of TRRS 
in complementarity with transient absorption spectroscopy in the 
study of water-assisted photoredox reactions of specific aromatic 
carbonyl compounds.[75] The studied photoreactions are quite 
unusual and correspond to efficient self-reactions of selected 
benzophenone derivatives (BPs) and anthraquinone derivatives 
(AQs) (Figure 24) in water as previously reported by Wan and co-
workers.[76] In these reactions, the carbonyl functions are reduced 
to the corresponding phenol meanwhile an alcohol function on a 
side chain in meta position is oxidized to the corresponding 
ketone. [48-49] The study of Ma, Xhang and Phillips aimed at 
elucidating the photoredox reaction mechanisms inherent to 
these categories of BPs and AQs within aqueous environments. 
A synergistic approach involving femtosecond transient 
absorption, nanosecond transient absorption, and nanosecond 
TRRS enabled the detection and comprehensive characterization 
of both electronic absorption and vibrational spectra of the 
transient species and intermediates. Functional theory 
calculations were employed to replicate the electronic absorption 
and Raman spectra. 

 
Figure 24. Proposed mechanism of the photoredox reaction of 2-(1-
hydroxyethyl)-9,10-anthraquinone (2-HEAQ) under aqueous conditions as 
determined thanks to fs-TA, ns-TA, and TRRS experiments.[75] 

TRRS allowed the investigation of molecular changes and 
reaction dynamics in real-time to observe and characterize the 
intermediates and products formed during those specific 
reactions. Figure 24 depicts the proposed mechanism for the 
photoredox reaction of 2-(1-hydroxyethyl)-9,10-anthraquinone (2-
HEAQ) under aqueous conditions as determined by femtosecond 
and nanosecond transient absorption spectroscopy and TRRS 
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experiments. The proposed mechanism involves an intersystem 
crossing process following the absorption of light leading to the 
formation of the triplet excited compound A, (2-HEAQ)3. As 
suggested by the spectroscopic studies, this compound then 
undergoes protonation to form the triplet excited oxonium that is 
quenched via proton loss to form compound B that tautomerizes 
into the ketone C which is in turn oxidized by molecular oxygen to 
restitute the anthraquinone moiety. 
One of the key advantages of transient Raman spectroscopy in 
this study is its ability to probe the involvement of water molecules 
in the photoredox process. Water proved to play a crucial role as 
a proton source and hydrogen atom donor in the studied reactions 
and nanosecond TRRS allowed for the direct observation and 
characterization of those water-mediated processes, shedding 
light on the specific interactions and dynamics involved. 
Furthermore, TRRS provided time-resolved information, allowing 
researchers to monitor the evolution of species and their 
vibrational changes over the course of the reactions. This 
temporal resolution is crucial for understanding the kinetics and 
dynamics of the water-assisted photoredox reactions, providing 
valuable insights into reaction rates, intermediates, and the 
overall reaction mechanism. 
In summary, the application of TRRS in the study of water-
assisted photoredox reactions of aromatic carbonyl compounds 
provided detailed chemical insights. It allowed for the 
identification of intermediates, the characterization of reaction 
pathways, and the probing of water-mediated processes such as 
protonation and hydrogen atom transfer. The complementarity of 
transient Raman spectroscopy with other time-resolved 
spectroscopic techniques enhances the understanding of the 
kinetics, mechanisms, and overall reactivity of the photoredox 
reactions. 
In summary, Raman spectroscopy is a versatile technique that 
provides valuable molecular information about samples. It has 
diverse applications in various scientific and technological fields 
and offers advantages such as non-destructiveness, chemical 
specificity, and the ability to analyze samples in different states. 
Overcoming challenges such as fluorescence interference and 
weak signal requires careful experimental design and data 
analysis techniques. 

11. Time Resolved Dielectric Loss 
Spectroscopy 

11.1. Technique overview 
Time-resolved dielectric loss spectroscopy (TRDL) is typically 
used to study the dynamic behavior of dielectric materials or small 
molecules as a function of time. It provides valuable insights into 
the relaxation processes, charge transport mechanisms, and 
other time-dependent phenomena occurring in dielectric materials. 
The principle of TRDL revolves around the measurement of 
dielectric properties as a function of time after subjecting the 
material to an external perturbation, such as an electrical pulse or 
a change in temperature. Dielectric materials respond to these 
perturbations by undergoing polarization and charge 
redistribution processes, leading to changes in their dielectric 
properties. 

A typical TRDL setup includes a sample cell containing the 
dielectric material of interest, electrodes for applying an electric 
field or measuring capacitance, and a high-speed data acquisition 
system. The dielectric material is subjected to an external 
perturbation, such as a step voltage or a temperature change, and 
the transient response of the material is monitored over time. The 
time-domain response is then transformed into the frequency 
domain using Fourier transform to obtain the dielectric loss 
spectrum. 
TRDL spectroscopy finds applications in various fields. In material 
science, it is commonly used to investigate the relaxation 
dynamics and charge transport mechanisms in dielectric 
materials, including polymers and ceramics.[77] The technique is 
also employed in the study of biological materials, where it 
provides insights into the dynamics of biomolecules and cellular 
membranes.[78] Additionally, TRDL is utilized in the 
characterization of electrical properties in electronic devices and 
capacitors.[79] The technique has also been recently involved in 
the characterization of photocatalytic processes occurring in 
solution and provided mechanistic insights not previously 
available (vide infra).[80] 
One of the main advantages of TRDL spectroscopy is its ability to 
provide information about dynamic processes. It allows for the 
characterization of relaxation times, charge mobility, and 
response to time-varying electric fields. The technique is non-
destructive and can be used to study both solid and liquid 
dielectric materials. 
However, TRDL spectroscopy also presents some challenges. 
The experimental setup and data acquisition require high time-
resolution capabilities, which can be challenging to achieve. 
Noise and signal artifacts can affect the accuracy of 
measurements, necessitating careful calibration and data 
analysis. Additionally, the interpretation of complex dielectric 
responses may require the use of sophisticated mathematical 
models and fitting algorithms. 
 

11.2. Selected examples from the literature  
Transition metal complexes are well studied in photocatalysis 
thanks to their ability to yield long-lived triplet charge transfer 
states, which can then drive chemical reactions. Most of these 
complexes being ions, the tailoring of their “inactive” counterions 
may lead to enhanced photocatalytic reactivity or selectivity. 
However, solely few studies focused on understanding the 
dynamic behavior of these counterions in the photoreaction 
process.[81] 
A recent study reported by Early and co-workers relying on TRDL 
experiments highlights the crucial role of ion-pair reorganization 
in the regulation of the reactivity of photoredox catalysts.[80] The 
study focused on photoredox reactions based on the well-known 
Ir(III) polypyridyl complex [Ir[dF(CF3)ppy]2(dtbpy)]+X− (Ir[tBu]) that 
involves charged intermediates. This results in strong interactions 
with counterions that can significantly influence the reaction 
outcomes. Indeed, ion-pair reorganization, which refers to the 
rearrangement of ion pairs during the reaction, affects the stability, 
solubility, and reactivity of the catalyst and its associated 
intermediates.  
TRDL spectroscopy appeared to be a powerful technique that 
offers a unique tool to investigate the dynamics of ion-pair 
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reorganization in photoredox catalysts by providing crucial 
information about the dielectric properties and molecular mobility 
of the ion pairs, allowing for a direct probe into their structural 
changes and relaxation processes.  
In this study, TRDL showed the impact of the counter-ion structure 
on the excited-state charge distribution which proved to lead to 
major changes in both the ground- and excited-state dipole 
moment. This was realized by using either a small associating 
anion (PF6−) that forms a contact-ion pair and a larger one 
(BArF4−) that can either dissociate or form a solvent-separated 
pair. These differences were revealed by TRDL experiments with 
the negative change in the imaginary permittivity (e’’) indicating 
that the excited-state dipole moment is smaller in the excited state 
than in the ground state, providing evidence of contact-ion pair 
reorganization. Conversely, the positive change in imaginary 
permittivity observed for Ir[tBu]–BArF4 likely arose from an 
increase in the intramolecular dipole moment in the excited MLCT 
state. This was observed due to the absence of contact-ion 
pairing between BArF4 and the Ir[tBu] complex. 

These inherent differences were found to have a correlation 
with the photocatalyst's reactivity in terms of both reductive and 
oxidative electron transfer. Indeed, for the reducing agents (4-
methoxytriphenylamine, tris(4-bromophenyl)amine, and 1,4-
dimethoxybenzene), altering the anion from PF6− to BArF4− 
resulted in an approximately 2-fold increase in the rate constant 
of electron transfer. Conversely, for the oxidative agents (4-
nitrobenzonitrile, 4-chloronitrobenzene, phthalic anhydride), 
transitioning from PF6− to BArF4− led to an approximately 0.5-fold 
decrease in the electron transfer rate constant. This corresponds 
to a 4-fold shift in substrate oxidation selectivity when X− is BArF4− 
instead of PF6−. From these electron transfer kinetics, it is obvious 
that the choice of counter-ion can impact the overall effectiveness 
of the photocatalyst. Furthermore, these findings align 
qualitatively with prior studies on other cationic photoredox 
catalysts, suggesting that the anion's role can be critical.[81-82] 
Besides ion-pair dynamics, the TRDL data also allowed to 
propose the evolution of the Ir[tBu]-PF6 state which is presented 
in Figure 25. The ascertained dipole moment of the relaxed 
MLCT state within [Ir[dF(CF3)ppy]2(dtbpy)]+X– substantially 
deviated from the predictions of simplistic point-charge 
computations. This deviation, coupled with a limited polarizability 
volume, signified a predominantly confined end state 
characterized by mixed metal-ligand attributes. This contrasts 
with the initial MLCT states of high polarizability observed within 
the timescale of the instrument’s response.  
The figure displays the intramolecular dipole moment in purple, 
the intermolecular dipole moment in yellow and the overall vector-
sum dipole moment observed using TRDL in green. The dipole 
moment measured in state A (Figure 23, pink) represent an 
average of two resonance structures. These revelations were 
enabled using computational methodologies, rejuvenating TRDL 
spectroscopy as a foundational instrument for investigating the 
electronic configuration of molecules in both their ground and 
excited states within a solution. Electromagnetic simulations of 
the microwave cavity's response function and the computation of 
the molecular dipolar relaxation time collectively enhance the 
precision and extensive applicability of TRDL spectroscopy. 

 

Figure 25. Proposed Ir[tBu]-PF6 state evolution from TRDL data.[80] The 
intramolecular (purple), intermolecular (orange) and overall vector-sum (green) 
dipole moment observed by TRDL. In State A (right), the dipole moment is an 
average of the two resonance structures.  

In summary, the study emphasized the significance of ion-pair 
reorganization in governing the reactivity of photoredox catalysts. 
The investigation of ion-pair dynamics using advanced 
spectroscopic techniques can help providing mechanistic insights, 
revealing the influence of solvents, and offering molecular design 
strategies for optimizing catalyst performance. Understanding 
and controlling ion-pair reorganization is crucial for advancing the 
field of photoredox catalysis and developing efficient and 
selective transformations. 
In most of the literature reports, TRDL is often used in 
combination with other spectroscopic techniques such as 
transient absorption spectroscopy, time resolved infrared 
spectroscopy and pulse radiolysis. While these techniques 
provide insights into electronic and vibrational transitions, TRDL 
focuses on the collective behavior of the ion pairs and their 
interaction with the surrounding solvent environment.[42b] 
Time-resolved dielectric loss spectroscopy also provides solvent-
specific information regarding the ion-pair dynamics. Different 
solvents exhibit varying dielectric properties, which influence the 
stability and mobility of ion pairs. By utilizing this technique, 
solvent-dependent effects on ion-pair equilibria can be 
investigated and better understanding of how solvent choice 
affects the catalyst's reactivity can be made. This allows to 
optimize reaction conditions and solvent selection. 

12. Summary and Future Outlook 

Within this concept article, we gathered a selection of 
spectroscopic techniques that are used, or could be used, for 
mechanistic investigations of light-induced reactions. We aimed 
at providing a different perspective on mechanistic photoredox 
catalysis than the currently available library of reviews relative to 
that topic. Most of the techniques reported herein offer powerful 
tools to investigate the behavior and reactivity of reaction 
intermediates with several techniques that provide direct 
observation of key intermediates, electronic structure 
characterization, kinetic analysis, and mechanistic insights, all of 
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which contribute to the advancement of catalysis and the 
development of more efficient synthetic methodologies. 
Taking Figure 1 as inspiration, we believe that the following 
aspects will undoubtedly (continue to) be investigated and 
optimized in the future.  

• Development of novel photosensitizers. 
Prototypical Ru(II) and Ir(III) photosensitizers 
represent the warhead of photoredox catalysis, yet the 
low abundance of these elements limits their 
widespread use, unless specific recycling efforts are 
realized (vide infra). There is therefore a need for the 
development of photosensitizers that are based on 
earth abundant metals, that are also responsibly 
sourced. Cobalt, for example, is relatively abundant 
but is sourced from extensive mining, mainly in the 
democratic republic of Congo, that comes with both 
human and environmental concerns. Therefore, 
efforts to develop novel photosensitizers based on 
earth abundant photosensitizers are highly sought 
after and several groups have already pioneered their 
use. This allows to develop new classes of 
photosensitizers that could hopefully one day, 
substitute prototypical Ru(II) and Ir(III) 
photosensitizers.  

• Novel mechanistic pathways and photon up-
conversion. Several investigations are currently 
focused on the use of less energetic red light to drive 
organic reactions. In theory, this limits the scope of 
activatable substrates but would allow to make better 
use of the large number of red photons that come from 
the sun, if the sun were to be used as light source. 
There are already reports that used Os(II) complexes[83] 
or polynuclear Ru(II) complexes[84] to drive photoredox 
transformations using orange-red light irradiation. An 
approach using a Cu(I) photosensitizer and a 
dicyanoanthracene organic photosensitizer was 
recently investigated as a red-light based dual 
photoredox system.[85] As such, the Cu(I) 
photosensitizer was excited with red light which led to 
the excited-state reduction of dicyanoanthracene, 
whose corresponding radical anion also absorbed red 
light to perform challenging reactions. Photon 
upconversion via triplet-triplet annihilation also 
represents a promising avenue that will take advantage 
of red-light absorbing chromophore to activate blue or 
UV emitter for substrate photo-activation.[13, 17n, 86]   

• Mechanistic investigations. As the main topic of this 
concept article, we firmly believe that mechanistic 
investigations will continue to thrive and that novel or 
underexplored spectroscopic techniques will provide 
valuable information. This is where Ru(II) and Ir(III) 
photosensitizers in particular will continue to thrive as 
they are generally robust under irradiation and will allow 
to develop novel reaction scopes that can be studies 
into details using the above-mentioned spectroscopic 
techniques. This will then provide key design principle 
that can be tested and adapted to the next generation 
of earth abundant photosensitizers that is currently 

being prepared in several pioneering laboratories and 
emerging ones.  

• Recyclability. For the field to further being credible in 
proposing a sustainable approach towards chemistry 
using sunlight as photon source, it is necessary to 
tackle and address the recyclability issues of certain 
photosensitizers. Some Ru(II) photosensitizers for 
example are known to populate the ligand field state 
upon illumination, which can lead to ligand loss and 
subsequent decomposition of the photosensitizer 
during the reaction.[84, 87] In addition to destroying the 
photosensitizer, this can also possibly induce additional 
side reaction pathways. The lack of investigation of 
recyclability leads to false report and sometimes false 
believes. Heteroleptic copper complexes are a prime 
example of compounds that warrant a deeper 
investigation into their recyclability.[17b] Their 
announced photostability in the plethora of photoredox 
catalysis reactions is dubious as phosphine ligands can 
also undergo oxidation reaction which would limit their 
applicability. Heterogenization strategies could help 
investigate the robustness and recyclability of certain 
complex, but that approach comes with limitations of 
their own.[88] The iron photosensitizer reported by 
Wärnmark et al. shows great promise regarding 
recyclability as it remained intact and could be easily 
recovered in 88% yield after the photoreaction.[9b] 
These photosensitizers still need to show a broader 
range of substrate activation to fully expand the scope 
of available transformations.  

• Cage escape yields. The cage-escape yields, i.e., the 
efficiency with which the geminate radical pair escapes 
the solvent cage, was shown to have a drastic influence 
of the overall reaction yields. The determination of 
cage-escape yields for several systems was already 
performed in the 1970’s and 1980’s but they are 
currently experiencing a regained interest due to their 
importance in light-induced transformations. Hence, 
understanding the factors that play a role in those cage-
escape processes is of paramount importance. The 
experimental protocol (Eq. 4 and 5) that is used to 
determine fCE is applicable to both reductive and 
oxidative electron transfer but also suffers from some 
limitations. For example, the photosensitizer and 
quencher must remain stable during the experiment. 
The photosensitizer and actinometer must absorb at 
the same excitation wavelength for Eq. 4 and 5 to be 
applicable. Finally, the changes in absorbance between 
the PS in the ground state and the PS•+ or the PS•– must 
be sufficiently important to accurately determine the ∆e 
value and measure the corresponding single 
wavelength absorption changes. As such, nanosecond 
transient absorption spectroscopy is key to determining 
those yields, but other techniques will most probably be 
used for such measurements. This will bring a deeper 
understanding into the cage-escape processes and 
lead to more optimized photosensitized chemical 
transformations.  
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We describe several spectroscopic techniques available to determine key mechanistic processes in light-induced transformations and 
photoredox catalysis application. The reader is provided with a brief theoretical background as well as selected illustrative examples 
from the literature. The concept article ends with a personal perspective on the different avenues that will play a major impact in the 
future.  
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