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Abstract: To face economic issues of the last ten years, free-radical photopolymerization (FRP)
has known an impressive enlightenment. Multiple performing photoinitiating systems have been
designed to perform photopolymerizations in the visible or near infrared (NIR) range. To fully
understand the photochemical mechanisms involved upon light activation and characterize the
nature of radicals implied in FRP, electron paramagnetic resonance coupled to the spin trapping
(EPR–ST) method represents one of the most valuable techniques. In this context, the principle of
EPR–ST and its uses in free-radical photopolymerization are entirely described.
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1. Introduction

In recent decades, photopolymerization has gained an incredible growing interest
and has been employed in many common applications [1–5] in coatings, microelectronics,
medicine, inks, dentistry, and 3D-printing technology. Photochemical processes have also
been put forward by valuable applications [6–14] in surface functionalization, biomate-
rial synthesis, photoactivable materials, visible light-induced controlled polymerizations,
two-photon polymerization, and so forth. Contrary to thermal-induced polymerization,
light-induced polymerization demonstrates some striking advantages [1,3] such as low
energy consumption without the use of solvents, mild experimental conditions, and few
side reactions. Additionally, photopolymerization promotes fast reactions in a few seconds
versus hours with the thermal process, thus making photopolymerization an environmen-
tally friendly process. To date, two different photochemical mechanisms [1] (cationic and
free-radical photopolymerizations; CP and FRP, respectively) have dominated most of
the academic and industrial studies. Particularly, FRP is a widely performed technique
to design polymer materials [15]. FRP has been extensively used, and many specialized
reviews [15–17] have been already published. In this process, polymerization occurs using
two types of photo-initiators which differ in the way that radical species are formed un-
der light irradiation [3]. Type I photo-initiators are aromatic carbonyl organic molecules
that undergo a “α-cleavage” to generate free-radical species, contrary to Type II-initiating
systems, which are usually implying electron/proton transfer reactions when combined
with co-initiators (thiols, tertiary amines, or alcohols, for instance). Recently, a huge
number of performing photo-initiating systems has been synthesized to perform FRP
in the UV–visible and NIR ranges [18–24]. In order to design the most efficient photo-
initiators/photocatalysts, and to fully understand the photochemical mechanisms involved
upon light activation, electron paramagnetic resonance (EPR, equivalent to ESR, electron
spin resonance) represents one of the most valuable techniques. In association with spin

Catalysts 2022, 12, 772. https://doi.org/10.3390/catal12070772 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12070772
https://doi.org/10.3390/catal12070772
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-2481-0564
https://doi.org/10.3390/catal12070772
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12070772?type=check_update&version=3


Catalysts 2022, 12, 772 2 of 21

trapping, EPR now appears as an invaluable method to detect and characterize all kinds of
radicals produced by photo-initiating systems (PIS) under light excitation. In this review, we
will describe the principle of EPR–ST and give an overview of its application to free-radical
polymerization, with a special attention to technological and methodological requirements.

2. Spin Trapping Principle and Brief Description of EPR Spectra

Most radicals formed following PIS irradiation are highly reactive and short-lived.
Their steady-state concentration rarely reaches measurable levels by direct observation,
with conventional X-band spectrometers operating at ≈9.8 GHz. The use of spin traps
allows this limitation to be overcome through radical stabilization and indirect detection.
In a spin trapping experiment, a reactive radical performs an addition reaction to a dia-
magnetic molecule, the spin trap, yielding a more stable radical product called the spin
adduct, which accumulates to concentrations above the detection threshold (Figure 1). The
first spin trapping experiments by Iwamura and Inamoto with the cyclic nitrone DMPO
(5,5-dimethyl-1-pyrrolidine N-oxide; Figure 1) in chemical systems date back to 1967 [25],
and the method was further developed by Janzen and Blackburn [26], who coined the
terms spin trap and spin trapping. Applications in all the fields of in-solution chemistry,
which involve radical intermediates, have since been proposed, and very intense research
in spin trap synthesis has considerably extended the panel of spin trapping agents [27–29].
Lalevée et al. generalized its use in the field of PIS studies [30].
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ical spectrum of an aminoxyl (nitroxide) spin adduct derived from DMPO is presented in 
Figure. 2. The g-value is calculated from B0, the magnetic field at the centre of the spec-
trum, and ν, the working frequency of the spectrometer, using the equation g = hν/(βB0) 
(where h is the Planck constant and β the Bohr magneton). The parameter g is generally 
between 2.005 and 2.007 for all nitroxides and varies only slightly with the structure of the 
radical. The splitting of EPR lines in the spectra originates from the so-called hyperfine 
interaction of the unpaired electron spin with the non-zero nuclear spin I of neighbouring 
atoms (each interaction splits the signal into 2nI +1 lines, with n being the number of in-
teracting nuclei). In the present example in Figure 2, two hyperfine splittings (HFS), aN 
and aH, can be read from the spectrum arising from the interaction with nitrogen-14 (I = 1, 
> 99.6% of natural nitrogen) and with the proton in the β-position to the nitrogen (I = 1/2), 
respectively. HFS are expressed in Gauss (G) or millitesla (mT, 1 mT = 10 G). These con-
stants are much more sensitive to the structure of the spin adduct than the g-value. The 
aH value is directly related to the dihedral angle between the p orbital of the aminoxyl 
function and the C–H bond. It thus depends on the nitroxide conformation and is highly 
influenced by the size of the substituent corresponding to the trapped radical, which hin-
ders the rotation of all groups attached to the aminoxyl function, including the β-hydro-
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Figure 1. Principle of spin trapping with DMPO. The short-lived radical R• adds to the cyclic nitrone
to form a persistent nitroxide radical that can be detected by EPR.

Spin traps are generally not selective of one radical, but the spin adduct displays
a distinctive EPR spectrum that gives information about the trapped radical species. A
typical spectrum of an aminoxyl (nitroxide) spin adduct derived from DMPO is presented in
Figure 2. The g-value is calculated from B0, the magnetic field at the centre of the spectrum,
and ν, the working frequency of the spectrometer, using the equation g = hν/(βB0) (where
h is the Planck constant and β the Bohr magneton). The parameter g is generally between
2.005 and 2.007 for all nitroxides and varies only slightly with the structure of the radical.
The splitting of EPR lines in the spectra originates from the so-called hyperfine interaction
of the unpaired electron spin with the non-zero nuclear spin I of neighbouring atoms (each
interaction splits the signal into 2nI +1 lines, with n being the number of interacting nuclei).
In the present example in Figure 2, two hyperfine splittings (HFS), aN and aH, can be read
from the spectrum arising from the interaction with nitrogen-14 (I = 1, > 99.6% of natural
nitrogen) and with the proton in the β-position to the nitrogen (I = 1/2), respectively. HFS
are expressed in Gauss (G) or millitesla (mT, 1 mT = 10 G). These constants are much more
sensitive to the structure of the spin adduct than the g-value. The aH value is directly
related to the dihedral angle between the p orbital of the aminoxyl function and the C–H
bond. It thus depends on the nitroxide conformation and is highly influenced by the size
of the substituent corresponding to the trapped radical, which hinders the rotation of all
groups attached to the aminoxyl function, including the β-hydrogen, but also by the cyclic
versus linear character of the spin trap [31]. The 14N interaction is controlled by electron-
donating or -withdrawing effects and reports more on the nature of the captured radical.
Identification can, however, remain ambiguous, as radicals belonging to the same type may
yield very similar or even identical spectra. The 14N coupling constant also increases with
the polarity of the solvent used, while the aH value usually (but not always) decreases [32].
These observations can be partially rationalized by considering the equilibrium between
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the two limit mesomeric forms of a nitroxide, since the form displaying a single electron
on the nitrogen predominates in polar media (Figure 3). As a consequence, the number of
lines for the same radical adduct can change when two HFS become equal by switching the
solvent from chloroform to acetonitrile [33], for instance. Thus, researchers should always
state the nature of the solvent used in spin trapping experiments.
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Several spin traps can be used to obtain complementary information on a PIS photoly-
sis. The most common are either nitroso compounds or nitrones, which can be linear or
cyclic. All of them lead to the formation of nitroxide radicals.

3. Three Classes of Spin Traps
3.1. Nitroso Spin Traps

Among nitroso compounds, 1-methyl-1-nitrosopropane (MNP) has been most fre-
quently used in the literature. However, it decomposes upon exposure to light, producing
tert-butyl radical, the MNP adducts of which are highly stable and prevent the detec-
tion of any other radical species [32]. Nitrosoarene compounds, such as nitrosodurene
(ND, i.e., 1,2,4,5-tetramethyl-3-nitrosobenzene, Figure 4), have been preferably applied
in the field of photopolymerization studies because of their increased stability towards
photolysis [34]. ND is readily soluble in chloroform and dichloromethane and slightly
soluble in aromatic hydrocarbons and alcohols. The main advantage of the nitroso spin
trap family is the fact that the trapped radical is directly attached to the nitrogen in the
spin adduct. Hyperfine couplings arising from the non-zero spins in the radical fragment
can therefore report on the identity of the trapped species. For example, the spectra of the
(4-methyl)phenyl radical spin adduct of ND, produced upon photoexcitation at 400 nm of
allylated purpurin [35] or quinizarine [23] in the presence of a iodonium salt in benzene,
display hyperfine couplings with every proton present in the 4-methylphenyl fragment
(aN = 10.27 G, aHmeta,1 = 0.93 G, aHmeta,2 = 0.93 G, aHortho,1 = 2.87 G, aHortho,2 = 2.70 G,
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aH(CH3)para,1 = 3.08 G, aH(CH3)para,2 = 3.08 G, and aH(CH3)para,1 = 3.05 G) (Figure 5). Inter-
estingly, the absence of resolved proton hyperfine couplings arising from the 2,3,5,6-
tetramethylphenyl system suggests that spin delocalization into this ring is small, and that
the aminoxyl group is twisted away from the corresponding plane.
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ND is suitable for the detection of phosphorus-centred radicals [36], such as the
diphenylphosphinyl radical Ph2P•, but has not been applied for this purpose in the field of
PIS studies to our knowledge.

Yet, the use of nitroso spin traps is limited due to several disadvantages. Nitroso
compounds are generally in equilibrium with their dimers in solution, which do not
perform spin trapping reactions. Formation of nitroxides following the unwanted ene-
reaction between the spin trap and carbon–carbon double bonds may also seriously interfere
with the detection when alkenes [32] are present (Figure 4). Silyl radical adducts of nitroso
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compounds [37] are also unstable at room temperature and are scarcely detected. Finally,
the high toxicity of nitroso spin traps limits their use in photochemical applications.

3.2. Linear Nitrone Spin Traps

The parent compound for all linear nitrone spin traps and widely used in the field of
PIS studies is N-tert-α-phenyl-butylnitrone (PBN) (Figure 6). It is a commercially available
solid, appropriate for use in all media and an especially good trap for carbon-based radical,
while the spin adducts derived from oxygen-centred radicals may prove unstable. In
the case of nitrone spin traps, both linear and cyclic, the R• radical adds onto the carbon
of the nitrone function and not directly to the nitrogen. Consequently, the nuclei with
non-zero spin in the R group are often too far to produce resolved hyperfine coupling. Most
spectra are characterized by only six lines arising from the coupling with the nitrogen and
hydrogen in the β position. The aN values of PBN spin adducts of carbon centred radicals
(14.3–14.9 G) are larger than those of oxygen-centred radicals (13.3–14.2 G) due to the re-
duced electronegative character of the captured radical. This range of variation being rather
small, precise identification of the trapped radical with PBN is not always possible. A β-
phosphorylated derivative, PPN (i.e., diethyl 1-(N-benzylidene N-oxyamino) 1-methylethyl
phosphonate), has been proposed (Figure 6), which facilitates the identification of the
trapped species [38] thanks to a large and structure-sensitive additional 31P hyperfine
coupling constant (I = 1/2 , 100% natural abundance). The latter being not commercially
available, it has not been used for PIS studies yet despite its ability to trap both carbon-and
oxygen-based radicals. PBN is the most commonly used spin-trap in photopolymerization
investigations, and the detection of radical species (i.e., acyl, phenyl, phosphinoyl, benzyl,
sulfonyl, silyl, germyl, and boryl radicals) generated from PIS has been then systematically
generalized by photochemistry groups [30,35,39–42] and described as follows.
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3.2.1. Carbon-Centred Radical Spin Adducts of PBN

Initial studies with PBN in the field of PIS studies aimed at detecting the benzoyl
radical formed in the course of photolysis of 2,2′-dimethoxyphenyl acetophenone (DMPA),
2-hydroxymethyl-1-phenylpropan-1-one, or benzoin ether derivatives [43–46]. These
common photo-initiators (Figure 7) are easily photobleached through a well-known Nor-
rish I cleavage process to form different carbon-centred radical species, as described in
Equation (1).

Ph-C(O)-R→ Ph-C(O)• + R• (1)

However, a weak variation of aN and aH reflects the change in the benzoyl substituent
in PBN spin adducts, where the aH values range from 4.45 to 4.55 G. Notably, the HFS for the
different benzoyl radicals trapped by DMPO increases, and aH is comprised between 13.97
and 14.41 G. Surprisingly, the dimethoxybenzyl radical is not trapped due to its stabilized
character, and PBN seems to be selective towards the other carbon-centred radicals, which
are not detected.
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Some other pathways are described in the literature to initiate FRP for the use of amino
alkyl or phenyl radicals, which are highly reactive towards acrylate double bonds [3]. The
amino alkyl radicals result in a reaction between the triplet excited state of a photosensi-
tizer (benzophenone (BP) or camphorquinone (CQ) for example) and N-methyl diethanol
amine (MDEA, an electron donor molecule) through an electron transfer followed by an H
abstraction reaction process. Although this reaction is now well-established, such radicals
have not been trapped by PBN under these conditions. On the contrary, the highly reactive
phenyl radicals are mostly generated from the direct photolysis or the photosensibilization
of diaryl iodonium (or triarylsulfonium) salts, resulting in a homolytic cleavage of the C–I
(C–S) bond. Many examples of investigations implying aryl radical adducts using PBN
have been proposed so far. For example, Versace et al. designed new purpurin-based
photoinitiating systems [35] in combination with bis(4-methylphenyl) iodonium hexafluo-
rophosphate (Iod) as an oxidizing agent. The EPR–ST technique was applied to monitor
the formation of (4-methyl)phenyl radicals using PBN, therefore highlighting an electron
transfer reaction process between purpurin derivatives and Iod. The (4-methyl)phenyl spin
adducts of PBN were described as the main observable components. The EPR signal of the
(4-methyl)phenyl adduct is characterized by the following spin-Hamiltonian parameters in
benzene: aN = 14.52 G and aH = 2.21 G (g = 2.0061). Interestingly, the generation of phenyl
radicals (aN = 14.4 G, aH = 2.2 G) was also observed after the photolysis of triarylsulfonium
salts (triarylsulfonium hexafluoroantimonate salts) under UV-light irradiation by EPR–
ST [47]. Under mild conditions, phenyl radicals can abstract hydrogen from a polymer
backbone allowing thus the UV-induced grafting of polymers on the polymer surface. This
new photoinduced process gave the opportunity to tune the functionality of the polymer
surface and consequently to control its wettability as a function of the irradiation time.
Additionally, Versace et al. used a titanium (iso)propoxide/iodonium salt as an alternative
photoinitiating system to synthesize visible-light absorbing Ti-based nanoparticles (NPs)
in cationic photopolymerizable films [48]. EPR spin trapping with PBN evidenced the
formation of phenyl radicals (aN = 14.1 G and aH = 2.1 G in tert-butylbenzene) and the
corresponding peroxyl radicals (PhOO•, aN = 13.6 G and aH = 1.6 G) under air. Multiple ad-
ditions of peroxyl radicals to Ti• and the multiple fragmentations of the titanium peroxide
complexes under UV light irradiation likely occur to form Ti-based NPs.

Recently, new ferrocene-based photoredox catalysts [49] coupled with iodonium salt
(di-tert-butyl-diphenyl iodonium hexafluorophosphate) have been proposed to generate
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aryl radicals (Ar•) used to efficiently initiate FRP. This photoredox reaction leads to an
Ar•/PBN radical adduct with HFS of aN = 14.1 G and aH = 2.1 G in toluene. Remarkably,
the nature of the electron donor group on aryl radicals slightly influences the HFS with PBN.
More recently, (9,10-dioxo-9,10-dihydroanthracen-1-yl)(p-tolyl)iodonium trifluoromethane-
sulfonate and (4-methoxyphenyl)(4-oxo-2-phenyl-4H-benzo[h]chromen-3-yl)iodonium-4-
methylbenzenesulfonate, two new iodonium-based dyes used as a type I photo-initiating
systems [21], revealed remarkable initiating properties for FRP thanks to the formation
of aryl radicals, which were observed by EPR–ST with HFS constants of aN = 14.3 G and
aH = 2.2 G in tert-butylbenzene.

Among all the type I photo-initiators, the non-common acyloximes are recognized
as photo-based generators but are not widely used in FRP. The primary process is a
fast N–O cleavage followed by a fast release of carbon dioxide and amino and carbon-
centred radicals [50,51]. For example, Chandra et al. [51] designed a new visible absorbing
acyloxime used in FRP. According to EPR–ST, only one PBN spin adduct corresponding to
benzyl radicals in toluene was observed upon light activation (aN = 14.3 G and aH = 2.45 G).

Additionally, EPR–ST was used for the first time to observe the Co(acac)2-mediated
radical polymerization of n-butyl acrylate [52]. The C–Co bond photolysis led to the release
of alkyl radicals, the formation of which was followed by EPR–ST spectroscopy with PBN
in tert-butylbenzene. Under these conditions, a specific EPR signal of spin adducts derived
from carbon-centred radicals on the polymer backbone with aN = 14.53 G and aH = 2.91 G
was evidenced, thus confirming the C–Co bond photolysis and the photomediated radi-
cal polymerization.

3.2.2. Silyl Radical Spin Adducts of PBN

Satellite lines due to the coupling with 29Si (I = 1/2, 4.7% natural abundance) can
be observed in EPR spectra of silyl radical spin adducts of PBN, provided a sufficient
signal-to-noise ratio [37]. In 2008, a new class of type I silyl-based photo-initiators was
designed by Lalevée and co-workers for FRP applications [39]. In this study, EPR–ST
highlighted new photochemical mechanisms involving Si–Si bond cleavage by energy
transfer reaction with the excited triplet state of BP. The radical species were clearly as-
cribed to silyl radical adducts, which possess very high aN and aH values: trialkylsilyl
radical (aN = 14.8 G, aH = 6.1 G) and tris(trimethylsilyl)silyl radical (TMS)3Si• (aN = 15.3 G,
aH = 5.5 G). A similar investigation was proposed by using new silyloxyamines derived
from pentamethyldisilane [40], the absorption properties of which were tuned by intro-
ducing localized p systems, favouring their polymerization initiation ability. By simple
irradiation, an Si–Si bond cleavage was observed and resulted from a significant electron
transfer from the julolidine group to the silyl ether group, leading to trimethylsilyl radical
adducts of PBN (aN = 14.8 G, aH = 6.3 G). Interestingly, such compounds proved they
could be used also as type II photo-initiators when combined with photosensitizers such
as BP. Indeed, due to the bond dissociation energy (BDE) of Si–Si being lower than the
energy of the BP triplet excited state (3BP), the energy transfer process favours the Si–Si
bond cleavage as demonstrated by EPR–ST. In line with these considerations, a series of
silane-derived systems (R3Si-H) associated with BP [53] was described as efficient photocat-
alyst systems for increasing free-radical photopolymerization of acrylate monomers under
air. R3Si-H behaves as a high-performance co-initiator to form silyl radicals (R3Si•) by the
H-abstraction reaction, which is capable of reducing the detrimental oxygen inhibition
effect by forming peroxyl radicals (R3SiOO•) and allowing for R3Si• renewal. Interestingly,
the combination of silane-based molecules, iodonium salt, and CQ represents a remarkable
redox free-radical and cationic photo-initiating system. In its excited state, CQ abstracts
hydrogen from silane-based compounds to form not only silyl radicals able to initiate
FRP under air but also the oxidized form of silyl radicals (silylium ion, R3Si+) involved
in cationic photopolymerization. Similar systems were used in oxidative photocataly-
sis [54]. Indeed, iridium(III) complexes (Ir) were used as efficient photoinitiators for FRP in
combination with an iodonium salt (i.e., diphenyliodonium hexafluorophosphate, Ph2I+)
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and silane derivatives (R3Si-H). The iridium excited state reacts with Ph2I+ to generate
both the oxidant metal complex (Ir+) and phenyl radicals. The later are involved in a
hydrogen abstraction process with R3Si-H to yield R3Si•, which is further oxidized by Ir+,
leading thus to the regeneration of Ir and the formation of cationic species (silylium ion,
R3Si+). Such an oxidative photoredox catalysis can therefore be employed for FRP and
cationic polymerization in the visible range. The same reactions were proposed for CP at
long wavelengths and under air in the presence of bis(cyclopentadienyl)bis[2,6-difluoro-3-
(1-pyrryl)phenyl]titanium Ti, a silane (tris(trimethylsilyl)silane TTMSS), and a iodonium
salt [55]. The involved mechanisms during photolysis of this photo-initiating system were
clearly detailed by EPR. This technique evidenced the formation of a titanium-centred
radical (g = 1.978), and, in the presence of PBN, the formation of the (TMS)3Si• radical was
proven by the detection of the adduct characterized by HFS aN = 15.2 G and aH = 5.5 G in
tert-butylbenzene. EPR–ST proved the absence of cyclopentadienyl and benzyl radicals,
suggesting an H-abstraction reaction between those radicals and TTMSS to generate silyl
radical. The gradual decrease of silyl radicals over time evidenced the formation of silylium
ion (R3Si+) involved in CP.

3.2.3. Boryl Radical Spin Adducts of PBN in FRP

In 2010, boryl chemistry was the field of revived interest, and thereby the efficiency of
a new class of radicals derived from N-heteroaryl boranes was investigated. Interestingly,
the low B-H BDE (around 80 kcal.mol−1) permits these borane derivatives to be used as
co-initiators for the type II photopolymerization of acrylates with BP [56]. Under light
irradiation, ketyl radicals, generated from the hydrogen abstraction of borane derivatives
by 3BP, and boryl radicals were concomitantly produced. The high nucleophilic character
of the photoinduced boryl radicals was associated with a high addition rate constant to
acrylates, leading thus to high final conversions, even under air. Such a reaction was
strictly confirmed by EPR–ST. Both natural boron isotopes are characterized by a non-
zero nuclear spin I(11B) = 3/2 (80% natural abundance) and I(10B) = 3 (20%) and induce
additional HFS in the spectra of PBN spin adducts of boryl radicals. However, in most
studies, only the 11B coupling is resolved and simply referred to as aB. For instance, the
HFS constants were as follows: aN were comprised between 15.1 and 15.2 G, and aH were
in the range 2.1–2.8 G and 3.5 < aB < 4.7 G, in good agreement with previous results
on other boryls [57]. More recently, similar results were obtained with N-hetereocyclic
carbene (NHC) complexes of boranes [58] used as a new class of co-initiators for the type II
polymerization of acrylates under light irradiation in the 300–350 nm range. The formation
of the NHC-boryl radicals was easily established by EPR–ST experiments: the expected
spin adducts of the NHC-boryl radical were characterized by aN ~15.4 G, aH ~2.1 G, and
aB ~4.4 G, thereby confirming the intended H abstraction reaction process. In light of these
results, a series of N-heterocyclic carbene−boryl sulfides (NHC-BS) [41] was designed to
efficiently perform FRP under air. Remarkably, NHC-BS can play a dual role as a type I
photo-initiator and as a co-initiator in a type II photo-initiating system. EPR–ST with PBN
in tert-butylbenzene clearly demonstrated that NHC-BS could be involved in a homolytic
B-S bond cleavage when irradiated under UV light. The resulting EPR–ST spectra are
considered as the sum of signals from the NHC-boryl or NHC-thioboryl radical adducts
and the thiyl radical (PhS• or NaphthylS•) adduct in different proportions (Figure 8). NHC-
boryl and NHC-thioboryl radical adducts revealed three significant hyperfine coupling
constants, i.e., 15.1 < aN < 15.2 G, 2.1 G < aH < 3.1 G, and 4.2 G < aB < 4.6 G; the HFS
characteristic of the resulting PhS•/PBN radical adduct were determined to be aN = 13.9
and aH = 1.8 G. Remarkably, NaphthylS• was not trapped by PBN, which means that its
addition rate to PBN was slower than that observed with boryl radicals. Interestingly, when
NHC-BS were used as co-initiators with BP, the same boryl radical adducts were identified
following an H-abstraction reaction process.
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3.2.4. Phosphinoyl Radical Spin Adducts of PBN

In recent decades, bis(acyl)phosphine oxides have gained great attention in polymer-
ization [59,60] because of their high and efficient photo-initiating properties in free-radical
photopolymerization and due to the extension of their absorbance into the visible range.
The phosphinoyl radicals generated under UV irradiation are used both in FRP and in free
radical-promoted cationic photopolymerization (FRPCP). Particularly, Turro was the first to
study the photochemical behaviour of a series of bis(acyl)phosphine oxides under light irra-
diation, thereby correlating in detail the reactivity of phosphinoyl radicals towards oxygen,
thiophenol, methyl viologen, or acrylate monomers with the degree of radical localization
on the phosphorus atom by time-resolved EPR [60]. In 1997, Sueishi et al. observed the
reactivity of diphenylphosphinyl radical (•PPh2) toward different kinds of spin-traps in
benzene, particularly with PBN. Based on the g value (2.0060) and the hyperfine coupling
structure of the EPR spectra (aP = 18.2 G, aN = 14.1 G, aH = 3.2 G), the phosphinyl radicals
were considered as the main radical trapped by PBN. The spin adduct PBN-PPh2 displays
a large characteristic doublet caused by the phosphorus atom [61]. More recently, the
photosensitized decomposition of new phosphorus-containing compounds (R’2P-OR or
R2P(=O)-H) by BP (or other photosensitizers such as isopropylthioxanthone, eosin, or CQ)
was investigated, and an overview of the reactivity of the generated phosphorus-centred
radicals [62] was reported. EPR–ST clearly evidenced a two-step process for R’2P-OR com-
pounds. First, the formation of the phosphoniumyl radical ion R′2P•+−OR occurs through
an electron transfer reaction between the photosensitizer and R’2P-OR followed by the
fragmentation of the phosphoniumyl radical ion into a phosphinoyl radical R’2P•(=O). The
second reaction involves a hydrogen abstraction reaction from the P−H bond of R2P(=O)-H
using the suitable photosensitizer. The HFS of the phosphorus-centred radical adducts
using PBN were 14.2 < aN < 14.5 G, 2.9 < aH < 3.1 G, and 19.1 < aP < 25.2 G and agree with
the literature. Recently, Versace et al. designed a new vanillin-derived type I photoini-
tiator [63] based on phosphine oxide (4-allyloxy-3-methoxybenzoyl)diphenylphosphine
oxide; PM). According to Turro’s studies, this new kind of photoinitiator should undergo
a carbon-phosphorus bond homolytic photocleavage to yield benzoyl and phosphinoyl
radicals, which should be readily observable at around 330 nm by laser flash photolysis
(LFP). Unfortunately, the LFP signals of both expected radicals were merged between 320
and 380 nm. Therefore, the identification of non-persistent radical species upon irradia-
tion of PM was carried out by EPR–ST using PBN, and four main EPR signals from two
phosphinoyl and two carbon-centred radicals were identified. One must underline that the
signal intensities of the PBN spin adducts of phosphinoyl-derived radicals are higher than
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those of benzoyl radicals due to their faster rate of addition on PBN and their lower rate of
relaxation compared to that of benzoyl radicals [33].

3.2.5. Other PBN-Radical Adducts

Thiyl radical adducts of PBN are usually poorly stable or hardly distinguishable [64],
except in some specific cases. The phenylthiyl radical adduct of PBN is well-known [65]
(aN = 13.9 G, aH = 1.8 G in benzene) and has been detected in the photolysis of a NHC–BS
photo-initiator [41]. Interestingly, Versace et al. also observed thiyl radicals by the direct UV-
irradiation of trimethylolpropane tris(3-mercaptopropionate) (TT)/DMPA photo-initiating
system in tert-butylbenzene [12]. In non-aerated medium, DMPA leads to the formation of
benzoyl radicals (aN = 14.1 G and aH = 4.4 G), which abstract hydrogen from TT to induce
thiyl radicals (aN = 13.9 G and aH = 2.2 G).

3.3. Cyclic Nitrone Spin Traps

Cyclic nitrone spin traps usually yield spin adducts with more characteristic EPR
spectra than PBN thanks to a larger and more structure-sensitive aHβ value. Moreover,
additional small couplings with one or two hydrogen nuclei in the γ-position to the nitrogen
in the ring may sometimes appear on the spectra. DMPO, being the historical spin trap
and commercially available, is the most frequently used and benefits from an abundant
literature. A β-phosphorylated analogue, DEPMPO (5-diethoxyphosphoryl-5-methyl-1-
pyrroline N-oxide) [66,67], has been developed to facilitate the attribution of the EPR signal
with an additional 31P hyperfine coupling and is also frequently used. In a seminal study,
DMPO was applied systematically to the study of various types of PIS in comparison to
PBN [30]. It afforded satisfactory detection of alkyl-, aminoalkyl-, aryl-, ketyl-, thiyl-, and
phosphorus-centred radicals [30,36].

3.3.1. α-Aminoalkyl Radical Spin Adducts of DMPO

In the 2000s, the trapping of aminoalkyl radicals by DMPO was very scarce in the
literature due to the difficulties in producing these high performing and initiating radicals.
Nowadays, α-aminoalkyl radicals have been successfully generated by an electron transfer
process following the H-abstraction reaction between MDEA (an electron donor molecule)
and a photosensitizer. Numerous interesting studies have been published, and a series of
photosensitizers, i.e., natural dyes; CQ; and anthraquinone-, thioxanthone-, porphyrin-,
or phthalocyanin-derivatives have been therefore proposed [18,20,22,68,69]. The structure
of the α-aminoalkyl radical strongly influences HFS when using DMPO, and the latter
appears less selective than PBN in the trapping of these radicals (Criqui et al. 2008).
Recently, Versace et al. reported the use of new visible-light-absorbing thioxanthone
derivatives [69] with effective initiating properties when associated with MDEA upon
irradiation at 405, 455, and 470 nm with light-emitting diodes (LEDs). Interestingly, these
systems prove to successfully promote the FRP, even under air, thanks to the formation of
α-aminoalkyl radicals. The generation of the dominant EPR–ST signal fully compatible
with the α-aminoalkyl radical DMPO-adduct is characterized by the following HFS in
benzene: aN = 14.73 G, aHβ = 18.1 G, aHγ = 0.9 G; g = 2.0060. Similar results were obtained
with the photoexcitation of purpurin derivatives/MDEA systems [35] in the presence of a
DMPO spin trapping agent in benzene. The α-aminoalkyl radical DMPO-adduct shows
HFS parameters as follows: aN = 14.61 G, aHβ = 17.88 G, aHγ = 1.15 G; g = 2.0058. The later
HFS parameters evolve when a spin-trapping reaction occurs in dimethylsulfoxide (DMSO).
For instance, irradiation of methacrylated quinizarin/MDEA systems [18] in the presence
of DMPO in DMSO leads to the following HFS parameters: aN = 14.66 G, aHβ = 19.45 G,
aHγ = 0.62 G; g = 2.0059. These are slightly different to what was previously described in
non-polar solvent.
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3.3.2. Thiyl Radical Spin Adducts of DMPO

The thiol-ene process under light irradiation has been extensively studied over the
last century. As evidenced by the high number of investigations, thiol-ene technology
continues to grow, and numerous striking advantages [70,71] could be underlined such as
low shrinkage, high ene final conversions with fast polymerization rates, insensitivity to
oxygen, and uniform crosslink densities. The generated flexible thioether linkages during
the thiol-ene process provide high heat resistance, low water absorption, and low oxidation
susceptibility to the resulting materials. Interestingly, high storage moduli have been
observed in the glassy thiol-ene-based materials, even when subjected to deformation. More
recently, various thiol–acrylate systems have been investigated and have demonstrated
their capability to produce thick materials, even after irradiation under air, establishing
the further great potential of thiol-ene chemistry in future applications. This technology
is well-known to occur through a free-radical step-growth mechanism involving a two-
step process: at the early stage, thiyl radicals add on the carbon of an ene functionality
to give carbon-centred radicals. Subsequently, a hydrogen abstraction reaction occurs
between the thiol group and the carbon-centred radical to form a thiyl radical. Finally, a
radical–radical coupling ends the polymerization. For instance, investigations [35] with
TT, soya bean oil acrylate, and purpurin derivatives demonstrated that the kinetics of
acrylate photopolymerization were moderately slowed down under air; the generated thiyl
radicals trap oxygen to form peroxyl radicals (RSOO•), which are subsequently involved in
a proton transfer reaction with TT, thus regenerating the thiyl radicals. Thiyl radicals have
been experimentally observed after being trapped by DMPO, and the spin-Hamiltonian
parameters extracted from the simulation of EPR spectra (i.e., aN = 13.47 G, aHβ = 11.73 G,
aHγ = 0.90 G, aHγ = 0.97 G; g = 2.0061 in benzene) are attributed to the DMPO-adduct with
the thiyl radical. Similar results were recently obtained with di-methacrylated quinizarin
dyes/TT photoinitiating systems [18] upon LED irradiation at 405 nm; two EPR signals
were immediately observed, i.e., one attributed to the quinizarin radical anion along with
the RS•/DMPO spin adduct. Interestingly, the HFS of the thyil radical spin adduct were
aN = 13.80 G, aHβ = 13.19 G, aHγ = 0.87 G, aHγ = 0.70 G, g = 2.0061 in DMSO.

3.3.3. Phosphorus-Centred Radical Spin Adducts of DMPO

Only a few investigations reported the spin-trapping of phosphorus-centred radi-
cals [61,72]. In the study of Nishihara et al., the spin-trapping efficiency of diphenylphos-
phinyl radical (•PPh2) with some spin traps (PBN, DMPO) were reported, and the trapping
rates of this radical were studied by competitive reactions [36]. Interestingly, it was proven
that the spin trapping of •PPh2 by DMPO is less favourable than that by PBN. Extrapolating
from molecular calculations [73,74] and their kinetics observations, the authors concluded
that the •PPh2 radical behaves as a nucleophile upon addition to the nitrone. The pattern
of the EPR signal of the •PPh2/DMPO spin adduct is similar to what can be obtained with
PBN. However, the•PPh2/DMPO spin adduct exhibits remarkably large HFS (aP = 37.2 G,
aN = 13.6 G, aH = 18.3 G), compared with those of PBN-adducts (aP = 18.2 G, aN = 14.1 G,
aH = 3.2 G) in benzene [61]. More recently, Criqui et al. [30] failed to observe phosphinoyl
radicals generated from the photolysis of phosphine oxide-based photo-initiators. The
nucleophilic addition of these radicals onto DMPO was not thermodynamically favoured
to be easily observed.

3.3.4. (4-Methyl)phenyl Radical Spin Adduct of DMPO

Phenyl derived radicals generated from the photolysis of iodonium salts by electron
transfer reactions have demonstrated high reactivity toward acrylate double bonds for the
initiation of free-radical polymerization upon visible LED irradiation [19,35]. However,
few investigations have described the spin-trapping of (4-methyl)phenyl radical by DMPO.
For instance, a chlorophyll a derivative and its corresponding zinc (II) complex [19] were
employed as efficient visible-light photosensitizers for free-radical photopolymerization of
multi-acrylate monomer when associated with an oxidizing agent, i.e., (4-methylphenyl) [4-
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(2-methylpropyl)phenyl] iodonium hexafluorophosphate (a iodonium salt). A six-line EPR
signal associated with the spin-Hamiltonian parameters, namely, aN = 14.54 G, aH = 21.34 G,
and g = 2.0059, is well compatible with the (4-methyl)phenyl spin adduct of DMPO in
acetonitrile solution. The HFS of the (4-methyl)phenyl/DMPO spin adduct elucidated from
the experimental EPR spectra obtained upon irradiation of purpurin derivatives/Iod in
benzene solutions were slightly different to those observed in acetonitrile with aN = 14.02 G,
aH = 19.55 G, and g = 2.0060 [35].

4. Experimental Setup
4.1. Solvent and Cell Choice

The solvent must dissolve all the components of the spin trapping experiment. In
addition, solvents with high dielectric constants, such as acetonitrile, require the use of
flat cells, an AquaX® cell (Bruker, Billerica, MA, USA), or capillary tubes because they
otherwise induce non resonant absorption of the microwave and prevent tuning of the
spectrometer [75]. Otherwise, 4-mm cylindrical quartz tubes can be used to prepare the
samples. A lot of HFS data was originally obtained in benzene in the literature [76], but
it is preferable to substitute this carcinogenic solvent in future studies. Some solvents,
such as dimethylformamide, should be avoided in spin trapping experiments because
they enhance nucleophile addition to nitrones, which can lead to artefactual formation of
nitroxide through the Forrester–Hepburn mechanism (see Section 5.3).

4.2. Spin Trap Concentration

Precise concentrations of reaction components are often not reported in research
articles on PIS, as only qualitative information is targeted. The spin trapping reaction is in
competition with other reactions of the investigated radicals, such as radical recombination
or fragmentation. Enough spin trap must thus be introduced at the start of the radical
production. However, the spin trap concentration must not be too high to reduce the
internal filtering of the excitation wavelength when it falls in the spin trap absorption
range. High nitrone spin trap concentrations have also been shown to reduce the stability
of spin adducts [29]. Concentrations of the spin trap ranging from 1 mM to 100 mM
are used, 20–50 mM being the optimal range in most studies. With such concentrations,
contamination of the spin trap by traces of hydroxylamine or nitroxide impurities can lead
to artefactual signals in the spectra and misinterpretation. It is thus important to regularly
check the purity of the batch used. Contaminating hydroxylamines can be tested by
treatment with ferricyanide, which converts them to EPR-visible nitroxides [77]. DMPO has
a reduced shelf-life and often contains paramagnetic impurities. DEPMPO is usually more
stable upon long-term storage at −20 ◦C or lower, but it can also become contaminated.
Both being oils at room temperature, they are difficult to purify by distillation on a small
scale. PBN, on the contrary, has a long shelf-life and can be purified by recrystallization.

4.3. Removal of Oxygen

Oxygen is a well-known inhibitor of many radical polymerization processes because
the formation of secondary radicals occurs. This is a first reason why the PIS samples are
usually degassed with nitrogen or argon. A second reason is the broadening induced by
oxygen, a paramagnetic biradical in its ground state, on the EPR spectrum. Degassing
enables better observation of the hyperfine structure of the spectra [53].

4.4. Irradiation In Situ or Ex Situ

Some EPR cavities are equipped with irradiation windows that allow irradiation in
situ during EPR acquisition. This is mandatory for the study of very short-lived spin
adducts such as the PBN adducts of phosphinoyl radicals [33]. Caution must be taken not
to damage the cavity by overheating with high energy radiation, and it is good practice
to verify the stability of the spin trap under the conditions of study. Depending on the
system under study and providing sufficient stability of the spin adducts formed, ex situ
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irradiation is an alternative. Heating of the sample induced by infrared light irradiation
greatly alters the kinetics of the spin trapping reaction and reduces the spin adduct lifetime,
which can impair detection.

4.5. Acquisition Parameters

Acquisition parameters are critical to afford detection of low and transient concen-
trations of spin adducts. Microwave power between 10 and 20 mW is widely accepted to
optimize EPR intensity while avoiding saturation of the signal for nitroxides [78]. Modula-
tion of the magnetic field is used in conventional spectrometers to enhance the sensitivity of
EPR acquisition, which results in the EPR spectrum being recorded as the first derivative of
the absorption signal. Recommended modulation amplitude is generally around 0.1 mT for
nitroxides, but lower values up to 0.01 mT can be chosen to better resolve small hyperfine
structure or higher values up to 0.25 mT to detect low signals. When looking at weak sig-
nals, a further increase in signal-to-noise ratio can be accessed by using large time constants
to reduce noise or by repeatedly acquiring the spectrum and subsequently adding the
spectra together. As a result, the signal increases proportionally with the number of scans
N, random noise with

√
N, and thus signal-to-noise ratio with

√
N. Modern spectrometers

also allow automatic sequential recording of large series of spectra, and this function can
be used to further increase the sensitivity of detection with spin traps. Application of data
processing methods to large series of spectra, such as singular value decomposition (SVD),
can afford extraction of kinetic information in addition to noise filtration [29].

5. Interpretation of Results
5.1. Signal Attribution

Once EPR spectra have been recorded, attribution of the signal to specific radical
species involves extraction of hyperfine coupling constants. A lot of information can
be obtained from careful examination of the spectra [32]. When approximate values of
the parameters have been determined, more precise values are derived from fitting of
a calculated spectrum to the experimental data with the help of numerical simulation
software. In spin trapping experiments, the most popular programs are WinSim [79], made
freely available to the EPR community by NIEHS at https://www.niehs.nih.gov/research/
resources/software/tox-pharm/tools/index.cfm (accessed on 12 May 2022), and EasySpin,
a dedicated MATLAB toolbox [80]. A correctly performed simulation requires optimization
of the following variables for each radical species: aN and the HFS for additional coupling
nuclei, the relative weight of each species in the spectrum, the g-value, the linewidth, and
the Lorentzian component of the lineshape. The number of variables rises thus very quickly
when mixtures of adducts are detected, making the simulation a very challenging task.
One must be careful not to overinterpret the results of numerical simulation.

The trapped radical can be identified by comparing the HFS values deduced from the
analysis of the spectrum to those from the literature, considering they may slightly vary
depending on the nature of the solvent. Useful compilations of HFS are found in the work
by Buettner [76] and in the online NIEHS database https://tools.niehs.nih.gov/stdb/index.
cfm (accessed on 12 May 2022).

The HFS for new spin adducts that are not found in the literature can be confirmed
by carrying out control spin trapping experiments in which the same radical is formed by
a different method. This strategy was followed to characterize unambiguously the silyl
radical produced from novel photo-initiators and trapped with PBN [39].

Formation of the diastereomeric nitroxide spin adduct (bearing two stereogenic cen-
tres) may result from the radical trapping reaction. This can translate into different EPR
spectra, because of differences in the interactions between substituents [81], and further add
to the complexity of interpretation. The difference between the spectra of diastereomers
may be so small that only one set of HFS is observed, as in the PBN spin adducts derived
from NHC-boryl bis-sulfide photopolymerization initiators [41] (Figure 8).

https://www.niehs.nih.gov/research/resources/software/tox-pharm/tools/index.cfm
https://www.niehs.nih.gov/research/resources/software/tox-pharm/tools/index.cfm
https://tools.niehs.nih.gov/stdb/index.cfm
https://tools.niehs.nih.gov/stdb/index.cfm
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In the case of very intense spectra, small satellite lines can be observed due to hyperfine
coupling to 13C (I = 1/2, 1% natural abundance) and, less likely, 15N (I = 1/2, 0.4% natural
abundance). They can be used to confirm the attribution of the signal by simulation
(Figure 9) [35].
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5.2. Kinetic Considerations

Assuming the recording parameters have been properly chosen to avoid saturation
of the EPR signal, the intensity of the spectrum is proportional to the number of spins
in the sample, and the concentration of the spin adduct can easily be deduced from the
comparison with an external standard of known concentration (usually a stable nitrox-
ide). Considering that the spin trapping rate and the stability of spin adducts highly
depend on the radical under study, it is dangerous to draw conclusions about the relative
proportions of trapped radicals upon simultaneous detection of multiple spin adducts
(see also Section 5.3). For example, the intensity of PBN spin adducts of benzoyl radi-
cals detected from a vanillin-derived type I photoinitiator was much smaller than that of
phosphinoyl radicals, despite their concomitant formation by homolytic cleavage of the
carbon–phosphorus bond [63]. This can be rationalized by the published spin trapping
rates [33] (kbenzoyl/PBN = 8 × 105 M−1 s−1 vs. kphosphinoyl/PBN = 3 × 107 M−1 s−1).

Formation of a radical in a PIS under irradiation should thus not be discarded on
the basis of unsuccessful EPR detection using spin traps. A low spin trapping rate or
the high instability of the spin adduct can prevent accumulation of the signal above EPR
detection limit. For example, stabilized dimethoxybenzyl radicals are not trapped by PBN
in EPR–ST studies, but their characteristic absorption at 410 nm can be readily observed
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in LFP experiments during the photolysis of di-tert-butylperoxide benzaldehyde dimethy-
lacetal [30]. Similarly, the highly stable iminyl radicals formed upon the photocleavage
of the acyloxime photobase (Z)-7H-benzo[de]anthracen-7-one O-(2-phenylacetyl)oxime
are not detected with PBN, even if homolytic cleavage of the N–O bond followed by a
fast decarboxylation is confirmed by the detection of benzyl radical adducts (aN = 14.3 G,
aH = 2.5 G in tert-butylbenzene) [30].

5.3. Potential Artefacts

On the other hand, reactions that do not involve radical trapping may lead to ni-
troxides and false positive results. Specific warnings against misinterpretations appeared
in the literature, mainly in the field of biological applications [82,83]. Possible artefacts
comprehend: (a) oxidation of DMPO and related nitrones to the corresponding hydroxamic
acid by oxidants, followed by oxidation to a nitroxide characterized by a 7-line EPR spec-
trum [84]; (b) inverted spin trapping [85–87]; and (c) the Forrester–Hepburn mechanism [88]
(Figure 10). The latter two reactions lead to radicals that are identical to spin adducts but
through combinations of mono-electronic oxidation of the spin trap and nucleophilic addi-
tion, in either order. The oxidation potentials of the spin traps must be compared to those
of the PIS components to exclude the possibility of inverted spin trapping in the presence
of strong oxidants (EPBN•+/PBN ≈ 1.7 V and EDMPO•+/DMPO ≈ EDEPMPO•+/DEPMPO ≈ 2.1 V
vs. SHE) [86,89,90]. The Forrester–Hepburn mechanism, where the first step involves
nucleophilic attack of the nitrone by a nucleophile and formation of a readily-oxidizable
hydroxylamine product, is potentially a greater source of artefacts [91], especially when
studying thiol-ene photopolymerization initiation processes with high thiol concentrations.
Indeed, EPR signals similar to that resulting from trapping of thiyl radicals by DMPO
are observed even in the absence of irradiation due to this process. Under irradiation, an
increase of the EPR signal of the thiyl adduct could result from the photo-induced oxidation
of preformed hydroxylamine, independently of the formation of genuine thiyl radicals
(Figure 11). Confirmation of the formation of thiyl radicals by another technique is crucial
here to conclude.
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(a) formation of the DMPOX nitroxide characterized by a 7-line EPR spectrum under oxidizing
conditions; (b) inverted spin trapping; and (c) Forrester-Hepburn mechanism. DMPO is used as a
model spin trap in this figure, but similar mechanisms exist for other nitrones. [O] stands for the
oxidation step, and Nu: for nucleophiles such as thiols.
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Figure 11. EPR signal observed in dichloromethane in the presence of DMPO and TT (~50 and
400 mM, respectively) in the absence of any light irradiation and resulting from the Forrester–Hepburn
mechanism. The red trace corresponds to the EPR simulation using the following parameters:
aN = 13.6 G, aHβ = 12.8 G, aHγ = 0.9 and 1.1 G, and g = 2.0061, indistinguishable from that observed
when trapping thiyl radicals.

6. Conclusions

EPR–ST is now widely recognized as the gold standard to support the identification
of short-lived radicals produced under photoirradiation of PIS developed for photopoly-
merization. It is complementary to other techniques that yield more direct information,
such as LFP coupled to UV–visible absorption spectroscopy and spectroelectrochemistry.
Indeed, LFP allows short or long-lived radical species, which absorb in the visible range, to
be detected easily; however, these are much more difficult to detect when absorption occurs
in the UV range, where LFP signals of many radicals can merge, and when absorption
coefficients of radicals are low. A limited number of spin traps has been used in PIS studies,
mainly PBN and DMPO, while a large variety of structures has been designed and applied
successfully in other fields of in-solution chemistry [28]. β-Phosphorylated analogues, PPN
and DEPMPO, are especially interesting because the additional 31P hyperfine interaction
facilitates the identification of the trapped species. In experimental plans, including several
spin traps to study the mechanism of new PIS is critical in order not to miss important radi-
cals, since a certain selectivity can be observed. One must be fully aware of the advantages
of the method but also of its limitations when designing the spin trapping experiment,
including appropriate controls, and when interpreting the results.
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Abbreviations

BDE bond dissociation energy
BP benzophenone
CP cationic photopolymerization
CQ camphorquinone
DEPMPO 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide
DMPA 2,2′-dimethoxyphenyl acetophenone
DMPO 5,5-dimethyl-1-pyrrolidine N-oxide
DMSO dimethylsulfoxide
EPR electron paramagnetic resonance
ESR electron spin resonance
FRP free radical photopolymerization
FRPCP free radical promoted cationic photopolymerization
HFS hyperfine splitting
Iod bis(4-methylphenyl) iodonium hexafluorophosphate
Ir iridium(III) complexes
LED light-emitting diode
LFP laser flash photolysis
MDEA N-methyl diethanol amine
MNP 1-methyl-1-nitrosopropane
ND nitrosodurene
NIR near infrared
NHC N-heterocyclic carbene
NHC-BS N-heterocyclic carbene-boryl sulfide
NP nanoparticle
PBN N-tert-α-phenyl-butylnitrone
PIS photo-initiating system
PM 4-allyloxy-3-methoxybenzoyl)diphenylphosphine oxide
PPN diethyl 1-(N-benzylidene N-oxyamino) 1-methylethyl phosphonate
ST spin trapping
SVD singular value decomposition
TT trimethylolpropane tris(3-mercaptopropionate)
TTMSS tris(trimethylsilyl)silane
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