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Preface

O. OUARI* AND D. GIGMES*

Aix Marseille Univ, CNRS, ICR UMR7273, Marseille, France
*Emails: Olivier.ouari@univ-amu.fr; didier.gigmes@univ-amu.fr

The nitroxide field appears to be experiencing endless growth. Innovative
applications empowered by new chemistries, physics, biochemistry,
materials and nanoscience assembling but also characterization methods
are supplying constantly the field enabling both the improvement of
established tools and the development of disruptive technologies.
Mostly, the particular chemistry and properties of nitroxides underlie the
widespread research attention on this class of radical species. High-impact
applications are already on the market, such as nitroxide-mediated products
used in roof tops of some cars, metal-free and greener oxidation reagents
efficient from the laboratory to the industrial scale, including the production
of pharmaceuticals, fragrances and nanocellulose, polarizing agents for
hyperpolarization techniques, stabilizers and polymerization inhibitors.

All these successes have been made possible by the basic knowledge
gained over the last decades but also by the tremendous radical stability
and the possible fine tuning of nitroxide properties by designing precise
skeletons. Moreover, the electron paramagnetic resonance (EPR) signal of
nitroxides contains a remarkable wealth of information on the structure,
dynamics, orientation and spin dynamics of the spin system but also on
polarity, viscosity, distances, mechanisms, dioxygen (O2) concentration,
pH or redox status in samples.

The diverse chemistry of nitroxides has enabled their widespread use in
applications ranging from site-directed spin labeling/electron paramagnetic
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resonance (EPR) in structural biology,1–3 polarizing agents for dynamic
nuclear polarization (DNP)/hyperpolarization techniques,4,5 antioxidants in
biological studies,6 redox-active species for energy storage,7,8 metal-free
contrast agents in magnetic resonance imaging (MRI),9 mediators in
radical polymerization,10 selective and precise probing,11–13 and catalysts in
chemical and oxidation reactions.14,15

In this book, we have strived to give a broad coverage to the field of
nitroxide radicals, including chemical, biological, materials topics and their
study by EPR spectroscopy.

The ‘radical’ diversity of the application of (poly)nitroxides is reflected
in this book by the various contributions in organic synthesis (Szpilman
et al.), in the methods for the synthesis of different nitroxide skeletons,
focusing on the tunability of their structures and properties (Kirilyuk
et al.), in the use of EPR spectroscopy to reveal detailed local information
(Eaton et al.), in using nitroxides as spies in probing complex biological
and supramolecular systems (Khramtsov, Lucarini et al.) and labeling
biomolecules to gain precise structural and dynamic information
(Klug et al.), in energy storage as redox materials for organic lithium
batteries (Gohy et al.), in the use of nitroxide-mediated polymerization
(NMP) to prepare polymers with precise architecture, composition and
functionality exhibiting advanced properties (Asua et al.), in organic
magnetism (Rajca), in paramagnetic liquid crystals (Tamura et al.), in
using computational tools for investigating and designing new radicals
(Coote et al.), and in trapping free radicals and characterizing their
paramagnetic adducts, notably for reactive oxygen species (ROS) detection
(Kalyanaraman et al.).
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CHAPTER 1

A Brief History and Outlook
of Nitroxides

O. OUARI* AND D. GIGMES*

Aix Marseille Univ, CNRS, ICR UMR7273, Marseille, France
*Emails: Olivier.ouari@univ-amu.fr; didier.gigmes@univ-amu.fr

1.1 Brief History
Nitroxides, also named aminoxyl or nitroxyl radicals, constitute a family of
versatile organic radical species with rich and diverse properties and re-
activity.1,2 Nitroxides belong to an important class of compounds finding a
wide range of applications related to the fields of organic chemistry,
physical-chemistry, material science, biology and medicine. Nitroxide com-
pounds have a long history that started in 1845 with the first nitroxide
prepared by E. Frémy.3 Known as Frémy’s salt (Scheme 1.1), this radical was
initially obtained by oxidation of potassium disulfonate hydroxylamine with
lead dioxide and then by reaction of sodium nitrite with sodium bisulfite.
The first organic nitroxide, so-called porphyrexide, was then prepared in
1901 by Piloty and Schwerin (Scheme 1.1).4 Later, in 1914, a nitroxide
bearing two aryl groups on the nitrogen atom was obtained for the first time
(Scheme 1.1) by Wieland et al.5 In 1959, the synthesis of the first cyclic N,N-
di-alkyl nitroxide, namely 2,2,6,6-tetramethylpiperidinyl-1-oxyl, better known
under the name of TEMPO, was described by Lebedev and Kazarnovskii
(Scheme 1.1).6 Since this report, N,N-dialkyl nitroxides have taken on
increasing importance over the years. In 1961, the synthesis of non-cyclic
di-tert-butylnitroxide was described by Hoffmann and Henderson
(Scheme 1.1).7
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It has to be mentioned that since the 1960s the development of both ef-
ficient methodologies in organic chemistry and electron spin resonance
(EPR) spectroscopy has been extremely beneficial for the development of the
nitroxide field (Scheme 1.2).8 Several nitroxide structures such as TEMPO,
TOAC, PROXYL, MTSL, DBN, TMIO, AZADO, ABNO and DOXYL are now
commercially available and many more have been already described.2,9,10

The term stable radical11 implies that the nitroxide compounds can be
safely handled and stored under ambient conditions, without any pre-
caution of temperature, dioxygen (O2) or moisture exposition. The unusual
radical stability and the possible reactions proceeding on the their structure
with conservation of the radical properties were early recognized to be a key
feature of nitroxide compounds12–14 explaining the widespread research
attention on their reactivity and applications.

1.2 Nitroxide Reactivity
The exceptional properties of nitroxides result from the presence of a three-
electron p bond in the aminoxyl group (N–O�). This bond consists in the
overlapping of the 2pz orbitals of the nitrogen and oxygen atoms. Hence, the
electronic structure of the N–O� group is represented by the contribution of
two resonance forms A and B (Scheme 1.3).

Due to the presence of a single electron in the p* orbital (SOMO), the
bond index of the N–O bond is 1.5. In addition, the value of the bond
energy (E418 kJmol�1) and the bond length (1.25 ÅodNOo1.30 Å) are
between those of a single NO bond of an hydroxylamine or alkoxyamine
(N–OHE222 kJmol�1 and 1.43 Å, respectively) and those of a NO double
bond of a nitroso compound (E606 kJmol�1 and 1.20 Å, respectively).

In dialkylnitroxides (R1¼R2¼ alkyl) the spin density is essentially dis-
tributed between the nitrogen and oxygen atoms with a slightly larger value
on the oxygen atom. The delocalization of the single electron of an aminoxyl
group corresponds to an energy gain of approximately 100 kJmol�1. How-
ever, the formation of an O–O bond leads to an energy gain of 170 kJmol�1.
Consequently, the dimerization of nitroxides is not thermodynamically
favored because it does not correspond to a gain in bonding electrons. Ty-
pically, nitroxides having one or more hydrogen atoms on the a-carbons (Ca)
of the nitrogen atom are not stable due to a disproportionation reaction that
leads to the formation of the corresponding nitrones and hydroxylamines

Scheme 1.1 Structures of the early nitroxides.
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(Scheme 1.4).15 It should be mentioned that very large steric constraints in
a-position cause potentially the spontaneous homolytic decomposition of
dialkylnitroxides to afford the corresponding nitroso compound and the
alkyl radials (Scheme 1.4).16,17

However, a few exceptions of stable nitroxides bearing hydrogen atoms on
the a-carbons have been reported. For example, due to Bredt’s rule we can
cite nitroxides containing polycycles (ABNO, AZADO) where the abstraction
of the hydrogen in the alpha position atom is forbidden.17 Other examples
are related to crowded molecules around the hydrogen to be abstracted or to
conformationally constrained nitroxides (TIPNO, SG1, Scheme 1.5) limiting
the disproportion reaction to occur.

Scheme 1.2 Some examples of the most common nitroxide structures.

A Brief History and Outlook of Nitroxides 3
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Scheme 1.3 Representation of two resonance structures of nitroxides, a schematic
representation of the n, p, p* orbitals on the NO� group and the bond
length of nitroso, nitroxide and alkoxyamine compounds.

(a)

(b)

Scheme 1.4 Possible decomposition pathways for nitroxide: (a) fragmentation
(b) disproportionation.

Scheme 1.5 Examples of stable nitroxides bearing hydrogen atom(s) in the
a-position.
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Interestingly, nitroxides behave as redox amphoters (Scheme 1.6). They
can be reversibly oxidized to the corresponding N-oxoammonium salt or
reduced to the corresponding hydroxylamine in a one-electron process. This
property and the tunable redox potentials enable the development of redox
probes for biological systems or organic electrodes for lithium batteries or
catalytic oxidation reagent in organic synthesis.

N,N-Dialkyl nitroxides such as TEMPO are usually poorly efficient for C–H
activation and H-atom abstraction due to the low OH-bond dissociation
energy (BDE, 290 kJmol�1). Nitroxide bearing electron-withdrawing groups
such as a,a-diacyl nitroxides are usually employed for reaction with un-
activated positions. For comparison, the BDE of NHPI is much larger
(367 kJmol�1) and the corresponding radical is good H-abstracting reagents.
In contrast, the reverse process of converting hydroxylamine to nitroxide is
usually thermodynamically favorable and the TEMPO hydroxylamine can be
used as an antioxidant.

Therefore, the three-electron bond in nitroxides modifies the usual re-
activity of the unpaired electron, notably relative to alkyl or peroxyl radicals,
e.g. with no dimerization, limited H-atom abstraction and no reactivity with
air and moisture. Moreover, the relative inertness of the radical center with
numerous diamagnetic chemicals and biomolecules provides the possibility
to modify other reactive groups of the nitroxide molecules without affecting
the paramagnetic center, opening possibilities to tailor the nitroxide struc-
tures or bioconjugate the nitroxide spin label.

The reaction of nitroxides with C- and O-centered radicals is usually fast
(10�6 to 10�9 mol s�1). The trapping of C-centered radicals to form alkoxy-
amines made nitroxides good candidates as radical stabilizers and regulating
agents for controlled/living radical polymerization. Also, this feature has been
recently employed as a tool to shift a dynamic covalent reaction network out of
equilibrium using light-sensitized alkoxyamines,16 to prepare dynamic as-
sembly of fluorescent hybrid microcrystals17 and to digitally encode infor-
mation in polymers.18 The reaction of short-lived C-centered radicals with
stable nitroxides generated at equal rates is at the origin of the persistent
radical effect (PRE)19 that received recently growing interest in organic syn-
thesis because of the high selectivity in the cross-coupling reactions.20

1.3 Conclusion
Up to now nitroxide radicals are probably the most studied radical species.
They have already proven their importance in various fields. Undoubtedly,

Scheme 1.6 Redox properties of nitroxides.
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more will arrive in the near future. Indeed, nitroxides and associated com-
pounds will certainly play a key role in the fields of energy storage, metal-free
contrast agents for MRI, medicine, material science, advanced EPR, quan-
tum computing and also storage of information.
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CHAPTER 2

General Approaches to
Synthesis of Nitroxides

IGOR A. KIRILYUK* AND DMITRII G. MAZHUKIN

N.N.Vorozhtsov Novosibirsk Institute of Organic Chemistry SB RAS,
Pr. Lavrentieva 9, Novosibirsk 630090, Russian Federation
*Email: kirilyuk@nioch.nsc.ru

2.1 What are Nitroxides. Limits of Nitroxide Stability
Nitroxides are a broad family of organic free radicals in which an unpaired
electron is localized mainly on a three-electron N–O bond between an oxygen
and disubstituted nitrogen atom. They can be represented with resonance
structures 1 and 2 (Scheme 2.1).

This very small group is characterized with remarkably high delocalization
energy of free electrons. Estimations of this energy by different authors vary
in a range from approximately 951 to 1252 kJmol�1. This provides thermo-
dynamic stability (low energy) of the nitroxide group and makes thermo-
dynamically less favorable reaction pathways leading to free radical decay.
This review will focus on nitroxides which at least can be isolated as indi-
vidual compounds.

The majority of stable nitroxides has two tert-alkyl groups at a nitrogen
atom or two gem-dialkyl moieties in a cyclic structure (Chart 2.1). Many
radicals of these types are stable enough to be handled as conventional
organic compounds and can be stored for decades in aerobic conditions in a
dark place at ambient temperature without any trace of decomposition. Due
to the relatively low reactivity of the nitroxide group, various chemical
reactions can be used for modification of nitroxide structures with
radicals not being affected. However, strongly acidic conditions, strong

Nitroxides
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r The Royal Society of Chemistry 2021
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oxidants and reductants may lead to nitroxide conversion into diamagnetic
compounds. Usually, the nitroxide group can be easily recovered after these
chemical reactions, alternatively protective groups should be used. The
relative simplicity of chemical modification of nitroxide structures resulted
in the synthesis of countless numbers of derivatives, allowing for tuning of
their spectral parameters and chemical and physical properties for specific
applications. Nitroxides can be specifically attached to various molecules or
incorporated into complex molecular or supramolecular structures to give
various functional materials.3–5

Some examples of stable nitroxides with sec-alkyl substituents are shown
in Chart 2.2. AZADO and Nor-AZADO are powerful catalysts of alcohol
oxidation to carbonyl compounds.6 Nitroxides TIPNO and SG1 are used in
nitroxide-mediated polymerization.7–10 Nitroxide 3 (pKa 3.6) showed low
cytotoxicity and was used to measure acidity in the rat stomach.11

Curiously, there is a discrepancy in the numbering of atoms adjacent to
N–O� group in the literature. For example, nitroxides of the type shown in
Chart 2.2 in numerous publications are called ‘‘a-hydrogen’’,12,13 which
corresponds to UCLA (University of California, Los Angeles) Illustrated
Glossary of Organic Chemistry,14 but there is also a number of papers
where the same atom is called ‘‘b-hydrogen’’ in agreement with traditional
terminology in spin trapping/EPR literature (Figure 2.1).15–17 Moreover, SG1-
type nitroxides are usually called ‘‘b-phosphorylated’’ but ‘‘a-hydrogen’’,12,18

while nitroxide 4 was called ‘‘b-sulfinyl’’.19 Remarkably, contradictory des-
ignations are sometimes used by the same authors. Here we will hold to the
terminology used in older spin trapping papers, counting each atom from
the first one bound to nitrogen of the N–O� group.

Nitroxides with b-hydrogen are usually unstable and undergo dis-
proportionation to nitrone and hydroxylamine (Scheme 2.2). This reaction
was proposed to proceed via b-hydrogen abstraction.20 X-ray analyses data
obtained for some of stable acyclic nitroxides showed that they exist in a
conformation with b-hydrogen in anti-position to nitroxide oxygen atom and
close to the nodal plane of the N–O� p-system (obviously due to repulsion of
bulky substituents).12 This conformation is unfavorable for hydrogen
abstraction in accordance with the suggested mechanism, making the
nitroxides persistent. An alternative mechanism does not account for this
phenomenon.21 Disproportionation of bicyclic nitroxides is forbidden by
Bredt’s rule.

Among the cyclic nitroxides with b-heteroatom(s) in the side chain, the
b-phosphorylated nitroxides have by far the greatest importance (Chart 2.3).
Radicals 5 and 6 were successfully used for Overhauser-enhanced magnetic
resonance imaging of enzymatic activity in tissues.22,23 Nitroxide 7 was
suggested for EPR detection of traces of water in organic solvents.24

There is also a large family of stable conjugated nitroxides (Chart 2.4).
Various nitronyl- and imino-nitroxides of 2-imidazoline series 8 and 9 are
widely used in coordination chemistry as building blocks for assembling

General Approaches to Synthesis of Nitroxides 9
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magnetic materials.5 DPAIO and its derivatives are considered as promising
agents for nitroxide-mediated polymerization (NMP).25

The number of new nitroxides is rapidly increasing. Recently, a series of
new extremely unusual stable nitroxides have been prepared via addition of
nitric oxide to boron-phosphorus frustrated ionic pairs (Scheme 2.3).26,27

Broad diversity in structures of known nitroxides implies strong vari-
ation of their stability, chemical properties and spectral parameters.
Different peculiarities of nitroxides are exploited in a multitude of
applications. Nitroxides are widely used in organic synthesis (specific
oxidants, etc.).28–31 Redox properties of nitroxides are used in electric re-
chargeable batteries (electrode materials, redox active polymers).32 Being
radicals, nitroxides actively scavenge active free radicals produced in living
tissues, and their potential as antioxidants, radioprotectors and

Chart 2.3 b-Phosphorylated nitroxides.

 

Chart 2.4 Stable conjugated nitroxides.

Scheme 2.3 Synthesis of FLPNO nitroxides: (i) B(C6F5)3, 80 1C; (ii) NO (1.5 bar),
benzene, rt.26
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therapeutic agents is now well recognized.33–35 The reversible reaction with
carbon-centered free radicals at higher temperatures is used in polymer
chemistry (nitroxide-mediated polymerization).7–10 The simple EPR spec-
trum of nitroxides is highly sensitive to various properties of their sur-
roundings, and this makes them very useful molecular probes for
biophysics (measurement and imaging of pH, oxygen, thiols, etc.) and
material studies (surface electrostatics and local pH).36–40 Being uniquely
compact stable radicals, they are indispensable spin labels for structural
biology (site-directed spin labeling – EPR methods).41–47 Nitroxide mono-,
bi- or polyradicals can transfer spin polarization to magnetic nuclei with
efficient enhancement of NMR signal, and this effect is used in dynamic
nuclear polarization (DNP) NMR studies of bio-molecules48 or inorganic
materials,49,50 in magnetic resonance imaging (MRI)51,52 and Overhauser-
enhanced MRI studies in vivo.23,53 A number of efficient profluorescent
spin probes have been designed.54 These compounds showed high efficacy
for measurement and visualization of oxidative stress in biological systems,
for investigation of degradation and ageing of polymer materials and for
estimation of environmental contamination. Nitroxides are used as
building blocks for magnetic materials,5,55 organoelectronic devices and
components of quantum computers.3,4,56–58 The above list is obviously
incomplete.

Significant progress has been achieved in nitroxide chemistry in the recent
decade. The following options can be mentioned among the most important
findings: bioreduction-resistant nitroxides,59–61 highly efficient DNP
agents,62 fully organic contrast agents for MRI51,52,63 novel site-directed spin
labeling (SDSL) technologies,43,44,46 profluorescent spin probes and spin
labels64 and advanced NMP regulators.10,65 Metal-free magnetic nanoemul-
sions were prepared from nitroxides and suggested for theranostic
applications.66–68 The aim of this review is to give a brief overview of the
general methods for preparation of the most demanded types of nitroxides
with a focus on the latest publications and modern trends. More infor-
mation on this subject can be found in recent reviews.12,16,69–72

2.2 Nitroxide Group Formation

2.2.1 From Amines

Oxidation of secondary amines is the most common method for nitroxides
synthesis. This conversion is usually achieved using hydrogen peroxide with
a catalyst or using organic peracids [m-chloroperbenzoic acid (mCPBA),
peracetic acid, etc.]. Oxidation with H2O2 is usually carried out in aqueous
solutions or in mixtures of water and organic solvent (methanol, ethanol,
etc.) with a large excess of oxidant and with sodium tungstate as a catalyst.
Sometimes other catalysts, e.g., phosphotungstic acid or MgO, can also give
good yield of a nitroxide (for representative procedures see ref. 73 and 74).
Protonation of the amine retards the reaction, therefore basic pH is usually
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preferable. Some functional groups, e.g., ester, carboxamide, etc., can
undergo hydrolysis in alkaline solutions of hydrogen peroxide.75 Oxidations
withmCPBA are performed in organic solvents and can be used for oxidation
of hydrolytically unstable substrates, e.g., oxazolidines. Both reactions seem
to have similar mechanisms with intermediate formation of hydroxylamine
and oxoammonium cation (Scheme 2.4).16

The latter is known to be a highly reactive oxidant and may cause de-
struction or oxidation transformations in the side chain. Hydrogen peroxide
is known to react rapidly with oxoammonium cation,76 retarding oxidation
of functional groups in the side chain. As a result, H2O2/Na2WO4 often gives
somewhat higher yields of nitroxides from easily oxidizing amines. Organic
peracids are more reactive and afford faster oxidation, but may give lower
yields of labile nitroxides. For example, conversion of amines to nitroxides
with mCPBA may be accompanied by hydroxyalkyl groups oxidation
(Scheme 2.5).70,77 However, it should be noted that the yield of desired
nitroxide is strongly dependent on reaction conditions, and literature data
are sometimes contradictory.

The H2O2/Na2WO4 system can be used for oxidation of tertiary N-methyl
amines to nitroxides, however this conversion requires elevated tempera-
tures (40–50 1C). This procedure was used in the synthesis of pH-sensitive
spin probes 16 (Scheme 2.6).75,80 Tertiary N-benzylamines can be oxidized
using mCPBA, however better yields are achieved via hydrogenolysis to sec-
ondary amines with subsequent oxidation with H2O2/Na2WO4 system or
mCPBA.69

2.2.2 From Hydroxylamines

N,N-Disubstituted hydroxylamines are of lower accessibility than secondary
amines, but some nitroxide precursors of this type can be prepared via
condensations (especially those of imidazoline series) or via nucleophile
addition to nitrones (see below). Oxidation of hydroxylamines is generally
considered as the easiest way to nitroxides. However, susceptibility of hy-
droxylamines to oxidation clearly depends on pH. Hydroxylamines are bases
with pKa varying in the range 4–9, depending on the electronic effects
of the substituents.81 Protonation can prevent oxidation of hydroxylamine
to nitroxide, e.g., during bromination. Subsequent addition of NaNO2

leads to partial neutralization of the acid and recovery of nitroxide
(Scheme 2.7).60,82–84

Scheme 2.4 Oxidation of amines to nitroxides.
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In aerobic conditions hydroxylamines undergo mild oxidation to
nitroxides. The reaction rate is dependent on the redox properties of the
hydroxylamine/nitroxide pair. The oxidation of hydroxylamines obviously
proceeds faster in strongly basic media. It has been shown that spontaneous
aerobic oxidation of hydroxylamines to nitroxides can be suppressed by
addition of chelators, capable of binding transition metals.85 Transition
metals ions, which are usually not removed in routine oxidation procedures,
can provide efficient single electron transfer on first steps and allow for
activation of hydrogen peroxide which does not react with hydroxylamine
with a reasonable rate in the absence of a catalyst.86 The reaction can be
accelerated by addition of ammonium–copper complexes. This catalyst
provides rapid oxidation due to the high concentration of copper ions and
basic pH of the media.

Metal oxides (usually PbO2 or MnO2, sometimes HgO, Ag2O, etc.) are ef-
ficient oxidants for synthesis of various nitroxides.16,87 Since oxidation
proceeds on the surface of heterogenic oxidant, a large excess of the reagent
is necessary. The yield of the nitroxide is dependent on its propensity
to oxidative destruction. For oxidation in aqueous solution Na(K)IO4 or
K3[Fe(CN)6] can be used.87,88

2.2.3 From Alkoxyamines

Alkoxyamines are more often used as protected forms of the nitroxides
than as precursors. Methoxyamines can be prepared via trapping of methyl
radical with nitroxide89–93 or via alkylation of the corresponding

Scheme 2.6 Oxidation of tertiary amines to nitroxides: (i) H2O2, Na2WO4, MeOH
50 1C, 5 h, 50–85%.75,80

Scheme 2.7 Bromination of nitroxides: (i) HCl, EtOH; (ii) Br2, CHCl3; (iii) NaNO2,
H2O.
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hydroxylamine anion (Scheme 2.8).94 Nitroxides can be regenerated using
m-CPBA.88

Recently, photolabile protective groups have been described.95 Corres-
ponding nitroxides can be regenerated from these alkoxyamines with
80–95% yield upon irradiation at 405 or 365 nm (Scheme 2.9).

2.2.4 From Nitrones

Conversion of nitrone into nitroxide requires the introduction of at
least one substituent to the a-carbon atom of the nitrone group. Organo-
metallic compounds are by far the most convenient reagents for this
purpose. Addition of organometallic reagent (RLi or RMgX) to nitrone
affords hydroxylamine, which can be easily oxidized to corresponding
nitroxide. This method is widely used for the synthesis of acyclic and cyclic
nitroxides of various series.96–103 Some recent examples are shown in
Scheme 2.10.

Addition of Grignard reagents to sterically hindered nitrones may
proceed slowly, with a higher contribution of adverse reactions. The yield of
nitroxide depends on the basicity of the reagent, because metallation of
a-alkylnitrones may lead to autocondensation products or retard/prevent
addition.104 For example, the nucleophilic addition of ethylmagnesium
bromide to sterically shielded nitrone 17 does not occur even with a large
excess of the reagent, presumably due to complete metallation of the

Scheme 2.8 Methoxyamines synthesis and conversion to nitroxides: (i) Fe21, H2O2,
DMSO, 10 1C, 85–100%;89 (ii) MeCHO, H2O2, Cu1, 70 1C, 72%;92

(iii) Me2CO, H2O2, Cu
1, 10 1C, then rt 12 h, 71%;91 (iv) NaH, DMF,

MeI, rt, 72 h, 73%;94 (v) mCPBA, CH2Cl2, 0.5–8 h, rt, 70–90%.89

Scheme 2.9 Photolabile protecting groups: (i) H2/Pd/C, then Et3N, BrCH2Ar or
4-bromomethyl-7-diethylamino-2H-chromen-2-one, 42–98%.95
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ethylnitrone group, while reaction with less basic vinylmagnesium bromide
afforded nitroxide 18 which was converted into 2,2,5,5-tetraethyl-substituted
nitroxide 19 via hydrogenation of the terminal CQC bond (Scheme 2.11).59 If
several substituents must be introduced via addition of organometallic
compound to nitrone, large ones should be introduced first.105 Organo-
lithium compounds are generally more reactive both toward addition and
metallation, therefore they usually give better yields of nitroxides in re-
actions with a-aryl- or a-tert-alkyl nitrones.96,100,101

1,3-Dipolar cycloaddition of alkenes to nitrones is an efficient method of
introduction of alkyl substituent to the a-carbon atom of the nitrone
group.106 The reaction of 2,5,5-trisubstituted 1-pyrroline-1-oxides with me-
thylacrylate afforded isoxazolidines and reductive cleavage of N–O bond ring
gives aminoalcohols, which then were oxidized to nitroxides with a func-
tional group in the side chain (Scheme 2.11).107,108

Intramolecular 1,3-dipolar cycloaddition of nitrones may proceed even
with an inactivated CQC bond. The reaction is sensitive to sterical hindrance
and highly stereoselective. The starting alkenyl nitrones may be easily pre-
pared via addition of Grignard reagent, e.g., pent-4-enylmagnesium bromide,
to aldonitrones and oxidation. Isoxazolidine ring opening and oxidation
gives spirocyclic nitroxides.77,79,109 Noteworthily, in this reaction sequence,
configuration of the asymmetric center at the hydroxymethyl group is spe-
cifically determined producing greater hindrance of nitroxide moiety. An
example of stereospecific synthesis of highly strained pyrrolidine nitroxide
from optically active nitrone is shown in Scheme 2.12.

Scheme 2.10 Nitroxides synthesis via organometallic compounds addition to ni-
trones: (i) t-BuMgCl, Et2O; H2O, PbO2, 70%; (ii) BuLi, hexane/benzene;
H2O, PbO2, 78%;100 (iii) AllMgBr, Et2O; H2O, Cu

21, NH3, O2, 67%;98

(iv) CH2CHMgBr, THF; H2O; MnO2, CHCl3, 70%; (v) H2, Pd/C; O2,
93%.59

General Approaches to Synthesis of Nitroxides 17
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Scheme 2.11 Reagents and conditions: (i) methyl acrylate, benzene, 80 1C, 76%; (ii) Zn, AcOH, EtOH, 60 1C, 60–74%; (iii) H2O2,
MeOH–H2O, Na2WO4, 24 h, 74%; or m-CPBA (2 equiv.), CH2Cl2, rt, 5 h, 37%.107,108
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2.3 Some Contemporary Trends in Nitroxide
Chemistry

2.3.1 Influence of Structural Factors upon Redox Properties
of Nitroxides: The Fight for Stability in Biological
Systems

Redox properties of nitroxides play a very important role and are exploited in
various applications. Nitroxides easily undergo one-electron oxidation or
reduction to form oxoammonium cation or hydroxylamine, respectively
(Scheme 2.13).

These reactions are exploited in synthetic applications of nitroxides, where
easy conversion to oxoammonium cation provides nitroxide catalytic activity
in oxidation of alcohols into carbonyl compounds28,29 and in energy-storage
devices.32 The same redox transformations are responsible for superoxide
dismutase (SOD) mimetic activity of nitroxides, which plays a major role
in their antioxidant and protective properties.34,110 Nitroxide reduction
with redox-active components of living systems determines the decay
rates of nitroxide spin probes and labels in biological and biophysical
applications.34,110 The problem of nitroxide bioreduction for many decades
was the crucial obstacle to the application of great potential of EPR/spin
labeling method to biochemical and biophysical studies in vivo and in cells.
Recent findings in nitroxide chemistry can open the way for these research.

Five-membered nitroxides, especially those of pyrrolidine, pyrroline and
imidazolidine series, are by far more resistant to reduction than nitroxides
with smaller or larger ring or acyclic nitroxides, see Chart 2.5.111–115

For example, TEMPO shows an almost 50 times higher reduction rate with
ascorbate than 2,2,5,5-tetramethylpyrrolidine-1-oxyl.111 Studies of redox
equilibrium in the reversible reaction of various nitroxides with 15N-labeled
reference hydroxylamines also revealed a drastic difference between equi-
librium constants for five- and six-membered nitroxides (Figure 2.2).116,117

These equilibrium constants, K, are related to the Gibbs free energy of the
reaction with the equation: DG1¼�RTlnK. The difference between DG for
each pair of nitroxides (or the ratio of equilibrium constants) is independent
of the reference hydroxylamine, characterizing the thermodynamic differ-
ence between nitroxide–hydroxylamine redox pairs.

The difference in oxidant properties of nitroxides with different ring sizes
obviously arises from conformational peculiarities of different heterocycles,
which can stabilize or destabilize sp2 or sp3 hybridized nitrogen atoms in

Scheme 2.13 Redox transformations of nitroxides.
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the ring.111 Indeed, X-ray analysis data for acyclic nitroxides show that
nitrogen of the nitroxide group favors planar geometry.12 The six-membered
rings usually adopt chair conformation and repulsion with equatorial methyl
groups leading to deviation of nitroxide moiety from planarity toward
pyramidal shape in piperidine nitroxides (this deviation was confirmed
by X-ray data12) and making hydroxylamine with sp3 hybridized nitrogen
more favorable. In contrast, in five-membered rings, planar conformation of
the sp2 hybridized atom is favorable, while hydroxylamine is strained due to
repulsion of the hydroxy group and adjacent methyls.

Remarkably, oxidation of nitroxides to oxoammonium cation does not
follow the reverse order to that shown in Chart 2.5 and reveals no significant
difference between piperidine and pyrrolidine nitroxides.116

Electron-withdrawing substituents expectably increase oxidant activity of
nitroxides, increasing their reduction rate. Some authors denote faster
reduction of cationic nitroxides compared to anionic ones.113,118,119 For re-
actions with ascorbate this effect is sometimes attributed to electrostatic
repulsion or attraction with negatively charged ascorbate anion.61,119 How-
ever, the observed reduction rates of nitroxides with the charged groups
show good correlation with inductive constants of these substituents,114

therefore the contribution of electrostatic repulsion (if any) should not be
overestimated.

Considering the behavior of nitroxides under the conditions where re-
versible redox transformations are possible (e.g., in biological systems), one
should take into account the pKa of corresponding hydroxylamines, because
protonation of the latter may shift the equilibriums. The ionization state of
other functional groups is also important.

In the last decade much attention has been paid to the preparation of
various nitroxides which are bulkier than methyl substituents at a-carbons.
These nitroxides were called ‘‘sterically shielded’’ or ‘‘sterically hindered’’.
Interestingly, these nitroxides initially attracted more attention in nitroxide-
mediated controlled radical polymerization (NMP).120,121 Bulky substituents
may shift back the equilibrium in the reversible reaction of nitroxides with
carbon-centered radicals of growing polymer chains with macromolecular
alkoxyamine formation and decrease the contribution of side reactions,
thereby improving the polymerization process and resulting polymer
quality.78

The effect of sterical shielding upon the rates of reduction of various
nitroxides with ascorbate was studied by several authors.60,61,75,122–125 It has
been shown that replacement of methyl groups at a-carbon atoms of nitr-
oxide moiety with bulkier alkyl substituents leads to an increase of nitroxide
stability to reduction. Spiro-cyclohexane moieties at a-carbons are less effi-
cient than geminal ethyl groups.60 An increase in the lengths of n-alkyl
substituents produces a minor effect. The ratio of the rate constants of re-
duction with ascorbate for tetramethyl- to tetraethyl-substituted nitroxides
varies greatly depending on the type of heterocycle (see Table 2.1), some-
times exceeding two orders of magnitude. In accordance with the
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aforementioned pattern, five-membered 2,2,5,5-tetraethylpyrrolidine
nitroxides demonstrate the highest stability. In the case of nitroxide 19 re-
mote substituents in the positions 3 and 4 trans to each other also seem to
contribute to nitroxide stability because their repulsion with geminal ethyls
produces additional hindrance to the nitroxide group. Some sterically
shielded nitroxides demonstrate high lifetimes in living cells, exceeding that
of trityl radicals.61

Various approaches have been used to investigate the influence of bulky
substituents upon redox properties of nitroxides, including kinetic
studies and electrochemical measurements to extract thermodynamic
parameters characterizing redox properties of different sterically shielded
nitroxides.61,123,124 Kinetics of the reaction of sterically shielded nitroxides
with ascorbate deviates from the second-order pattern, leading to quasi-
equilibrium with much slower rate constant of decay compared to the initial
one. A detailed investigation of the mechanism of this reaction was per-
formed by Bobko et al.,125 who suggested to suppress the reverse reaction of
ascorbate radical with hydroxylamine by addition of glutathione. This sim-
plified determination of the rate constants and allowed for quantitative
analysis of the observed effects.123 In addition, equilibrium constants in the
reactions of sterically shielded imidazoline and imidazolidine nitroxides
with 15N-labeled reference hydroxylamine were determined. Comparison of
the equilibrium constants showed that bulky substituents make nitroxide
weaker oxidants, i.e., their reduction is thermodynamically less favored.
Analysis of all these data by means of multiple regression using the Fujita
steric constants Es and the inductive Hammett constants sI of the sub-
stituents showed that both the rate and equilibrium constants show satis-
factory bi-parameter correlations.123 This approach allows for simultaneous
consideration of both steric and electronic effects of the substituents. Ob-
viously the role of bulky substituents is not limited to hindering access of
reductant. Presumably, repulsion with bulky substituents at a-carbons leads
to destabilization of pyramidal hydroxylamine, making nitroxide reduction
less favorable.

2.3.2 Electron Spin Relaxation

Although spirocyclic moieties provide lower resistance to reduction com-
pared to geminal ethyls, they have an important advantage providing longer
spin relaxation times. Studies of spin relaxation for nitroxides of various
structures showed that rotation of alkyl substituents enhances spin echo
dephasing at temperatures above 60 K, decreasing phase memory time
Tm.

128 This parameter is of crucial importance for pulsed double electron–
electron resonance (PELDOR or DEER) spectroscopy which is used in
structural biology for interspin distance measurements in spin-labeled bio-
molecules and getting orientational information. Conventional tetramethyl-
substituted spin labels are used at temperatures around 50 K, allowing for
accurate measurement of 3.5 nm distance.70,71 Faster spin echo dephasing
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rates at higher temperature restrict the measurements to shorter interspin
distances and limit the accuracy. The spin labels with spirocyclic moieties at
a-carbons demonstrate much lower dephasing rates at 60–180 K than
tetramethyl-substituted spin labels,128,129 allowing PELDOR measurements
at liquid nitrogen and even at room temperature.130

2.4 The Most Important Nitroxide Classes

2.4.1 Piperidine Nitroxides

Nitroxides of piperidine series have found a large number of applications.
Important advantages of TEMPO nitroxides are easy preparation, bulk in-
dustrial production (low price) and well-developed functionalization path-
ways. General methods for synthesis of 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) derivatives including the most useful spin labels have been de-
veloped in the early years of nitroxide chemistry starting with triacetona-
mine.2,131 Direct condensation of higher ketones to piperidinones is not
efficient, except for that with butan-2-one (Scheme 2.14).132

The introduction of various substituents into positions 2 and 6 of the pi-
peridine ring can be performed via heating of acetonine or N-methyl-2,2,6,6-
piperidin-4-one with excess of ketone and ammonium chloride.124,133–137

Depending on the ratio of reagents and conditions, both reactions give mix-
tures of piperidinones, including those with desired substituents in positions
2 or 2 and 6 of the ring. The resulting amines can be oxidized to corres-
ponding nitroxides. The preparative yields are usually low to moderate,
nevertheless numerous 2,2,6,6-tetrasubstituted and 2,6-dispiro-substituted
piperidinones have been prepared using this method. Some examples are
shown in Scheme 2.15.

To prepare 2,2,6,6-tetraethylpiperidine derivatives the reaction with
tetrahydro-4H-thiopyran-4-one was used, and thiopyrane moieties in the re-
sulting spiro-tricyclic amine were then subjected to desulfurization with
Raney Ni.138 The carbonyl group may be affected in the reaction conditions,60

therefore an optimized procedure was suggested with protection of carbonyl
group via dioxolane formation.136 Several alternative methods have been
suggested,78,139,140 the most promising of them are shown in Scheme 2.16. It
should be noted that all syntheses of 2,2,5,5-tetraethylpiperidin-4-one-1-oxyl
imply multistep procedures with low overall yield.

Scheme 2.14 Synthesis of 2,6-diethyl-2,3,6-trimethylpiperidine-4-one-1-oxyl.
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Unless TEMPO derivatives themselves are relatively strong oxidants, they
easily undergo one-electron oxidation to oxoammonium cation. The ox-
oammoinum salts are stable enough to be isolated as individual com-
pounds, provided that the molecule contains no functional groups capable
of reacting with oxoammonium cation, e.g., amine, alcohol, etc. The low
price and easily reversible redox conversions of TEMPO derivatives make
them the nitroxides of choice for rechargeable electric batteries32 and for
various catalytic oxidation processes.28,29 Despite their rapid reduction with
biogenic reductants, piperidine nitroxides are often used in biological sys-
tems. The redox properties of piperidine nitroxides make them efficient
scavengers of superoxide radical, showing pronounced SOD-mimetic and
antioxidant activity.34,35,141,142 Remarkably, sterically shielded piperidine
nitroxides showed higher protective activity than TEMPO derivatives,143

presumably due to the lower electrochemical potential of oxidation and
lower reduction rates.124

Due to relatively narrow line widths (below 1 G for some non-deuterated
TEMPO nitroxides) TEMPO derivatives are considered as potential spin
probes for EPR and EPR imaging.144 Mitochondria-targeted TEMPO deriva-
tive, mito-TEMPO, was applied for EPR/EPRI of redox status in mouse brain
or tumors.145,146 4-Functionalized TEMPO derivatives are achiral, affording
no diastereomeric mixtures upon reaction with biomolecules, and can be
fruitfully applied in some SDSL-PELDOR studies, see, for example, recent
studies of spin-labeled DNA.147–149

Recently, several research groups have reported on the syntheses of vari-
ous paramagnetic nanoparticles with TEMPO incorporated into polymer
matrix or attached to the nanocarrier surface (see Scheme 2.17 as an
example).150–153

2.4.2 Pyrroline Nitroxides

These small radicals with planar achiral structure are the best choice to
fulfill the requirement ‘‘to report news, not to make news’’. Spin labels of
pyrroline series are at the top of the list of the most frequently used
spin labels. Pyrroline nitroxides demonstrate slightly lower resistance to
reduction compared to pyrrolidine-1-oxyls, but have significantly higher
electrochemical potentials of oxidation.

The general method of synthesis of pyrroline nitroxides implies Favorskii
rearrangement of brominated piperidin-4-ones.2,82,127,131,154 Halogenation
of piperidin-4-ones in acidic media gives 3,5-dibromo derivatives, which
then undergo rearrangement in alkaline media to give corresponding pyr-
rolines. Depending on the nucleophile present, the rearrangement can give
various amides, or esters and carboxylic acid. This sequence gives a high
yield of 2,2,5,5-tetramethyl-3-pyrrolines, but the yields of pyrrolines with
bulkier substituents in positions 2 and 5 may be significantly lower. Oxidation
of resulting pyrrolines affords corresponding nitroxides (Scheme 2.18).
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3-Bromopyrroline nitroxides can be prepared in one step from 4-oxo-
TEMPO via bromination with hypobromite in alkaline media
(Scheme 2.19).131 Remarkably, the few aforementioned pyrroline nitroxides
are the key precursors of a huge number of pyrroline spin labels, spin probes
and biologically active conjugates. Various methods and efficient procedures
for synthesis of numerous 2,2,5,5-tetramethylpyrroline-1-oxyl derivatives have
been developed, mainly in Kàlmàn Hideg’s laboratory, and can be found in
the reviews.155–158 Current achievements in pyrroline spin labels chemistry
were included in recent reviews.42–44,70,71 Recent syntheses of sterically
shielded pyrroline spin labels usually imply similar approaches.154,159,160

Recently an original method for synthesis of 2,5-functionalized pyrroline
nitroxides was suggested by Rajca et al.161 Reduction of N-Boc-2,5-bis-
methoxycarbonylpyrrole with Li/di-tert-butyl-biphenyl system afforded dia-
nion 22, which was then quenched with methyl chloroformate or methyl
bromoacetate to give 2,2,5,5-tetrasubstituted pyrrolines. Removal of Boc and
oxidation afforded nitroxides 23 and 24 (Scheme 2.20). The new nitroxides
showed better temperature dependences of electron spin relaxation times Tm
and T1 compared to tetramethyl pyrroline nitroxides,161 however they are
strong oxidants.162

2.4.3 Pyrrolidine Nitroxides

Pyrrolidine nitroxides are known to show the highest resistance to bior-
eduction. For this reason they are widely used in biophysics and biomedical

 

Scheme 2.18

 

Scheme 2.19
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research. Several approaches have been developed for the synthesis of
pyrrolidine nitroxides. 3-Functionalized derivatives can be prepared via
Favorskii rearrangement from 3-bromo-piperidinones.82,163 This method
was successfully used for sterically shielded nitroxides of pyrrolidine series
(Scheme 2.21).60,84 Dispirocyclic nitroxide 25 is a key compound in the
synthesis of efficient organic radical contrast agents for MRI.52,63

Plenty of 2-functionalized pyrrolidine nitroxides have been prepared from
1-pyrroline 1-oxides via addition of organometallic compounds or via 1,3-
dipolar cycloaddition reaction (see also Schemes 2.11–2.13 in this review).
Various methods can be used for preparation of 1-pyrroline 1-oxides.
The most commonly used approach implies reductive cyclization of g-
nitroketones or nitroaldehydes (Scheme 2.22).77,98,105,158

A series of 1-pyrroline-3-one-1-oxides have been prepared via hydrolysis
and recyclization of enaminoketones of imidazoline series (Scheme 2.23).
Their reaction with organometallic leads to 2-substituted 4-oxopyrrolidine-1-
oxyls.16,100,164,165

Recently, a convenient synthesis of 2,2,5,5-tetraethyl pyrrolidine nitroxide
19 was published.59 The pyrrolidine ring was assembled via three-
component domino reaction of diethyl ketone, a-aminobutyric acid and

Scheme 2.22

Scheme 2.23 Reagents and conditions: (i) LDA or PhLi (2 equiv.)/Ar, RCOOAlk, then
H2O; (ii) 10% HCl, 20 1C, 24–72 h, then NaOH to pH 7; (iii) R0MgX or
R0Li/Ar, then H2O, MnO2.

Scheme 2.21
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dimethyl fumarate (Scheme 2.24). The reaction implies intermediate azo-
methine ylide formation from amino acid and ketone with subsequent 1,3-
dipolar cycloaddition to fumarate. The following transformations include
reduction of ester groups and vinylmagnesium bromide addition. Finally,
hydrogenation of the terminal ethylene bond and oxidation afforded the
target nitroxide with rather high overall yield (40%).

Pyrrolidine nitroxides can be prepared from pyrroline nitroxides via re-
duction with lithium borohydride154 or via Michael addition to an activated
CQC double bond.166–168 This reaction was used in the synthesis of hydro-
philic dicarboxylic acid 26 and diester 27, which are promising spin probes for
EPRI (Scheme 2.25).167,169–172 Nitroxide 27 was shown to undergo intracellular
hydrolysis, leading to accumulation of 26 (XQCMe2) inside cells.173

Functionalized pyrrolidine nitroxides usually have at least one asymmetric
center, therefore their use for spin labeling of chiral biological molecules in
PELDOR studies may lead to diastereomeric mixtures. Nevertheless a
number of pyrrolidine spin labels are commonly used for spin
labeling.42,70,71,155,158

Efficient fully organic contrast agents for MRI were assembled via at-
tachment of various pyrrolidine spin labels to polyamine dendrimers or via
polymerization of the nitroxide-containing monomers, including complex
structures incorporating sterically shielded pyrrolidine nitroxide, which
showed impressive relaxivity parameters and high lifetime in MRI.51,52,63,174

2.4.4 Isoindoline Nitroxides

Tetramethyl-substituted nitroxides of isoindoline series are stronger oxi-
dants compared to nitroxides of pyrroline or pyrrolidine series, however
their tetraethyl analogs show approximately the same reduction rates as
2,2,5,5-tetramethylpyrrolidine-1-oxyls.61 Recently, an efficient method for
synthesis of 1,1,3,3-tetraethyl-susbstituted isoindoline nitroxides was de-
veloped, which opened the way for the broader application of sterically
shielded isoindoline nitroxides (Scheme 2.26).175,176

Scheme 2.24
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Various approaches to the synthesis of 5,6-disubstituted isoindoline
nitroxides have been developed.177,178 These derivatives were used for as-
sembling annealed heterocyclic systems and synthesis of series of spin la-
bels for rigid attachment to nucleotide moieties of DNA.70,71

Isoindoline nitroxides recently attracted much interest due to the syn-
thesis of advanced profluorescent spin probes.54,64,179–181

2.4.5 3-Imidazoline and Imidazolidine Nitroxides

Unique properties of this class of nitroxides result from the second ni-
trogen atom in the heterocycle. This heteroatom is capable of protonation
or coordination with metals. Due to close proximity of this basic center to
the nitroxide group, protonation at the nitrogen atom in position 3 of the
ring produced a high effect upon EPR spectral parameters of these nitr-
oxides. This effect is exploited for local pH measurements in various in-
homogeneous media, including living tissues, surfaces of organic and
inorganic materials, biomembranes and protein molecules. Nitroxides
with pH-dependent spectra are used for investigation of proton transport
processes and local electrostatics of surfaces. The general theory and
methodology of these measurements can be found in the
reviews.36–40,182–184 A large number of specialized spin probes have been
synthesized differing in pK, sensitivity, lipophilicity and stability to
reduction.40,53,99,182,185–187

The most important pH-sensitive spin probes have been prepared in the
series of imidazolidine and 4-amino-3-imidazoline derivatives. Imidazoli-
dine nitroxides represent a fortunate example of minimalistic unification of
the basic center and the nitroxide group. Protonation of the N-3 atom leads
to localization of the positive charge on two-s-bonds distance from the

Scheme 2.26 Synthesis of 1,1,3,3-tetraethyl isoindoline nitroxide.
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nitroxide group and causes significant electron and spin density redistri-
bution, in particular, in an hfc constant (aN) decrease by ca. 1.3 G. However,
close proximity of the nitroxide group to the amino group has an important
drawback: due to electron-withdrawing effect of the nitroxide moiety the pKa

of the known imidazolidine nitroxides does not exceed 4.9. The most widely
used nitroxides of these series, including spin probes of various lipophili-
cities 26 and covalently binding spin labels 27 and 28, were prepared by
Reznikov et al. (Scheme 2.27).16,188,189

In the neutral form a saturated imidazolidine ring nitrogen atom pro-
duced a moderate electron-withdrawing effect upon the nitroxide group,
therefore these nitroxides show almost the same resistance to reduction as
pyrrolines and pyrrolidines.61,116,123,125,129 Electrochemical oxidation of
these nitroxides also occurs at nearly the same potential as oxidation of
pyrrolidine nitroxides. However, in contrast to the latter, electrochemical
oxidation of imidazolidine nitroxides is irreversible due to the instability of
the corresponding oxoammonium cation.116,190 Similar behavior of imida-
zolidine nitroxides in reactions with some ROS makes them of potential use
for investigation of oxidative stress.190 However, this effect seems to be re-
sponsible for relatively low lifetimes of these nitroxides in biological
samples.

Charge delocalization in amidine makes 4-amino-3-imidazoline-1-oxyls
much more basic than imidazolidine nitroxides (pKa varies in the range 5–8),
but provides lower sensitivity of the spectral parameters to protonation
(DaN¼ 0.8–1 G). In the 3-imidazoline ring the influence of the neighboring
double CQN bond makes oxidant properties of nitroxide group close to
those of piperidine nitroxides.112,116 Relatively high sensitivity to pH changes
in a physiologically important region attracted much interest to these spin
probes. A convenient pathway to 4-arylamino- and 4-alkyl-amino-2,2,5,5-
tetramethyl-3-imidazoline-1-oxyls was developed.75,186,191,192 The method
exploits the 1,3-dipolar cycloaddition reaction of paramagnetic aldonitrone
29 with isocyanates with subsequent scission of oxadiazolone ring with
nucleophiles (Scheme 2.28).186 The overall yield of pH-sensitive nitroxides
varies in the range 5–25%. The method allowed for synthesis of various spin
probes, including those with pKa46. Some of these nitroxides can be used as
spin labels, e.g., nitroxide-modified gold nanoparticles have been prepared
with pH-dependent EPR spectra.187

The most fruitful approach to synthesis of 4-amino-2,5-dihydroimidazole
derivatives implies Grignard reagent addition to 5-amino-4H-imidazole-3-
oxides (Scheme 2.29).53,99,129,193,194

The method allows for variation of substituents in positions 2 and 5 of the
heterocycle and at the exocyclic nitrogen atom. The titration curves of syn-
thesized nitroxides are shown in Figure 2.3. Remarkably, some of them
perfectly fit for measurements of pH in a physiologically important region.
Moreover, additional basic centers can be introduced into the side chain,
e.g., 31 and 32, which undergo consecutive protonation upon titration,
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making both the range of pH sensitivity and the range of aN variation
broader. The nitroxide 32 was especially useful for investigation of surfaces
of various inorganic and organo-inorganic materials.39

Nitroxides 35 and 36 were converted into spin labels 37 and 38
(Scheme 2.30). The latter, 38, was attached to lipid and used for studies of
surface electrostatics of biological membranes.195 The partly deuterated
version of 37 was converted into hydrophilic cell-impermeable spin probe 39
which was very efficient in measurement and imaging extracellular pH in
living tissues.53,172,196–198

Imidazoline nitroxides can be used in nitroxide-mediated polymer-
ization. Protonation of the basic centers in 32 allows for tuning parameters
of reversible homolysis of the C–O bond in alkoxyamines of ‘‘sleeping’’
polymer chains for successful polymerization of different monomers.199

Nitroxide 12a was found suitable for controlled synthesis of methyl
methacrylate–styrene block-copolymers.79 Recently the paramagnetic al-
donitrone 29 was used for preparation of alkoxyamine, which is capable of
in situ activation during polymer synthesis via 1,3-dipolar cycloaddition to
the monomer.65

Scheme 2.29 Synthesis of 4-amino-3-imidazolin-1-oxyls via Grignard reagent add-
ition to 5-amino-4H-imidazole-3-oxides.
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2.5 Cyclic Conjugated Nitroxides

2.5.1 4,5-Dihydroimidazole-1-oxyls

Since its discovery in 1967 by Prof. Edwin F. Ullman et al., a new class of
conjugated nitronyl nitroxyl radicals (NNRs) of 4,5-dihydroimidazole-3-
oxide-1-oxyl series,200 these compounds have remained the focus of atten-
tion of researchers due to their unique physicochemical characteristics,
combining stability with high reactivity. This allowed a variety of functional
derivatives to be obtained, equally interesting both for modern materials
science (bridging ligands, which are capable of forming 1D magnetic species
with different transition-metal and rare-earth ions for single molecular
magnets; electroactive components for redox-flow batteries) and for bio-
chemical applications (spin-labeling, powerful NO-regulators, low-toxic
contrast agents for MR-tomography, etc.). Over the past half century, more
than 500 papers, reviews and patents on the synthesis and applications of
NNRs have been published.

The general scheme for the synthesis of NNRs has not changed much
and usually represents a two-step process involving the condensation of
2,3-bis(hydroxyamino)-2,3-dimethylbutane 41201–203 with an aldehyde to
form intermediate cyclic 1,3-dihydroxy derivative 42, which can be rapidly
converted into NNRs 43 upon oxidation with NaIO4, MnO2 or PbO2.
Interestingly, 42 can be obtained by the selective oxidation of cyclic aminal
44 with m-CPBA.203 NNRs 43 can easily lose the oxygen atom upon treat-
ment with nitrous acid or triphenylphosphine, turning into another im-
portant class of stable conjugated nitroxyl radicals, iminonitroxides (INRs)
45 (Scheme 2.31).

Plenty of symmetric diradicals, bis-NNRs, have been synthesized in a
similar manner over the last two decades via condensation of compound 41
with diformyl derivatives of different arenes,204–209 hetarenes210–221 and
metallocenes.222 This method was also used to assemble heterodiradical 46
containing nitronyl nitroxyl and benzotriazinyl fragments, which shows
unusually high stability, i.e., it does not decompose upon high-temperature
sublimation (Scheme 2.32).223 More recently, similar polycrystalline het-
erodiradical 47 has been prepared via the same method, capable of forming
a novel one-dimensional (1D) spin-1 (S¼ 1) chain of organic radicals with
intrachain antiferromagnetic coupling of J0/k¼ � 14 K, due to the N� � �N and
N� � �O intermolecular contacts. This type of antiferromagnetic coupling in
diradical 47 is by far the strongest among all studied 1D S¼ 1 chains of
organic radicals, which also makes 1D S¼ 1 chains of 47 the most isotropic,
and therefore an excellent system for studies of low-dimensional
magnetism.224

Among the principal approaches that have been developed in recent years
for the synthesis of functional NNRs, we focus only on those associated ei-
ther with a change of the environment at the Ca of nitroxyl fragment (C-4, C-5
of imidazoline) or with activation of the substituent at the C-2 atom,
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allowing the use of NNR-residue as a nucleophilic partner or substrate in
palladium-catalyzed cross-coupling reactions.

Tamura et al. elaborated an approach for the synthesis of functional 1,2-
bis(hydroxylamines) 48 (Scheme 2.33). Asymmetric 1,2-dinitrocompound 49
was prepared from gem-dinitro-derivative 50 and the lithium salt of 2-
nitropropane via the Kornblum reaction225 and reduced with aluminum
amalgam. Condensation of the resulting bis(hydroxylamine) 48 with ben-
zaldehyde226 or 4-alkoxybenzaldehyde and subsequent oxidation of the
intermediate 1,3-dihydroxy derivative 51 leads to a new chiral NNRs 52
bearing a stereogenic center in the imidazolyl framework.227 It is noteworthy
that the authors managed to significantly increase the yield of the conden-
sation product of 1,2-bis(hydroxylamine) with donor type arylaldehyde, by
carrying out the reaction without a solvent in the presence of a catalytic
amount of p-TsOH.

It has been mentioned above that the replacement of geminal methyl
groups adjacent to nitroxide group with bulky spirocyclic moieties can
produce an increase of nitroxide stability, and alters spin relaxation times.
First spirocyclic NNRs were prepared in Ovcharenko lab via four-step syn-
thesis starting with cyclopentyl bromide 53 (Scheme 2.34).228 Nucleophilic
substitution of the bromine atom afforded a nitro compound with moderate
yield.229 Remarkably the use of iodine for oxidative dimerization of 54 led to

Scheme 2.33 General route to chiral NNRs. Reagents and conditions: (i) 37% aq
HCHO, NaOH, H2O, rt, 2 h; (ii) NaNO2, K3[Fe(CN)6], Na2S2O8, THF,
15 1C-rt, 1 h; (iii) DHP, PPTS, DCM, rt; (iv) Li1C�(Me)2NO2, DMSO,
Ar, rt, 15 h; (v) I2, MeOH, 60 1C, 6 h; (vi) AlkO(C6H4)mCOCl, Et3N,
DMAP, DCM, rt, 22 h; (vii) Al, 3% aq HgCl2, THF, H2O, 0 1C, 20 min;
(viii) AlkO(C6H4)nCHO, 5%mol p-TsOH, rt, 4 d; (ix) NaIO4, H2O/CHCl3,
rt, 15 min.
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a significant increase of the yield of dinitroalkane 55 (from 17% to 50%) as
compared to the earlier described procedure using lead tetraacetate as an
oxidant.230 The reduction of the vicinal dinitro compound 55 by the classical
Zn/NH4Cl system and subsequent condensation of 56 with heteroaromatic
aldehydes afforded dispirocyclic NNRs 57.

NNR 58 is known to exhibit significant C–H acidity upon treatment with
t-BuOK in DMSO.231 Treatment with stronger and more sterically hindered
base, lithium diisopropylamide (LDA), leads to almost quantitative con-
version of 58 into corresponding lithium salt 59. Further interaction of this
stable paramagnetic carbanion 59 with various electrophiles gives 2-
substituted derivatives with yields of 43–80% (Scheme 2.35).232

Lithium bis(trimethylsilyl)amide (Li-HMDS) is more efficient for gener-
ation of carbanion 59. The latter reacts with various azine-N-oxides via the
SN

H mechanism affording paramagnetic derivatives of azine N-oxides 60
(Scheme 2.36), the reaction being determined solely by kinetic factors.
The nucleophilic attack can consecutively target vicinal hydrogens, e.g., re-
action with quinoxaline 1,4-dioxide can produce diradicals 61 with
topology not accessible within the classic methods of nitronyl nitroxide
synthesis.233–235

The reaction of carbanion 59 with triazines leads to both substituted NNR
and deoxygenated derivatives, iminonitroxides 62, as a result of either
direct oxidation of the intermediate or its dehydration. Interestingly,

Scheme 2.35 Generation and trapping of carbanion NNR 59. Reagents and con-
ditions: (i) 2 M LDA, THF, �78 1C, 10 min; (ii) MeOTf, �78 1C-rt;
(iii) p-tolylaldehyde �78 1C-rt; (iv) solid CO2, �78 1C-rt; (v) TMSOTf,
or S, or Se, or Hg(OAc)2, �78 1C-rt, X¼ SiMe3, SLi, SeLi, HgOAc.

General Approaches to Synthesis of Nitroxides 47

https://www.twirpx.org & http://chemistry-chemists.com



Sc
h
em

e
2.
36

N
u
cl
eo

ph
il
ic

re
ac
ti
on

s
of

pa
ra
m
ag

n
et
ic

ca
rb
an

io
n
of

N
N
R
59

w
it
h
az
in
e-
N
-o
xi
d
es

an
d
ac
ti
va
te
d
pe

rf
lu
or
oa

re
n
es
.

48 Chapter 2

https://www.twirpx.org & http://chemistry-chemists.com



cinnoline N-oxide undergoes the opening of the heterocycle to form 2-enine
substituted NNR 63, which is capable of oxidative transformation to form the
diradical 64 with an unusual combination of double and triple bonds
(Scheme 2.36).236

Activated perfluoroarenes can also react with NNR carbanion 59. Some
examples are shown in Scheme 2.36.237–239

The use of paramagnetic synthon 59 proved to be very fruitful for prep-
aration of new conjugated or disjointed homo- and heterodiradicals. For
example, the reaction 2-methyl-2-nitrosopropane followed by oxidation
with lead(IV) dioxide or manganese(IV) dioxide afforded highly compact
nitroxide-substituted nitronyl nitroxide diradical 70, which was stable in
spite of the close proximity of the two radical centers. The di-NNR 70 was
quantitatively converted to corresponding di-INR 71 by treatment with ni-
trous acid (Scheme 2.37).240,241 These diradicals are stable under aerobic
conditions at room temperature and have large positive exchange inter-
actions: J/kB¼þ390 K (H ¼ �2JS1/2�S1/2) for NNR 70 and J/kBEþ550 K for
INR 71.

The silyl derivative of tert-butylmethylenenitrone also easily interacts with
the paramagnetic carbanion 59, giving diradical 72, an analog of 1,1,2,3,3-
pentamethylenepropane (PMP) with two nitronyl nitroxide fragments linked
through the C(sp2) atom of the nitrone group. According to magnetic sus-
ceptibility measurements, EPR data and ab initio calculations diradical 72
have singlet ground state. The singlet–triplet energy splitting (2J) is low
(J/k¼ �7.4), which comes from the disjointed nature of this diradical.242

Another reaction of compound 59 with the paramagnetic isomeric cyclic
aldonitrone 29 of the 2,5-dihydroimidazole series243 seems to be the first
example of a chemical interaction between two different types of stable
radicals, the result of which is not the product of their recombination, but
the new stable diradical 73 (Scheme 2.37).244

Recently the reaction of 59 with 2,5,5-trimethylpyrroline 1-oxide was
studied.245 The authors succeeded in isolating diradical 74 with a
good yield.

Another effective method of functionalizing NNR-H radical was
invented by K. Okada and S. Suzuki. Mixing NNR-H 58 and [AuI(PPh3)Cl]
with NaOH in the DCM–MeOH bisolvent (by analogy with the formation
of pincer-Pt complexes246 of NNR) afforded a gold complex of NNR,
([AuI(NN-2-ido)(PPh3)]) 75. This complex is able to react in palladium-
catalyzed cross-couplings with various aryl halides to form aryl (hetaryl)
substituted NNRs 76. Iodine derivatives showed the highest activity in
these reactions (the yields ranged from 50 to 92%), the most optimal
catalyst was Pd(PPh3)4. Using different diiodo derivatives, corresponding
diradicals 77 were obtained (with the exception of ortho-substituted diio-
dobenzene, which under these conditions replaced only one halogen atom,
apparently, owing to unfavorable steric factors), as well as a unique
triradical 78 (Scheme 2.38).247
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2.5.2 Nitronyl Nitroxides of Benzimidazole Series
(BenzoNNRs)

Although the first representative of nitronyl nitroxide annelated with the
benzene nucleus, 2-phenylbenzimidazol-1-yl N,N 0-dioxide was synthesized
more than 50 years ago,248 its characterization in the form of stable crystals,
for which X-ray structural analysis was performed, magnetic measurements
and distribution calculations spin density were made only at the turn of the
21st century.249

Two approaches were used in the synthesis of this type of planar nitronyl
nitroxides, both are based on the reactions of benzofuroxan (benzo[c][1,2,5]
oxadiazole 1-oxide) 79 or its derivatives (Scheme 2.39). In the first method, the
reduced benzofuroxan derivative, o-quinonedioxime 80,250 was treated with
aromatic aldehyde under acid-catalyzed conditions (cat¼HCl, HBr, CCl3COOH,
H2SO4 or HClO4); the highest yields of benzimidazoles were observed with
four equivalents of 70% HClO4.

251 The resulting 1-hydroxy derivatives 81 were
oxidized with a large excess of lead dioxide (B60 equiv.) in DCM to form
BenzoNNRs 82which were isolated in solid formwith low tomoderate yields.252

Interestingly, when replacing an aromatic aldehyde with a sterically hindered
pivaldehyde, the radical formed during the oxidation of a diamagnetic pre-
cursor is stable for some time (about 2 days) only in solution, while attempts to
isolate it as a crystals lead only to a diamagnetic oily mixture.253

Another approach assumed the reaction of the benzofuroxan 79 with the
diarylnitrone obtained by the condensation of N-hydroxyaminobenzene with
the corresponding aldehyde. 1-Hydroxybenzimidazole-3-oxides, with differ-
ent heterocyclic residues (o- and m-pyridyl, 2- and 3-thienyl) in position 2
were obtained. Their oxidation with silver triflate in the presence of tetra-
butylammonium hydroxide or using the traditional PbO2/benzene system
resulted in annelated NNRs 82 with moderate yields (B40%).254 Single
crystals of 82 in the form of prisms from dark green to black color were
obtained by evaporation of pentane or DCM solution of radical for ca. 2 h.
Thienyl-substituted benzo-NNRs reveal acceptor–donor interactions, mani-
fested in the appearance of strong broad absorption in near-infrared (NIR)
(lmaxB1000 nm) and exhibited solvatochromism compatible with charge
transfer between the thienyl (donor) and benzonitronyl nitroxide (acceptor)
dyads.255 These studies were supplemented by the publication on the syn-
thesis of a variety of BenzoNNRs and the influence of substituents in the
annelated benzene nucleus and in the aryl fragment at the C-2 atom of the
BenzoNNRs heterocycle on the distribution of spin density in the radical.256

2.5.3 Heterocyclic Vinyl Nitroxides

Vinyl nitroxides 83 can be stabilized with one or two electron-withdrawing
groups at the Cb atom. Such radicals were first described by H. G. Aurich
et al.257 Usually they are generated by oxidation of the corresponding nitrones
84, which can readily tautomerize to the enhydroxylamine form due to the
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presence of an R1 substituent possessing the -M effect. Owing to the high
degree of delocalization of the spin density over the p system, vinyl nitroxides
are extremely highly reactive and, as a rule, could be involved in recombin-
ation reactions to form dimers of the C–C or C–O type.258 Therefore, these
radicals cannot be separated in individual form and are referred to as per-
sistent. The typical half-life in the solutions is from 10 min (Scheme 2.40,
R2¼Ph) to 2 h (Scheme 2.40, R2¼H, COOMe). According to the authors,
monosubstituted vinyl nitroxides are also able to undergo a spin-trapping
reaction with their precursor nitrone to give spin adducts.259

Significant stabilization of such vinyl nitroxides was achieved when the
double CQC bond was incorporated into the five-membered heterocycle,
pyrroline, and the b-carbon atom of the multiple endocyclic bond was linked
to two electron-withdrawing fragments, the nitrile and carbonyl groups.260,261

The synthetic scheme for synthesis of these radicals involves the primary
functionalization of the 4-methyl group in 1-hydroxy-pentamethylimidazoline
85 by converting it into a lithiated derivative, followed by treatment with an
aromatic ester. Under acidic catalysis, the enaminoketone 86 undergoes re-
cyclization with the formation of cyclic b-oxonitrone 87, a pyrrolinone de-
rivative, which, in its tautomeric enhydroxylamine form, is able to react with
N-chlorosuccinimide, with the formation of a 3-chloro derivative 88. The
halogen group is easily replaced by a cyano group by the action of cyanide ion
in dry DMSO, followed by the final oxidation of the 1-hydroxy derivative which
leads to a stable radical 89 (Scheme 2.41).

The radicals 89a,b are characterized with triplet ESR spectra with the
hyperfine interaction constant aN¼ 5.9 G (CHCI3) and with long-wave ab-
sorption maxima in the visible part of the optical spectra at 564–578 nm.
They form dark-violet crystals, which could be stored without decomposition
in a cool dark place, but are reduced to diamagnetic precursor upon storage
in methanolic solution. This reaction proceeded much more rapidly under
the action of an alkaline solution of H2O2. Interestingly, radical 89a exists in
two crystal modifications, viz., as violet and green modifications. Both these
modifications are formed upon crystallization of compound 89a from hex-
ane. The predominance of a particular form depends on the concentration,
the temperature and the crystallization rate. It was found that these modi-
fications possess different magnetic properties. For one of the radicals
synthesized, an extremely high energy of intermolecular exchange inter-
action ( J/k¼ �101 K) has been found. It was noted that these types of

Scheme 2.40 Reagents and conditions: (i) NiO2, CHCl3 (or PbO2, CHCl3), rt,
R1¼ PhSO2, COOMe, R2¼H, Ph, COOMe.
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radicals are able to form magnetic chains with strong interchain exchange
interactions at long intermolecular distances (43 Å) in formally molecular
solids (Figure 2.4). The quantum-chemical calculations adequately explain
these strong exchange interactions in solid vinylnitroxides. It appeared that
these strong interactions are favored by localization of the spin density of the
N–O� group of one nitroxide close to the b-carbon of the vinyl group bound
to the nitroxyl group of the neighboring nitroxide.

In addition to the nitrile group, other electron-withdrawing substituents,
namely the pentafluorophenyl group, can ensure effective stabilization of
the unpaired electron. The key pentafluorophenyl derivative 90 was also
obtained from carbanion of pentamethyl-substituted imidazoline 85 by re-
action with hexafluorobenzene.262 Re-lithiation, treatment with ethyl
benzoate and acid-catalyzed recyclization resulted in a low yield to 3-oxo-4-
perfluorophenyl-3,4-dihydro-2H-pyrrole 1-oxide 91, oxidation of which
quantitatively gave vinyl nitroxide 92 (Scheme 2.42).

2.6 Conclusion
The broad diversity of known nitroxides can in no way be covered in a short
review. Here we have only summarized basic principles, key structures and
some current trends in nitroxides chemistry to help the reader in getting a
general impression about this rather ‘‘hot’’ area of science. Undoubtedly,
rapid development of nitroxide chemistry will continue in the coming dec-
ades and will result in the synthesis of numerous interesting and useful
structures and in discoveries of new areas of application of these radicals in
various branches of science and technology.
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R. Fröhlich, J. L. Petersen, G. Kehr and G. Erker, J. Am. Chem. Soc., 2012,
134, 10156.

28. C. Brückner, in Stable Radicals: Fundamentals and Applied Aspects of
Odd-electron Compounds, ed. R. G. Hicks, John Wiley & Sons Ltd, New
York, 2010, p. 433.

29. J. M. Bobbitt, C. Brückner and N. Merbouh, in Organic Reactions, V. 74,
ed. S. E. Denmark, John Wiley & Sons, Inc., 2009, p. 103.

30. L. Tebben and A. Studer, Angew. Chem., Int. Ed., 2011, 50, 5034.
31. C. Tansakul and R. Braslau, in Encyclopedia of Radicals in Chemistry,

Biology and Materials, ed. C. Chatgilialoglua, Wiley, Chichester, 2012,
p. 1.

32. T. Suga and H. Nishide, in Stable Radicals: Fundamentals and Applied
Aspects of Odd-electron Compounds, ed. R. G. Hicks, John Wiley & Sons
Ltd, New York, 2010, p. 507.

33. C. Prescott and S. Bottle, Cell Biochem. Biophys., 2017, 75, 227.
34. B. P. Soule, F. Hyodo, K. Matsumoto, N. L. Simone, J. A. Cook,

M. C. Krishna and J. B. Mitchell, Free Radical Biol. Med., 2007, 42,
1632.

35. M. Lewandowski and K. Gwozdzinski, Int. J. Mol. Sci., 2017, 18,
2490.

36. V. V. Khramtsov, in Nitroxides - Theory, Experiment and Applications, ed.
A. I. Kokorin, InTech, Rijeca, Croatia, 2012, p. 317.

37. V. V. Khramtsov and J. L. Zweier, in Stable Radicals: Fundamentals and
Applied Aspects of Odd-electron Compounds, ed. R. G. Hicks, Wiley, New
York, 2010, p. 537.

38. V. V. Khramtsov, Curr. Org. Chem., 2005, 9, 909.
39. E. Kovaleva and L. Molochnikov, in Nitroxides: Applications in Chem-

istry, Biomedicine and Material Science, ed. G. I. Likhtenshtein,
J. Yamauchi, S. Nakatsuji, A. Smirnov and R. Tamura, Wiley-VCH
verlag, GmbH & Co. KGaA, Weinheim, 2008, p. 211.

40. M. A. Voinov and A. I. Smirnov, in Electron Paramagnetic Resonance, ed.
B. C. Gilbert, D. M. Murphy and V. Chechik, RSC Publishing,
Cambridge, U.K., vol. 22, 2010, p. 71.
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CHAPTER 3

The Application of Nitroxides
in Organic Synthesis
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*Email: AMSzpilman@gmail.com

3.1 Introduction
Although some nitroxides have been known since 1845 (Figure 3.1),1

it was the first synthesis of 4-oxo-2,2,6,6-tetramethyl piperidine-N-oxyl
(4-oxo-TEMPO) (4) by Lebedev and Kazarnovsky in 1959,2 that provided the
inspiration and impetus for the successful synthesis and use of other
stable nitroxides. Today nitroxides are indispensable tools for a broad
range of research areas, including as antioxidants in biology, as mediators
in polymer chemistry, as charge carriers in electrochemistry, as spin
probes in electron spin resonance studies (ESR) and more importantly as
potential oxidation catalysts in organic chemistry. The structure, physical
properties and applications of nitroxide radicals in various fields have
been highlighted in books and reviews and in the other chapters in this
book.3,4

Among the many reported nitroxides, the prototypical TEMPO (5),
2-azaadamantane-N-oxyl (AZADO) (8) and 9-azabicyclo[3.3.1]nonane N-oxyl
(ABNO) (11) and their derivatives are currently the most commonly employed
nitroxides for chemical transformations. AZADO and ABNO are less sterically
encumbered nitroxides, in which the N-oxyl functional group is positioned
in the bridgehead position of the bicyclic framework (Figure 3.2).

Nitroxides
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3.2 Nitroxide-catalyzed Oxidation of Alcohols
Oxidation of alcohols to the corresponding aldehydes, ketones and carb-
oxylic acids is the most prolific of all nitroxide-catalyzed reactions. In this
regard, a plethora of homogeneous and heterogeneous nitroxide-mediated
protocols have been developed. In addition, nitroxides can be employed in
two mechanistically distinct ways, as a one-electron oxidant under aerobic
conditions or as a two-electron oxidant together with a chemical oxidant
(Figure 3.3).

3.2.1 One-electron Pathway using a Nitroxide in
Combination with Metal and Oxygen

A nitroxide in conjunction with a one-electron oxidant such as Cu(I) in the
presence of oxygen mediates alcohol oxidation in a one-electron pathway.
Though not all the details are known of this mechanism, it is postulated that
nitroxide TEMPO (5) coordinates to Cu(I) to give complex (15), which is
oxidized to Cu(II) complex (16) by molecular oxygen. The resulting Cu(II)
complex oxidizes alcohol to the corresponding carbonyl compound via a

Figure 3.1 Early examples of nitroxides.

B

A

Figure 3.2 Most commonly used nitroxides. (A) TEMPO and its derivatives (B) less
sterically hindered nitroxides.
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transient intermediate (likely 17), thus completing the catalytic cycle
(Scheme 3.1).5

3.2.2 Two-electron Pathway using a Nitroxide in
Combination with a Secondary Oxidant

Nitroxide TEMPO (5) upon treatment with a secondary oxidant such as
bleach generates the strong oxidant oxoammonium ion TEMPO1 (13)
(Scheme 3.2). The in situ formed oxoammonium ion oxidizes the alcohol in a
two-electron pathway to the corresponding carbonyl compound and is itself
reduced to TEMPOH (14).6 TEMPOH is reoxidized to its oxoammonium
cation (13) by the secondary oxidant, thus completing the catalytic process
(Scheme 3.2). In this two-electron pathway, the secondary oxidant plays a
vital dual role by first oxidizing the nitroxide (5) to its oxoammonium ion
(13) and then reoxidizing hydroxylamine (14) to the active oxoammonium
ion (13). In addition, the oxoammonium salt also can be generated by
treating nitroxides with strong acids such as p-toluene sulfonic acid via
disproportionation.7 However, this method requires superstoichiometric
amounts of nitroxide for alcohol oxidation.

Scheme 3.1 Simplified mechanism of alcohol oxidation via a one-electron pathway.

Figure 3.3 Redox chemistry of nitroxide radicals.
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3.2.3 Nitroxides in Homogeneous Catalysis

3.2.3.1 Nitroxide/Metal-mediated Aerobic Oxidation of Alcohols

In one of the first contributions to the field, the Semmelhack group dem-
onstrated the ability of nitroxides to mediate alcohol oxidation.8 A catalytic
mixture comprised of cuprous chloride (10 mol%) and TEMPO (5) or its
4-hydroxy analogue (6) (10 mol%) was found to be effective for the aerobic
oxidation of allylic and benzylic alcohols in dimethyl formamide (DMF) at
25 1C (Scheme 3.3). Under these conditions, secondary and sterically hin-
dered alcohols were largely unreactive even in the presence of stoichiometric
amounts of copper(I) salt and nitroxide. However, switching from cuprous
chloride to cupric chloride (110 mol%) did lead to oxidation of secondary
alcohols. An early proposed four-step mechanism (see later proposals below)
suggests that cupric ion oxidizes TEMPO (5) to its oxoammonium form (13),
which oxidizes alcohols to aldehydes while being reduced to hydroxylamine
TEMPOH (14). TEMPOH (14) undergoes rapid comproportionation with
oxoammonium ion (13) to regenerate TEMPO (5).9 Finally, copper(I) is oxi-
dized to copper(II) with oxygen.

Sheldon and coworkers reported the combination of RuCl2(PPh3)3
(1.5 mol%), TEMPO (5) (4.5 mol%) and oxygen for the oxidation of a wide
range of activated and unactivated aliphatic primary and secondary alcohols
(Scheme 3.4).10 The oxidation reactions were carried out in a high-pressure
reactor with a continuous stream of oxygen–nitrogen gas mixture (8 : 92; v/v),
using chlorobenzene or toluene as the solvent at 100 1C for 7 hours.
Among other ruthenium compounds tested, RuCl3 gave lower rates, while
RuCl2(bipy)2 and RuCl2(DMSO)2 were completely unreactive. This catalytic
system is not only efficient for the oxidation of alcohols, but also completely
suppresses overoxidation of aldehyde products.

Minisci and coworkers disclosed the use of catalytic amounts of
Mn(II)–Co(II) or Mn(II)–Cu(II) nitrate salts in combination with TEMPO (5) as

Scheme 3.2 General mechanism of oxidation of alcohols via oxoammonium cation.

74 Chapter 3

https://www.twirpx.org & http://chemistry-chemists.com



an efficient system for the aerobic oxidation of alcohols to aldehydes and
ketones at ambient temperature (Scheme 3.5).11 A combination of Mn(II)
nitrate either with Co(II) or Cu(II) was found to exhibit increased reactivity
over the individual metal salts. This oxidation procedure requires the use of
acidic reaction medium, which is believed to be essential for the dis-
proportionation of TEMPO (5) to the actual oxidant, its oxoammonium salt
(13). In other solvents such as acetonitrile, no substantial oxidation was
observed.

In 2003, Sheldon and coworkers reported a catalytic mixture containing
bipyridine (24), CuBr2, TEMPO (5) and potassium tert-butoxide as a base for
the chemo-selective oxidation of primary alcohols in the presence of sec-
ondary alcohols (Scheme 3.6).12 An acetonitrile–water (2 : 1) combination
was used as the solvent in the presence of air at ambient temperature. No
oxidation was observed in the absence of any individual catalytic com-
ponents. In addition, Sheldon et al., for the first time, proposed a different
role for TEMPO (5) as a hydrogen acceptor during the reaction. According to

Scheme 3.4 Ru/TEMPO-catalyzed aerobic oxidation of alcohols.

Scheme 3.5 Mn–Co/TEMPO-catalyzed aerobic oxidation of alcohols.

Scheme 3.3 CuCl/TEMPO-catalyzed aerobic oxidation of alcohols.
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the proposed mechanism, the TEMPO (5) radical coordinates to the Cu(II)–
alcoholate complex in an Z2 fashion to afford complex 27, from which,
the H-atom of the alcohol is transferred to TEMPO (5). This leads to radical-
TEMPOH copper species 28, which undergoes subsequent intramolecular
single-electron transfer affording aldehyde and Cu(I), TEMPOH (14) species
(Scheme 3.7). The role of tert-BuOK was proposed to be to remove the proton
from the hydroxy group, thereby facilitating the coordination of the
alcoholate to copper. Furthermore, Sheldon et al. also explained the lack of
reactivity of secondary alcohols. The steric interaction between the methyl
groups at the a-position of TEMPO radical (5) and alkyl/aryl group of sec-
ondary alcohols was postulated as the plausible reason for their unreactivity
(Figure 3.4). Due to these steric effects, the barrier for hydrogen atom
abstraction from the Cu(II)–alcoholate complex 30 by the nitroxide radical
becomes extremely higher, thus retarding the oxidation.

In 2006, Ragauskas et al. reported an efficient four-component catalytic
system consisting of 4-acetamido TEMPO (7), Cu(ClO4)2, DABCO (31) and

Scheme 3.6 CuBr2/TEMPO-catalyzed aerobic oxidation of alcohols.

Scheme 3.7 Plausible mechanistic pathway for alcohol oxidation proposed by
Sheldon et al.12

Figure 3.4 Illustration of steric effects in primary and secondary alcohol oxidation.
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4,40-trimethylenedipyridine (TMDP) (32) as a ligand for room-temperature
aerobic oxidation of alcohols in DMSO (Scheme 3.8).13 This system is ap-
plicable for activated and unactivated primary and secondary alcohols.
However, secondary alcohols require longer reaction times. More import-
antly, the catalytic system was recycled and reused two times for oxidation of
alcohols without significant loss of activity. Recycling was easily done by
simple extraction of the product from the reaction mixture with pentane,
leaving the catalytic components in the DMSO solution.

Sekar and coworkers developed a DABCO–CuCl complex (35) in combin-
ation with TEMPO (5) as an active catalytic mixture for the aerobic oxidation
of alcohols at room temperature using nitromethane as the solvent
(Scheme 3.9).14 Initial studies were carried out using toluene as the solvent
at 100 1C, but the use of nitromethane as a solvent was discovered to be more
effective in later studies. Additionally, it was found that DABCO–CuCl
complex (35) (characterized by single-crystal X-ray analysis) exists in a lin-
ear polymeric structure due to strong intermolecular hydrogen bonding.
Thus, the use of protic solvent such as nitromethane not only breaks
the intermolecular hydrogen bonding, but also enhances catalytic activity.
Indeed, all oxidation reactions using nitromethane as the solvent occur at
room temperature. DABCO (31) was postulated to play a dual role as a base to
deprotonate the hydroxy group of alcohol and as an N-donor ligand to CuCl.
High selectivities were observed for primary alcohols over secondary alco-
hols, and no overoxidation of the products was observed.

The Koskinen group performed an extensive investigation into the influ-
ence of different catalytic components in the TEMPO–Cu-catalyzed aerobic
oxidation of alcohols.15 Their study revealed that organic amine bases such
as 1,4-diazabicyclo[2.2.0]octane (DABCO) (31), N-methyl imidazole (NMI)

Scheme 3.8 Cu(ClO4)2/TEMPO-catalyzed aerobic oxidation of alcohols.

Scheme 3.9 DABCO–CuCl/TEMPO-catalyzed aerobic oxidation of alcohols.
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(38), N,N-dimethyl aminopyridine (DMAP) (39), 1,8-diazabicyclo[5.4.0]
undec-7-ene [DBU] (40) and triethylamine showed better activity compared
to inorganic bases KOH and potassium tert-butoxide. Among the amine
bases DBU (40) was found to exhibit the highest activity. In addition, the use
of excess base was found to be detrimental.

Although increasing the amount of ligand (bipyridine) slightly increases
the rate of the reaction, it was found that ligand stoichiometry does not
have a major influence on the reaction. Further studies on TEMPO (5) and
copper revealed approximately first- and second-order correlations with the
reaction rate, respectively. Both TEMPO (5) and copper increased the re-
action rates when the amount of each individual component was increased.
Furthermore, use of air instead of pure oxygen decreased the rate of oxi-
dation and showed first-order kinetics with respect to reaction rate. Based on
the collected experimental data, Koskinen et al. proposed a binuclear cop-
per(II) complex 41 as a reactive intermediate rather than the one (29,
Figure 3.4) proposed by Sheldon’s group (Scheme 3.10).12 Hence, oxidations
follow second-order dependency on alcohols. A catalytic mixture of CuBr2/
bipyridine (24)/TEMPO (5)/base of ratio 1 : 1 : 1 : 2 in acetonitrile solvent
using pure oxygen as the terminal oxidant was found to be the best com-
bination and was used for the oxidation of different aromatic and aliphatic
primary and secondary alcohols (Scheme 3.11). Moreover, Cu(OTf)2 was
found to effective instead of CuBr2 for more challenging substrates.

The Repo group reported the use of copper(II)–2-N-arylpyrrolecarbald-
amino complexes 44(a–e) along with TEMPO as an efficient catalytic system
for aerobic oxidation of benzylic alcohols in alkaline water solutions at 80 1C
(Scheme 3.12).16 The catalytic activity of synthesized and in situmade copper
complexes showed similar reactivity. In addition, dioxygen, air or hydrogen
peroxide were utilized as terminal oxidants. This catalytic system specifically
required alkaline reaction conditions. Hence, reactions were carried out
using either NaOH or K2CO3 aqueous solutions. Substituents on the R group
of the copper complexes had a profound effect on the reactivity. p-Chloro
44(c) and p-fluoro 44(d) phenyl substituents containing complexes showed
optimal reactivity, while a hindered 2,6-diisopropyl phenyl substituted
complex 44(e) was barely reactive.

Scheme 3.10 Plausible mechanism for alcohol oxidations, proposed by Koskinen.11
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In 2011, a remarkable contribution to the field was reported by the Stahl
group. This method employs a highly active bipyridine–Cu(I)–TEMPO–NMI
catalyst system allowing oxidation of a wide array of primary alcohols.
Benzylic, allylic and aliphatic alcohols are oxidized in acetonitrile at ambient
temperature using atmospheric oxygen as terminal oxidant (Scheme 3.13).17

This system is not only compatible with a broad range of functional groups
such as olefins, amines and sulfur-containing alcohols, but also highly se-
lective for primary alcohols over secondary alcohols. Under the developed
reaction conditions, though Cu(I)Br and Cu(II)Br2 were also effective toward
oxidations, Cu(I) salts with non-coordinating anions such as [Cu(CH3CN)4]X
were used as copper sources to maintain reaction mixture homogeneity
throughout the reaction. Overall, this effective catalytic mixture was able to
overcome most of the limitations that were associated with the previously
reported Semmelhack8 and Sheldon12 catalytic systems. For example, oxi-
dation of trans-4-hexen-1-ol 49 by Semmelhack and Sheldon protocols gave

Scheme 3.11 TEMPO-catalyzed aerobic oxidation of alcohols, developed by
Koskinen.

Scheme 3.12 Copper(II)–2-N-arylpyrrolecarbaldamino complex/TEMPO-catalyzed oxi-
dation of alcohols.

Scheme 3.13 Cu/TEMPO-catalyzed oxidation of alcohols, developed by Stahl’s group.17
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only 29% and 33% conversions, respectively, whereas Stahl’s conditions gave
100% conversion (GC) (Scheme 3.14). However, this system showed poor or
no reactivity towards secondary alcohols, vicinal diols and primary alcohols
bearing vicinal chelating groups.

In 2013, Stahl and coworkers resolved the longstanding issue of oxidizing
unactivated and aliphatic alcohols, particularly secondary alcohols, by de-
veloping a catalytic system comprised of dimethoxy bipyridine (51)–Cu(I) and
the sterically unencumbered nitroxide ABNO (11) instead of commonly used
TEMPO (5) (Scheme 3.15).18 In this catalytic system, replacing TEMPO (5)
with ABNO (11) alleviated the steric and electronic constrains of the
Cu–TEMPO system. In addition, it was found that electron-rich bipyridine
derivatives enhance the rate of the reaction. Most of the oxidation reactions
were completed within one hour with 1 mol% of ABNO (11) at room tem-
perature using ambient air as the source of oxygen.

As an extension of the oxidation of alcohols, Stalh’s group expanded their
study on copper–nitroxide catalytic systems to aerobic oxidative lactoniza-
tion of 1,4-, 1,5-, and 1,6-diols via hemiacetal intermediates (Scheme 3.16)19

as well as oxidative coupling of alcohols and amines to produce amides via
hemiaminal intermediates (Scheme 3.17).20 Recently, Stahl and coworkers
showed Cu(I)–ABNO mediated synthesis of hetero atom substituted amides.
Interestingly, this oxidation process requires neither NMI (38) nor any other
base (Scheme 3.18).21

The Stahl group also carried out mechanistic studies of the copper/
TEMPO-catalyzed oxidation reactions.22 Initially, based on systematic kinetic

Scheme 3.14 Oxidation of trans-4-hexen-1-ol with different oxidative conditions.

Scheme 3.15 Cu/ABNO-catalyzed aerobic oxidation of alcohols.
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and spectroscopic studies, they proposed a catalytic mechanism involving
bimolecular hydrogen atom transfer between Cu(II)–alkoxy species 64 and
TEMPO (5) leaving Cu(I) and TEMPOH (14) (Scheme 3.19). Molecular oxygen
oxidizes Cu(I) and TEMPOH (14) to Cu(II)–OH and TEMPO (5) radical, which
continues the oxidation of alcohol to aldehyde. However, further investi-
gations by Stahl and coworkers using experimental and density functional
theory (DFT) studies found that the transition state that involves hydrogen
atom transfer via bimolecular pathway 67 is higher in energy than hydrogen
atom transfer from Cu(II)–alkoxide to a coordinated nitroxyl species 68,23

which is in agreement with similar calculations carried out, independently,
by Baerendes and coworkers (Figure 3.5).24 Hence, a pathway involving a
closed shell Z1-nitroxyl–Cu adduct 68 was identified to be most favored
transition state for alcohol oxidation.

In 2017, Szpilman and Iron described their computational investigations
of several possible catalytic cycles for the copper/TEMPO-catalyzed (5) oxi-
dation of alcohols to the corresponding carbonyl compounds using density
functional methods. A novel catalytic cycle in which TEMPO remains co-
ordinated to copper throughout was found to be the most likely mechanism
(Scheme 3.20).5 According to the proposed mechanism, there are three major
steps involved: (1) oxidation of alcohol, in which H-atom transfer from the
alkoxy ligand 74 to nitrogen atom of coordinated TEMPO via a six-membered
intramolecular transition state 68 takes place (Step 6), (2) oxygen activation

Scheme 3.19 Proposed bimolecular H-atom transfer mechanism.

Figure 3.5 Illustration of H-abstraction in bimolecular and closed shell Cu(II)
complexes.
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with formation of a peroxo complex 70 (Step 1), and (3) alcohol activation with
transfer of the O–H proton to the peroxo ligand 72 (Step 4), thereby com-
pleting the catalytic cycle. More importantly, activation of oxygen and/or ini-
tial activation of alcohol was found to be the rate-determining step rather than
the alcohol oxidation step. In addition, in contrast to several previous
mechanistic studies, it was identified that NMI (38) is not a part of the cata-
lytic cycle. However, it is required to initiate the reaction.

In 2013, Chen and coworkers showed the ability of in situ generated
Cu–NHC–TEMPO complex 76 to mediate the oxidation of primary alcohols
to the corresponding aldehydes (Scheme 3.21).25 The active catalyst was
generated in situ by combining TEMPO-anchored imidazolium salt with
copper powder. This system is capable of oxidizing aliphatic, allylic, benzylic
and propargylic primary alcohols to the respective aldehydes without over-
oxidation in chlorobenzene at 55 1C. No base is required. Interestingly, upon

Scheme 3.20 Most likely mechanism for the Cu/TEMPO-catalyzed oxidation of
alcohols proposed by the Szpilman group.
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the oxidation of 2-phenylethanol and 3-phenylpropan-1-ol, C–C bond
cleavage took place affording benzaldehyde as a major product.

Ding et al. developed a protocol that involved L-proline (79) as an efficient
N,O-bidentate ligand, rather than traditionally used bipyridine derivatives,
for the Cu/TEMPO catalytic mixture to mediate oxidation of primary and
secondary benzyl alcohols to the corresponding aldehyde and ketones
(Scheme 3.22).26 Two distinct set of conditions were used for primary and
secondary alcohols. Though this method is applicable to a wide range of
activated alcohols, it is ineffective in the case of unactivated alcohols.

In 2015, while the use of nitroxides for various applications was de-
veloping at a rapid pace, Szpilman and coworkers designed a novel concept,
based on steric and stereo electronic effects, for the preparation of
a-hydrogen-substituted nitroxides and accordingly developed two distinct
protocols to synthesize the two novel families of cyclic nitroxide radicals
possessing a-hydrogens (Figure 3.6).27 One family of nitroxides, the IAPNO

Scheme 3.22 L-proline/Cu/TEMPO-catalyzed aerobic oxidation of alcohols.

Scheme 3.21 Cu–NHC–TEMPO complex-catalyzed aerobic oxidation of alcohols.

Figure 3.6 Novel a-hydrogen-substituted azaphenalene and isoindoline nitroxides.
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(82) type, has a central piperidine ring and the other IINO (83) type has an
isoindoline ring in their molecular structure. In addition, the Szpilman
group employed the IAPNO (82) type of nitroxides as oxidation co-catalyst
using the aerobic oxidation conditions developed by Stahl et al. This novel
nitroxide/copper oxidation system was able to oxidize both activated and
unactivated alcohols effectively (Scheme 3.23).28 Copper bromide was used
as the copper source. Oxidation of aliphatic and secondary alcohols required
higher temperature (55 1C) due to precipitation of catalyst at room tem-
perature. More importantly, the spent nitroxides were recovered in the form
of hydroxylamines and reused. Recently, Szpilman group described the
preparation of the first ever a-deuterium-substituted nitroxide radicals of the
IAPNO family, which may find a potential application in biomedicine and
physical chemistry.29

Inspired by enzymatic catalysis, Maayan et al. developed a series of unique
metallopeptoid intramolecular cooperative catalytic systems, in which the
phenanthroline ligand and nitroxide TEMPO are tethered in the same mo-
lecular scaffold.30 These systems proved to be efficient for the oxidation of
various benzylic, allylic and aliphatic primary alcohols with turnover number
(TON) up to 16 times higher than regular nitroxide-catalyzed oxidation
protocols (Scheme 3.24). Among the different metallopeptoids prepared,
metallopeptoid trimer BT 88 was found to be more effective. In addition,
only 0.5 mol% of catalyst was required for effective oxidation. Maayan’s
group extended this intramolecular cooperative catalytic system to syn-
thesize different imines from various alcohols via alcohol oxidation as a key
step.31

In 2016, Gao and workers reported the use of the nitroxide ABNO (11) in
combination with iron nitrate as a metal co-catalyst for the aerobic oxidation
of a broad array of activated and unactivated alcohols in acetonitrile at
ambient temperature (Scheme 3.25).32 This efficient protocol requires nei-
ther ligand nor base. Gram scale oxidation of benzyl alcohols using only
0.2 mol% of ABNO (11) as a catalyst afforded the aldehyde in 95% yield
in 16 h.

Iwabuchi and coworkers described the use of the sterically unencumbered
nitroxide AZADO (8) in combination with a copper source as an effective
catalytic mixture for highly chemoselective oxidation of alcohols (93) bearing
unprotected primary, secondary and tertiary amine substituents
(Scheme 3.26).33 This method proved to be superior to various traditional
chemoselective alcohol oxidation reagents and methods. The chemoselec-
tivity of alcohols over amines is attributed to the higher acidity of the O–H
group of alcohols relative to the N–H group of amines, which accelerates the
formation of copper-alkoxide, an anticipated reactive intermediate during
the catalytic cycle. In addition, this method was extended to synthesize
nitrogen-containing natural products, myosmine and (–)-mesembrine. Iwa-
buchi et al., in their further work, applied this protocol to selective oxidation
of alcohols in the presence of electron-rich divalent sulfur functionalities
(Scheme 3.27).34
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Vicente Gotor-Fernandez et al. described the use of the multicopper en-
zyme laccase (97) in combination with TEMPO for the aerobic oxidation of
diols to lactones via hemiacetal in aqueous medium at room temperature
(Scheme 3.28).35 No base is required for the oxidation, which takes place in
sodium acetate buffer (pH 4.8).

Xu and coworkers disclosed a method for preparing imines and a,b-un-
saturated imines via one-pot oxidative condensation of alcohols with
amines, by using TEMPO in combination with a copper salt at room tem-
perature (Scheme 3.29).36 No base was used in this reaction. This aerobic
oxidative system is compatible with a broad range of alcohols and amines.

Huang and coworkers demonstrated the use of a Cu/TEMPO oxidation
catalytic system to obtain nitriles directly from alcohols and aqueous am-
monia in the presence of oxygen as a terminal oxidant (Scheme 3.30).37 This
double dehydrogenative process is compatible with a wide array of func-
tional groups and afforded good to quantitative yields. In addition, the
process of preparing nitriles was coupled to various heterocyclization

Scheme 3.27 Cu/AZADO-catalyzed chemoselective aerobic oxidation of alcohols
bearing sulfur groups.

Scheme 3.28 Laccase/TEMPO-catalyzed oxidative lactonization of diols.

Scheme 3.29 Cu/TEMPO-catalyzed one-pot oxidative condensation of alcohols with
amines.
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processes to provide a one-pot synthesis of tetrazoles, oxazoline, thiazoline,
triazolopyridines and imidazolines. Similar dehydrogenative protocols to
prepare nitriles using the Cu/TEMPO catalytic system were developed by
Muldoon et al.38 and Tao and coworkers39 with few modifications. Another
similar method was developed by Batra and coworkers by employing TEMPO
in combination with iron nitrate as the metal co-catalyst.40 This method
worked well for aliphatic and aromatic alcohols. No ligand or base is re-
quired. Interestingly, in the case of reactions of heteroaromatic alcohols to
the respective nitriles, prolonged reaction times yielded amide rather than
the expected nitrile (Scheme 3.31).

In 2018, Yamaguchi, Jin and coworkers reported the copper/nor-AZADO-
catalyzed (108) oxidative acylation of amides with alcohols to afford the
corresponding imides using molecular oxygen as the terminal oxidant.41

Interestingly, tetramethylethylenediamine (TMEDA) (109) was found to be
an efficient ligand for this reaction rather than conventional bipyridine de-
rivatives. A broad range of alcohols were treated with primary and secondary
amides under these reaction conditions. Moreover, Evans’ imides were also
synthesized using this protocol (Scheme 3.32).

Christmann and coworkers demonstrated the ability of Cu/TEMPO (5)
oxidation catalysts to perform a cascade of oxidation/isomerization of
(Z)-allylic alcohols (113) to (E)-a,b-unsaturated aldehydes (115) without
isolation of the intermediate aldehyde (114) (Scheme 3.33).42 Though NMI
(38) was effective for the initial oxidation of allylic alcohols, it was found to
be less effective in isomerization of the (Z)-olefin to (E)-olefin. Replacing NMI
(38) with DMAP (39) not only resulted in higher activity in isomerization, but
also accelerated the alcohol oxidation. In addition, this protocol was ex-
tended to a one-pot oxidation/Diels–Alder protocol (Scheme 3.34). In 2014,
Christmann and coworkers developed the one-pot aerobic oxidation of
allylic and benzylic alcohols to the corresponding carboxylic acids by mer-
ging Cu/TEMPO-catalyzed oxidation with a subsequent chlorite oxidation
(Scheme 3.35).43 Christmann et al., in their further work, reported an effi-
cient one-pot process to prepare 2-chloroalkan-1-ols from alkan-1-ols by
combining a Cu/TEMPO oxidation system with an enamine chlorination/
reduction. N-chlorosuccinimide was used as the chlorinating reagent.
The resultant 2-chloroalkan-1-ols can be used to make terminal epoxides
(Scheme 3.36).44

Scheme 3.30 Cu/TEMPO-catalyzed direct synthesis of nitriles from alcohols.
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Jang and coworkers developed a multicatalytic system composed of a
Cu/TEMPO oxidation system and a proline-based chiral organo catalyst (128)
to prepare b-substituted aldehydes (Scheme 3.37).45 This one-pot two-step
synthesis involves oxidation of allylic alcohols by a Cu/TEMPO aerobic
oxidation system to yield the intermediate aldehyde (126). Subsequently,
addition of a chiral secondary amine and diethyl malonate (129) leads to
b-substituted aldehydes in high enantioselectivities via imine catalysis.
Benzoic acid was used as an additive to promote the iminium ion formation,
thus improving the yield and enantioselectivity. In addition, this protocol
was also applicable to synthesize chiral a,b-substituted aldehydes (130) by
using excess TEMPO (5) (2 equiv.) in the second step to trap the enamine,
which is formed during the addition of diethyl malonate to iminium inter-
mediate (Scheme 3.38). For this sequence, adamantane-1-carboxylic acid was
used as an additive. Although low yields were obtained in this three-step
single-pot reaction, high diastereo- and enantioselectivities were observed.
Moreover, in further work, nitromethane was also employed as the Michael
donor.46 A similar method was developed by Da-Ming Du and coworkers to
synthesize chiral b-hydrazino alcohols using N-Boc-hydrazine as the Michael
donor.47

Cook and Muldoon disclosed the use of a Cu/TEMPO aerobic catalyst
system for the preparation of indoles (132) and quinolines (133) via alcohol
oxidation as a key synthetic step (Scheme 3.39).48 Substituted amino alcohols
(131) were used as starting materials under the aerobic oxidation conditions
developed by Kumpulainen and Koskinen15 to obtain N-heterocycles. In the
case of indole synthesis, longer reaction times led to lower yields. This
is likely due to the reported decomposition of the product to unidentified
by-products.

Wu and coworkers disclosed a cascade synthesis of quinazolines using a
Cu/TEMPO aerobic oxidation system (Scheme 3.40).49 Reaction of readily
available 2-amino benzyl alcohols (134) with aldehydes (135) in the presence
of an ammonia source yielded quinazolines (136) in good to excellent yields.
Oxidation of alcohols is the key step in this process.

3.2.3.2 Nitroxide-mediated Oxidation (Two-electron) of Alcohols
via Oxoammonium Cation

Since 1960, oxoammonium cations derived from nitroxides have been
known to mediate alcohol oxidations as stoichiometric oxidants. A full
equivalent or even excess of nitroxide is needed for complete oxidation of
alcohols.50 In 1987, an important contribution to the field was made by
Anelli and coworkers, by developing a robust catalytic method for the se-
lective oxidation of primary and secondary alcohols to the corresponding
aldehydes and ketones, using in situ generated oxoammonium salts from
nitroxyl, 4-methoxy TEMPO (137), and sodium hypochlorite as a secondary
oxidant in a biphasic medium at 0 1C.51 This method requires only 1 mol%
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of nitroxide, but a slight excess of sodium hypochlorite solution (1.25
equiv.). In addition, 10 mol% of potassium bromide is also required for
efficient oxidations. Moreover, it was found that the pH of the reaction
mixture plays an important role, thus, buffering of aqueous solution at pH
8.6 with sodium bicarbonate is necessary. Importantly, only a few minutes
are required for the completion of oxidation. Indeed slowing the addition of
the stoichiometric oxidant sometimes leads to lower yields due to formation
of aldehyde hydrates which are oxidized to carboxylic acids. It is recom-
mended to titrate the bleach before use. Room temperature was found to be
detrimental for oxidation. This may be due to decomposition of the ox-
oammonium salts at higher temperatures. Further oxidation of aldehydes
formed upon the oxidation of primary alcohols, to the carboxylic acids is
slow under the reaction conditions. However, addition of a catalytic amount
of quaternary ammonium salts leads to rapid conversion of aldehydes to the
corresponding carboxylic acids. Mechanistically, it is assumed that hypo-
chlorite oxidizes the bromide of KBr to HOBr, which is more soluble in or-
ganic solvent. The in situ formed HOBr oxidizes both 4-MeO-TEMPO (137)
and its hydroxylamine (139) to the corresponding oxoammonium salt (138)
(Scheme 3.41). In principle, any co-oxidant with the ability to oxidize nitr-
oxide to its oxoammonium salt can be employed rather than HOCl. Anelli
et al. extended this effective oxidation method to oxidation of diols. Diol
oxidations were carried out using TEMPO (5) as the nitroxide, and a pH of
9.5 was maintained at 0–15 1C.52 Moreover, the potency of this protocol was
further showcased by applying it to multigram scale oxidation of (S)-(�)-2-
methyl butanol (140) to (S)-(þ)-2-methyl butanal (141) (Scheme 3.42).53

Scheme 3.40 Cu/TEMPO-catalyzed cascade synthesis of quinazolines.

Scheme 3.41 Proposed mechanism for the oxidation of alcohols by Anelli et al.
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Based on Anneli’s protocol, several co-oxidants to generate oxoammonium
ion in situ from nitroxide were developed by other research groups. Notably,
N-chlorosuccinimide by Einhorn et al.,54a hypervalent iodine reagent
[bis(acetoxy)iodo]benzene (BAIB) by Margarita, Piancatelli et al.,54b oxone by
Bolm et al.,54c trichloroisocyanuric acid (TCCA) by Giacomelli et al.,54d

molecular iodine by Miller et al.,54e hydrogen peroxide/HBr in ionic liquid
by Ragauskas et al.54f and pyridine–bromine complexes by Inukochi et al.54g

In all these cases TEMPO was used as the nitroxide, and all the above
co-oxidants were effective in generating oxoammonium species in either
dichloromethane or toluene.

In 2006, Iwabuchi demonstrated the first ever use of sterically less hin-
dered nitroxides AZADO (8) and 1-methyl AZADO (10) as catalysts for the
oxidation of a wide array of alcohols, including structurally hindered alco-
hols under Anelli’s conditions (Scheme 3.43).55 Use of this sterically less
encumbered nitroxide alleviated the steric constraints that were associated
with the more hindered TEMPO and its congeners. This method proved to be
superior to other previously developed nitroxides for oxidizing hindered
alcohols.

A modification to Anelli’s method was developed by Zhao and coworkers,
also termed ‘‘Zhao’s modification’’, in which primary alcohols were directly
converted to corresponding carboxylic acids by using catalytic amounts of
TEMPO (5) and stoichiometric amounts of sodium chlorite (2 equiv.) as
secondary oxidant in the presence of catalytic amounts of sodium hypo-
chlorite (Scheme 3.44).56 Presumably, sodium chlorite oxidizes the inter-
mediate aldehyde to carboxylic acid as in the Lindgren oxidation56c by
generating sodium hypochlorite, which in turn oxidizes TEMPOH (14)

Scheme 3.42 Multigram scale oxidation of (S)-(�)-2-methyl butanol to (S)-(þ)-2-
methyl butanal.

Scheme 3.43 Synthesis of Shi’s catalyst by oxidation using 1-Me-AZADO under
Anelli’s conditions.
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to oxoammonium salt (13) (Scheme 3.45). However, to initiate alcohol oxi-
dation, catalytic amounts of hypochlorite are required. Reactions are carried
out in acetonitrile phosphate buffer (pH 6.7) biphasic solutions at 35 1C.
A similar method was developed by Iwabuchi et al., but using the sterically
less hindered nitroxide 1-Me-AZADO (10), which showed better activity than
prototypical TEMPO (5).57

Bobbitt et al. disclosed a method for the oxidation of alcohols by the in situ
preparation of oxoammonium salts via acid-promoted disproportionation of
nitroxides.7 Two molecules of nitroxide (7) in the presence of strong acid
undergo disproportionation to produce one molecule of oxoammonium salt
(146) and a molecule to hydroxyl amine (147). The formed oxoammonium
oxidizes the alcohol to the carbonyl compounds and gets reduced to the
corresponding hydroxyl amine (Scheme 3.46). Though this method is
adaptable to a diverse scope of alcohols bearing alkenes and produces high
yields, two moles of nitroxides are required to oxidize one mole of substrate.
However, hydroxyl amine formed during this reaction can be isolated and
recycled by oxidation back to either radical or its oxoammonium form.

A remarkable contribution to the oxoammonium chemistry was reported
by Hu and coworkers, who developed the first ever transition metal-free

Scheme 3.44 Direct oxidation of primary alcohols to carboxylic acids by Zhao’s
modification.

Scheme 3.45 Proposed mechanism of Zhao’s oxidation of alcohols to carboxylic
acids.
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aerobic oxidation of alcohols using TEMPO as a catalyst.58 An efficient
catalytic system composed of TEMPO (5), bromine and sodium nitrite as a
NO precursor at elevated temperature (80 1C) oxidizes aromatic and aliphatic
primary and secondary alcohols to carbonyl compounds under air at 0.1 MPa
pressure with the release of water as the only by-product (Scheme 3.47).
Mechanistically, the in situ formed TEMPO1 (13) oxidizes alcohols to
carbonyl compounds and gets reduced to TEMPOH (14). TEMPOH (14) is
reoxidized to TEMPO1Br� (150) and HBr with bromine. The HBr is sub-
sequently oxidized back to bromine by NO2 leading to formation of NO. NO
can be easily oxidized to NO2 by molecular oxygen (Scheme 3.48). Hu et al., in
a further communication, reported the use of 1,3-dibromo-5,5-dimethylhy-
dantoin as a bromine source instead of bromine and water as the solvent in
place of dichloromethane. This method was also found to be efficient for the
oxidation of all kinds of primary and secondary alcohols.59 Hu and co-
workers further reported on the use of the organic nitrite, tert-butyl nitrite as
an efficient NO equivalent for the aerobic oxidation of alcohols in the
presence of TEMPO.60

Based on Hu et al.’s aerobic oxidation protocol several other aerobic
methods have been developed. Notably, TEMPO (5)/HCl/NaNO2 as a catalyst
by Liang et al.,61a a reusable TEMPO and carboxylic acid-functionalized
imidazolium salts with NaNO2 by Wang et al.,61b TEMPO in combination
with nitric acid-assisted carbon oxidation system by Kakimoto et al.61c

and hydroxyl amine as a source of NO in the presence of TEMPO by

 
Scheme 3.46 Oxidation of alcohols by oxoammonium salts prepared via

disproportionation.

Scheme 3.47 Transition metal-free TEMPO-catalyzed aerobic oxidation of alcohols.
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Studer et al.61d Furthermore, Iwabuchi et al. used the less sterically hindered
and electrophilic 5-F-AZADO (9) in combination with sodium nitrite for the
aerobic oxidation of alcohols.62 A similar aerobic method was developed by
the Stahl group, where ABNO (11) and keto-ABNO (12) were used as nitroxide
catalysts in the presence of sodium nitrite and nitric acid and were used for
the oxidation of alcohols. In addition, use of sterically unhindered nitroxides
exhibited faster reaction rates compared to TEMPO.63

Iwabuchi and coworkers described the use of less hindered nitroxide nor-
AZADO in combination with diisopropyl azodicarboxylate (DIAD) (151) as a
secondary oxidant.64 Addition of acetic acid as an additive was found to enhance
the oxidation process. Acetic acid is required to generate the oxoammonium ion
by disproportionation of nitroxide radical. A series of primary and secondary
alcohols were oxidized under these conditions (Scheme 3.49).

Kawabata and coworkers showed the use of electronically tuned PROXYL-
based nitroxide 154c for the oxidation of alcohols. The electronic tuning of the
different nitroxides was done by measuring redox potentials using cyclic
voltammetry. From the measured redox potentials, it was found that in-
creasing the number of electron-withdrawing ester groups resulted in an in-
crease of the oxidation potentials (Figure 3.7). Hypervalent iodine reagent
phenyl iodonium bis(trifluoroacetate) (PIFA) (155) was used as a secondary
oxidant (Scheme 3.50).65 This method was effective for various secondary
alcohol oxidations and also used for the chemoselective oxidation of benzylic
alcohols in the presence of aliphatic alcohols (so less reactive than TEMPO).

Zhao and coworkers reported an interesting method to oxidize alcohols
using a photocatalytic system comprised of dye-sensitized TiO2 and TEMPO
(5) under visible light irradiation (l4450 nm) in benzotrifluoride as a
solvent. Commercially available anthraquinone dye Alizarin Red (158) was
used as the sensitizer.66 According to the proposed three-step catalytic cycle,
a dye radical cation (160) is formed during an electron transfer from excited
state of dye to conduction band of TiO2. The formed dye radical cation (160)

Scheme 3.48 Proposed mechanism for transition metal-free aerobic oxidation of
alcohols.
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then oxidizes TEMPO (5) to TEMPO1 (13). After alcohol oxidation, the gen-
erated TEMPOH (14) is oxidized to TEMPO (5) by either oxygen or the dye
radical cation (160) (Scheme 3.51). This method is adaptable to primary and
secondary alcohols. A similar method was developed by Li and coworkers
but using Ru(bpy)3(PF6)2 as a photoredox catalyst in combination with
TEMPO (5) under visible light in the presence of oxygen.67 This method is
particularly efficient for benzylic alcohols.

Inokuchi and coworkers developed a method to regioselectively oxidize
2-alkylidene-1,3-propanediols (161) to (E)-2-hydroxymethyl-2-alkenals (162)
using 4-benzoyloxy TEMPO (163) in combination with hypervalent iodine re-
agent BAIB (164) as a co-oxidant in tetrahydropyran solvent (Scheme 3.52).68 A
catalytic amount (1 mol%) of PTSA was also required to promote the oxi-
dation. In addition, the reaction completes in 4 h and produces good yields.

Scheme 3.51 Proposed catalytic cycle for dye-sensitized TiO2–TEMPO system cata-
lyzed oxidation of alcohols under visible light irradiation.

Scheme 3.52 4-BzOTEMPO catalyzed regioselective oxidation of 2-alkylidene-1,3-pro-
pane diols.
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Iwabuchi and coworkers described the use of 1-Me-AZADO (10) in com-
bination with NaOCl and NaClO2 as an efficient catalytic mixture for one-pot
oxidative cleavage of terminal diols (163) to the corresponding dehomolo-
gated carboxylic acids (165) (Scheme 3.53).69 This simple process occurs via
the oxidative decarboxylation of a-keto-carboxylic acids (164). No epimer-
ization was observed during the oxidation of substrates bearing adjacent
stereo center. In addition, this protocol was also applied to terminal triols and
tetraols to yield the respective carboxylic acids. However, this method is not
applicable to internal vicinal diols. Later, Iwabuchi et al. resolved the problem
associated with internal vicinal diols (166) by using AZADO nitroxides in
combination with PhI(OAc)2 as a secondary oxidant (Scheme 3.54).70

Shibuya et al. disclosed a chemoselective oxidation of terminal 1,2-diols
(169) to a-hydroxy acids (170) using TEMPO (5), NaOCl and NaClO2 system in
biphasic (toluene/water) medium (Scheme 3.55).71 This method suppresses
the concomitant oxidative cleavage to carboxylic acids, which occurs during
the oxidation. The use of a biphasic solvent system was found to be essential
for successful reaction. Selectivity was derived from solubility control of

Scheme 3.53 1-Me-AZADO/NaOCl/NaOCl2-mediated one-pot oxidative cleavage of
terminal diols to carboxylic acids.

Scheme 3.54 1-Me-AZADO/PhI(OAc)2-mediated one-pot oxidative cleavage of in-
ternal diols to carboxylic acids.

Scheme 3.55 TEMPO/NaOCl/NaClO2-catalyzed chemoselective oxidation of 1,2-diols
in biphasic solvent system.
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diols and intermediates in toluene. Though in situ formed TEMPO1Cl� is
hydrophilic in nature, the active species dissolves in hydrophobic toluene,
possibly due to a more toluene soluble charge transfer complex between
TEMPO–ClO2 under the reaction conditions, consequently inducing high le-
vels of chemoselectivity. In addition, Shibuya and coworkers in their further
work demonstrated the chemoselective aerobic oxidation of a-hydroxy carb-
oxylic acids (171) to the corresponding a-keto carboxylic acids (172) using ABNO
(11)/NaNO2 mixture in acetonitrile at ambient temperature (Scheme 3.56).72

As an extension to this work, Shibuya et al. developed an efficient three-step
process to synthesize a-amino acids (174) from 1,2 diols (173).73 The first two
steps of the process involve chemoselective oxidations using nitroxide
catalysis to obtain an a-ketoacid, which upon reaction with phenyl glycine
(175) undergoes transamination to afford an a-amino acid. This method
enables the protection-free synthesis of amino acids (Scheme 3.57).

The Landis and Stahl groups described a two-step strategy for the syn-
thesis of a-chiral carboxylic acids via asymmetric hydroformylation followed
by oxidation.74 The first step involves rhodium-catalyzed asymmetric hy-
droformylation of terminal alkene 176 to obtain aldehyde 177, which
undergoes ketoABNO (12)/NaNO2-catalyzed aerobic oxidation to the carb-
oxylic acid 178 (Scheme 3.58). No racemization was observed during oxi-
dation, and stereochemical integrity was observed of the in situ formed
chiral aldehyde 177.

Bobbitt and coworkers reported the use of 4-acetylamino-2,2,6,6-tetra-
methylpiperidine-1-oxoammonium tetrafluoroborate (181) in combination
with pyridine as an oxidant for the oxidative dimerization of primary
alcohols to esters.75 Interestingly, alcohols bearing a b-oxygen gave pre-
dominantly esters, whereas alcohols without a b-oxygen produced aldehydes
rather than esters. d-Lactones can also be prepared by this method using

Scheme 3.56 ABNO/NaNO2-catalyzed chemoselective aerobic oxidation of a-hydroxy
carboxylic acids to a-keto carboxylic acids.

Scheme 3.57 Nitroxide-catalyzed three-step protocol to synthesize amino acids from
diols.
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diethyl glycol as alcoholic substrates. Although this method is compatible
with various substrates and affords good yields, stoichiometric amounts
(2.5 equiv.) of oxoammonium ion salt are required to be employed.

In 2012, Szpilman et al. described a catalytic method for the oxidative
dimerization of alcohols using only 2 mol% of TEMPO (5) in combination
with environmentally benign TCCA (182) as a secondary oxidant and pyri-
dine as base.76 Slow addition of the oxidant TCCA was found to be critical for
esterification (over 1 h). This reaction presumably takes place via slow for-
mation of aldehyde hemiacetals. This catalytic method was adaptable to a
wide range of primary alcohols. Unlike Bobbitt et al.’s method this protocol
is compatible with alcohols bearing no b-oxygen (Scheme 3.59). A similar
method was developed by Lahiri et al. for the synthesis of both self- and
cross-esterification of alcohols using TEMPO (5) as an oxidant.77 TEMPO, in
combination with oxone, was used for self-esterification of alcohols, whereas
TEMPO in combination with iron salts was used for cross-esterification of
alcohols.

Szpilman and coworkers also reported on the TEMPO-catalyzed direct
oxidation of aldehydes 185 to mixed anhydrides 187 with pivalic acid (186).78

The mixed anhydrides can be converted in situ into esters 188 and amides
189 (Scheme 3.60).

Iwabuchi and coworkers described the use of oxoammonium salts derived
from TEMPO (5) for an efficient oxidative rearrangement of tertiary allylic
alcohols 190 to b-substituted a,b-unsaturated carbonyl compounds 191.79a

In addition, it was found that oxoammonium salts with counter anions that
are poor nucleophiles, such as BF4

� or SbF6
�, were crucial for an efficient

reaction. Although this method proved to be superior to traditionally em-
ployed toxic chromium reagents, it requires stoichiometric amounts

Scheme 3.58 KetoABNO/NaNO2-catalyzed synthesis of a-chiral carboxylic acids
from in situ generated a-chiral carbaldehydes.

Scheme 3.59 TEMPO-catalyzed oxidative dimerization of alcohols.
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(1.5 equiv.) of oxoammonium salt. However, the same group developed a
catalytic method for oxidative rearrangement of tertiary allylic alcohols using
1 mol% of TEMPO in combination with NaIO4 (2 equiv.) on silica gel in
dichloromethane at ambient temperature (Scheme 3.61).79b

In 2009, Bobbitt and Bailey described the use of 4-acetamido-2,2,6,6-tet-
ramethylpiperidine-1-oxoammonium tetrafluoroborate (181) for the oxida-
tive cleavage of benzylic and related ethers in wet acetonitrile at room
temperature to afford the corresponding aldehydes and alcohols. The pri-
mary or secondary alcohol products formed in this reaction are further
oxidized by 181 to give the respective carboxylic acids and ketones
(Scheme 3.62).80 For the overall process, three equivalents of oxoammonium
salt 181 are required. Similarly, in 2015, Leadbeater et al. showcased the use
of oxoammonium salt 181 for the oxidative cleavage of allyl ethers to the
corresponding a,b-unsaturated carbonyl compounds.81

3.2.4 Nitroxides in Heterogeneous Catalysis

In 1985, a seminal report by Miyazawa and Endo demonstrated the use of
polymer-bound nitroxide as a catalyst in combination with potassium fer-
ricyanide for the oxidation of alcohols in acetonitrile–water biphasic solvent
system.82 Later, Miyazawa and Endo showed the use of Cu(II) salts with
polymer nitroxide radical for the oxidation of benzyl alcohols.83 Following
this work, Osa and Bobbitt coworkers disclosed the electrocatalytic oxidation

Scheme 3.61 TEMPO-catalyzed oxidative rearrangement of tertiary allylic alcohols.

Scheme 3.62 Oxoammonium-mediated oxidative cleavage of benzylic and related
ethers.
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of the monoterpene Nerol with a polymer-coated electrode using TEMPO as
a heterogeneous redox catalyst.84 In 1995, Tsubokawa et al. demonstrated
the ability of TEMPO immobilized on ultrafine silica and ferrite surface to
function as a catalyst in the presence of Cu(II) salts for the oxidation of
primary and secondary alcohols to the corresponding carbonyl com-
pounds.85 In addition, oxidation of diols under these conditions gave the
respective lactones. Moreover, TEMPO immobilized on silicagel can be re-
covered by simple centrifugation and reused. For example, in the case of
benzyl alcohol oxidation, TEMPO–silicagel was recycled 45 times. In all the
above cases, it was proposed that oxidation occurs via an oxoammonium
cation.

Bolm and coworkers developed a recyclable silica-supported TEMPO (186)
catalyst. Catalyst 186, in which TEMPO is covalently connected, catalyzed the
oxidation of alcohols under Anelli’s conditions.86 Under the developed
conditions, primary and secondary alcohols were oxidized effectively over a
period of one hour (Scheme 3.63). The catalyst was recovered by filtration
and reused 10 times in the case of 1-nonol oxidation without significant loss
of activity and yields. In addition, silica-supported TEMPOH also showed
similar catalytic reactivity. The silica-supported TEMPO was prepared by
reductive amination of 4-oxo TEMPO with commercially available amino
propyl-functionalized silica. A similar protocol was developed by Brunel and
coworkers, in which TEMPO was covalently immobilized onto mesoporous
silica (MCM-41 type).87 This system was found to be active and reusable in
the oxidation of primary alcohols in combination with CuCl in DMF. Simi-
larly, Pagliaro et al. developed another method for the oxidation of alcohols
using sol–gel ormosils-doped TEMPO as a recyclable catalyst.88

Pozzi and coworkers demonstrated the use of poly(ethylene glycol)-sup-
ported TEMPO (PEG-TEMPO) (189) and sodium hypochlorite as a catalytic
mixture for the oxidation of alkyl and aryl alcohols (Scheme 3.64).89 Though
the PEG-TEMPO was soluble in reaction medium, it can be easily recovered
by precipitation from diethyl ether, followed by filtration. The recycled
catalyst can be reused for oxidations at least six times with no loss of activity.
During the same time period, Hayes and coworkers developed several PEG-
supported nitroxides and applied them as catalysts using hypochlorite as a
secondary oxidant.90 These supported nitroxides exhibited better activities
than TEMPO itself. However, the scope was limited to primary alcohols.
Baucherel et al. also showed the use of polymer-supported TEMPO as an
oxidation catalyst for alcohols, but using molecular oxygen as a terminal

Scheme 3.63 Silica-supported TEMPO-catalyzed oxidation of alcohols.
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oxidant in the presence of cobalt nitrate and manganese nitrate as
co-catalysts.91

Pozzi and coworkers showed the preparation and usage of fluorous-tagged
TEMPO radicals (192) as catalysts for the oxidation of primary and secondary
alcohols (Scheme 3.65).92 [Bis(acetoxy)iodo] benzene (BAIB) or bleach was
used as the terminal oxidants. Though the catalyst was soluble in solvents
such as dichloromethane and ethers and forms a homogeneous mixture,
fluorous-tagged TEMPO radicals were easily isolated from the reaction
products by liquid–liquid extraction with the fluorinated liquid perfluoro-
(1,3-dimethyl)cyclohexane. The recovered catalyst was reused up to six times
for the oxidation of 1-octanol using BAIB as the terminal oxidant with no
significant loss of activity.

Reiser et al. developed a protocol to immobilize TEMPO onto a polystyrene
resin using Cu(I) catalyzed alkyne–azide cycloaddition.93 The resulting
PS-CLICK-TEMPO (195) was used as an oxidation catalyst for aliphatic and
aromatic primary and secondary alcohols using either bleach or molecular
oxygen as the terminal oxidant. In the case of molecular oxygen as oxidant, a
combination of cobalt and manganese nitrates was used as cocatalysts
(Scheme 3.66). Moreover, catalyst can be recycled easily by filtration from the
products. Reiser et al., in further work, attached multiple triazole moieties
and perfluoroalkyl chains to TEMPO, and the resulting TEMPO derivative
was used as a catalyst for the oxidation of alcohols with bleach as the
terminal oxidant.94 The derived TEMPO derivative promotes emulsion

Scheme 3.65 Recyclable fluorous-tagged TEMPO-catalyzed oxidation of alcohols.

Scheme 3.66 PS-CLICK-TEMPO-catalyzed aerobic oxidation of alcohols.
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formation in dichloromethane/water, thus acting as a surfactant and accel-
erating the reaction. The supported TEMPO can be easily recovered by fil-
tration of the reaction mixture through a sintered glass funnel.

In 2007, Karimi and coworkers, in their landmark report, showed the
transition metal-free aerobic oxidation of alcohols catalyzed by mesoporous
silica SBA-15-supported TEMPO (198) with air or molecular oxygen as the
terminal oxidant.95a Reaction conditions were similar to the reaction con-
ditions developed by Hu and coworkers.58 However, this newly developed
protocol requires a lower temperature compared to Hu’s method. This
method is applicable to alkyl, aryl and heteroaryl alcohols, including highly
hindered hydroxy groups (Scheme 3.67). The catalyst can be recovered and
recycled. For example, in the case of benzyl alcohol oxidation, catalyst was
recovered and reused for 14 subsequent runs without loss of activity with a
total turnover number of over 1000. This method is green, efficient and
superior to previously developed heterogeneous methods. In 2014, Karimi
et al. prepared SBA-15-functionalized less sterically hindered nitroxide ABNO
(11) and used it as a recyclable aerobic oxidation catalyst for activated and
unactivated alcohols under metal-free condition.95b Moreover, the catalyst
was conveniently recovered and reused 14 times with a slight decrease in
activity.

Reiser and coworkers demonstrated the preparation and use of recyclable
magnetic carbon/cobalt nanoparticles-supported TEMPO (201) as an effi-
cient catalyst for the oxidation of alcohols under modified Anelli’s protocol
(Scheme 3.68).93b–d,96 TEMPO was grafted on to magnetic support using

Scheme 3.68 Magnetically separable carbon/cobalt nanoparticle-supported
TEMPO-catalyzed oxidation of alcohols.

Scheme 3.67 SBA-15-supported TEMPO-catalyzed metal-free aerobic oxidation of
alcohols.
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azide–alkyne cycloaddition. Simple magnetic-assisted decantation is enough
to separate the catalyst from the products, and it was shown to be recyclable
six times with no loss of activity.

Garrell and Tucker-Schwartz demonstrated the immobilization of TEMPO
on iron oxide (Fe3O4) superparamagnetic nanoparticles (SPN) and their use
as a catalyst for the oxidation of aryl and alkyl alcohols using either bleach or
molecular oxygen as the terminal oxidant (Scheme 3.69).97 For the aerobic
oxidation, manganese and cobalt nitrates were used as co-catalysts.
In addition, 1,5- and 1,6-diols gave the respective lactones with bleach as
oxidant. Immobilization of TEMPO was carried out by employing strong
metal-oxide chelating phosphonates and azide/alkyne click chemistry.93b-d

The catalyst was efficiently recovered from the reaction mixture using a
hand-held magnet and recycled 20 times.

Karimi and Farhangi described the use of magnetic core shell
nanoparticle-supported TEMPO (MNST) (207) as an efficient catalyst for
transition metal and halide free aerobic oxidation of aryl and alkyl primary
and secondary alcohols in water as the solvent (Scheme 3.70).98 tert-Butyl
nitrite was employed as a co-catalyst. In addition, this method is applicable
to hindered alcohols. Moreover, the catalyst can be easily separated after the
reaction and recycled. In addition, Karimi and Farhangi demonstrated the
use of recyclable MNST (207) for a one-pot oxidative three-component
Passerini reaction of primary and secondary alcohols (210) with carboxylic
acids (211) and isocyanides (212) to afford the corresponding a-acyloxy
carboxamides (213) under transition metal and halogen-free conditions
(Scheme 3.71).99 The catalyst was easily recovered using an external magnet

Scheme 3.70 Magnetic core shell nanoparticle-supported TEMPO-catalyzed aerobic
oxidation of alcohols in water.

Scheme 3.69 TEMPO-coated superparamagnetic nanoparticle-catalyzed oxidation
of alcohols.
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and reused for 14 subsequent runs, though there was a slight decrease in the
activity. Furthermore, Karimi and coworkers reported the potential use of
MNST (207) for the selective aerobic oxidation of 5-hydroxymethyl furan (214)
to the high value-added chemical 2,5-diformyl furan (215) in an excellent yield
(499% by GC) under metal- and halide-free conditions (Scheme 3.72).100 The
catalyst was recycled and reused for five consecutive runs.

Gruttadauria and coworkers successfully employed [C60] fullerene as a
platform to anchor TEMPO. The resulting nitroxide catalyst (216) was em-
ployed under Anelli’s condition for the oxidation of aliphatic and aromatic
primary and secondary alcohols (Scheme 3.73).101 The catalyst was recycled
at least for seven turns without loss of activity. However, EPR studies re-
vealed that the number of radicals decreased during the catalytic cycles.

Chmielewski and Zwoliński reported the preparation of TEMPO-appended
zirconium metal–organic frameworks (MOFs) with UiO-66 and UiO-67 (219)
structures and demonstrated their use as catalysts for the aerobic oxidation

Scheme 3.72 MNST-catalyzed selective oxidation of 5-hydroxymethyl furfural to
5,5-diformylfuran.

Scheme 3.73 Fullerene-supported TEMPO-catalyzed oxidation of alcohols.
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of primary and secondary alcohols (Scheme 3.74).102 This system is applic-
able to both primary and secondary alcohols. Moreover, the MOFs can be
recycled.

Chen and coworkers demonstrated the direct incorporation of TEMPO
onto conjugate microporous polymers (CMPs) (222) through four different
linkages between TEMPO and carbazole moieties and used these
CMPs as catalysts for the oxidation of various alcohols under aerobic con-
ditions (Scheme 3.75).103 Among the tested catalysts, one with an amide
linkage (TEMPO–CMP – 222d) exhibited the highest activity. Moreover, the

Scheme 3.75 TEMPO-appended conjugate microporous polycarbazole networks-
catalyzed oxidation of alcohols.

Scheme 3.74 TEMPO-appended zirconium MOFs-catalyzed aerobic oxidation of
alcohols.
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conjugated microporous polycarbazole networks were easily recovered and
reused at least 20 times with no loss of catalytic activity.

Fernandes et al. described a method to prepare silica-supported trifunc-
tional heterogeneous TEMPO catalysts (225) for the oxidation of benzyl al-
cohols under aerobic conditions.104 The trifunctional pyridine triazole
(pyta)-Cu/TEMPO/NMI scaffolds linked to alkynes were immobilized on a
single azide-functionalized mesoporous silica by Cu(I)-catalyzed alkyne–
azide cycloaddition (Figure 3.8).93b-d The prepared trifunctional catalysts
of different chain lengths were found to catalyze oxidation of benzyl
alcohol with superior activity, compared to oxidations carried out by
using the individual catalytic components (i.e. by homogeneous catalysis).
Later, Fernandes and coworkers demonstrated the preparation of a
silica-supported Cu/TEMPO/NMI catalytic triad system (226), where all the
catalytic components were connected in sequence (Figure 3.9) and employed
as a catalyst for benzyl alcohol oxidation.105

Figure 3.9 Recoverable silica-supported sequence-defined catalytic triad for the
aerobic oxidation of alcohols.

Figure 3.8 Silica-supported trifunctionalized catalyst.
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In 2018, Faramarzi and coworkers synthesized an efficient bifunctional
hybrid catalyst (227) by co-immobilization of the enzyme laccase and TEMPO
(5) on mesoporous silica SBA-15, for the one-pot synthesis of coumarins (230)
using alcohols (228) and malonates (229) as precursors (Scheme 3.76).106

Oxidation of alcohols to the corresponding carbonyl compounds is the key
step, and the in situ formed aldehydes undergo Knoevenagel condensation
with malonate to afford coumarin-3-carboxylate 230 derivatives. The catalyst
was recovered and reused for 10 cycles with no significant loss of activity.

Cui and coworkers developed a sequential oxidation/asymmetric cyanation
protocol using a chiral porous metal organic framework decorated with TEMPO
radical (231). This one-pot two-step process involves initial oxidation of alcohols
(232) to aldehydes. Addition of trimethyl cyanide and triphenyl phosphine oxide
to the in situ prepared aldehyde affords the corresponding chiral products (233)
in high yields (Scheme 3.77).107 The chiral MOF was prepared by the reaction of
TEMPO-substituted tricarboxylate (234) with enantiopure VO(salen) complex
(235) bearing dipyridine ligands (Scheme 3.78). This heterogeneous method
proved to be superior to its homogeneous counterpart.

3.3 Chiral Nitroxide-catalyzed Enantioselective
Oxidations

Rychnovsky et al. described the first approach towards oxidative kinetic
resolution of secondary alcohols using low catalyst loadings (1 mol%) of the
BINOL-derived chiral nitroxide (236) radical under Anneli’s conditions.108

This system allowed the resolution of racemic benzylic secondary alcohols,
but the S-values were only 6–7, even for the best substrates (Scheme 3.79).

Scheme 3.77 Chiral porous MOF decorated with TEMPO-catalyzed sequential oxi-
dation/asymmetric cyanation.

Scheme 3.76 Laccase and TEMPO-immobilized hybrid catalyst SBA-15-catalyzed
one-pot synthesis of coumarin-3-carboxyates.
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Bobbitt and coworkers reported the electrolytic enantioselective oxidation
of racemic secondary alcohols using chiral 1-azaspiro[5.5]undecane-N-Oxyl
(240) and a graphite electrode (Scheme 3.80).109 This method showed
modest selectivity for several substrates (S¼ 4.1–4.6). Similar electrolytic
enantioselective oxidations using Rychnovsky’s BINOL-derived chiral nitr-
oxide (236) was demonstrated by Tanaka et al. using platinum as an elec-
trode.110 This method displayed improved catalytic activity and selectivity.

Onomura et al. demonstrated the use of the proline-derived bicyclic chiral
nitroxide (244) as a catalyst for the enantioselective electro-oxidation of
racemic secondary alcohols to afford optically pure alcohols with moderate
to high S values (up to 21) (Scheme 3.81).111 Platinum was used as the
electrode.

Kawabata et al. used the electronically tuned nitroxide radical (248) for the
oxidative kinetic resolution of aryl alkyl carbinols.112 This method is par-
ticularly effective for the resolution of tert-butyl aryl carbinols, and moderate
to high selectivity was observed (Scheme 3.82).

In 2014, Iwabuchi et al. reported the use of chiral alkoxyamine (252) as a
precatalyst for organocatalytic oxidative kinetic resolution of secondary
alcohols to afford optically active secondary alcohols with high S value
up to 296 (Scheme 3.83).113 Catalytically reactive chlorine-containing

Scheme 3.79 BINOL-derived chiral nitroxide-catalyzed oxidative kinetic resolution
(OKR) of alcohols.

Scheme 3.80 Nitroxide-catalyzed OKR using electrolysis.
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Scheme 3.82 Electronically tuned chiral nitroxide-catalyzed OKR.

Scheme 3.81 Proline-derived chiral nitroxide-catalyzed resolution of alcohols.

Scheme 3.83 In situ generated chiral oxoammonium ion-catalyzed kinetic reso-
lution of alcohols.
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oxoammonium active species (253) were generated in situ by the reaction of
alkoxyamine (256) with trichloroisocyanuric acid (TCCA) (Scheme 3.84). In
mechanistic studies, it was revealed that the presence of a chlorine atom in
the reactive species is crucial for high reactivity and enantioselectivity.
Though the effect of the chlorine atom remains unclear, it is believed that
the electron-withdrawing chlorine atom increases the electrophilicity of the
oxoammonium ion, which in turn increases reaction rates. In addition,
the presence of the relatively bulky chlorine atom affects the conformation of
n-Bu group in the catalyst, which would enhance enantioselectivity. This
method is applicable to various unactivated secondary alcohols, including
heterocyclic alcohols with high enantioselectivity.

3.4 Nitroxide-catalyzed Oxidation of Amines
In 1983, Semmelhack and Schmid first reported the electrochemical oxi-
dation of amines to nitriles using TEMPO (5) as a catalyst in anhydrous
acetonitrile (Scheme 3.85).114 Under the electrochemical conditions, TEMPO
(5) was oxidized to its oxoammonium cation TEMPO1 (13), which in turn
oxidizes an amine to an intermediate imine while getting reduced to
TEMPOH (14). The intermediate imine (258) undergoes further oxidative
dehydrogenation with another molecule of TEMPO1 (13) to yield a nitrile.
The formed TEMPOH (14) reacts with TEMPO1 (13) to generate two mol-
ecules of nitroxide radical (5), thus completing the catalytic cycle. A series of
aromatic and aliphatic amines were oxidized to the corresponding nitriles in
good yields. In aqueous reaction media, aldehydes were formed predomin-
antly over nitriles, due to hydrolysis of in situ formed imines (258). A similar
protocol was developed by Walton and coworkers, using poly(TEMPO–
acrylate) as an electrocatalyst.115 In addition, in 1998, Kashiwagi, Osa and
coworkers reported the use of TEMPO-modified graphite felt electrode for
the selective oxidation of amines to nitriles.116

In 2003, Chen et al. demonstrated the use of TEMPO (5) as a catalyst in
combination with TCCA as a secondary oxidant, for the oxidation of primary
amines to the corresponding nitriles in dichloromethane (Scheme 3.86).117

This efficient method is compatible with various amines bearing hydroxy,
C–C double bond and dimethyl amino groups. Benzylic amines were oxi-
dized faster and afforded better yields than their aliphatic counterparts.

Scheme 3.84 In situ generation of chiral oxoammonium salts.
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In 2014, Bailey et al. described the use of commercially available
4-acetamido-TEMPO1BF4

� salt (181) as a stoichiometric oxidant for the
oxidation of primary amines to the respective nitriles at room temperature in
dichloromethane–pyridine solvent system (Scheme 3.87).118a Importantly,
slow addition of diluted amines to the reaction mixture was found to be
essential to circumvent formation of undesired by-products. This reaction
was compatible with aliphatic and aromatic amines. Superstoichiometric
amounts (4 equiv.) of oxidant were required for successful oxidation. How-
ever, the spent oxidant, TEMPOH, can be recycled and recovered using
bleach to regenerate the oxoammonium salt. Furthermore, computational
investigations revealed that a-hydride transfer from amine to oxygen of

Scheme 3.85 Electrochemical oxidation of amines using TEMPO, by Semmelhack.

Scheme 3.86 TEMPO/TCCA-catalyzed oxidation of amine to nitriles.

Scheme 3.87 TEMPO1BF4
�-catalyzed oxidation of amine to nitriles.
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oxoammonium ion is the rate-determining step. Later, in 2016, Bailey et al.
developed a catalytic method by using oxone as the terminal oxidant in
combination with catalytic amounts of pyridine hydrobromide salt.118b

Leadbeater and coworkers described the oxoammonium salt (181) medi-
ated synthesis of nitriles (266) from aldehydes (265). Hexamethyldisilazane
(HMDS) was employed as the ammonia source. According to the proposed
mechanism, aldehydes react with HMDS to afford silyl-imine (267),
which undergoes oxidation with 4-NHAc-TEMPO1BF4

� to yield desired
nitrile and 4-NHAc-TEMPOH (Scheme 3.88).119 This method is compatible
with numerous aldehyde substrates. Though stoichiometric amounts of
oxoammonium salt (2.5 equiv.) were required, the spent oxidant was re-
cycled. A contemporary, but catalytic method for the synthesis of nitriles
from aldehydes using 4-acetamido-TEMPO (7) (5 mol%) under aerobic
conditions was developed by Kim and Noh.120 Sodium nitrite (10 mol%) and
nitric acid (20 mol%) were employed as co-catalysts. Importantly, readily
available ammonium acetate was used as the ammonia source. Moreover,
alcohols were employed as coupling partners rather than aldehydes to pre-
pare nitriles.

In 2016, Moriyama et al. demonstrated the TEMPO (5) catalyzed oxidative
coupling of amides bearing EWGs (268, Scheme 3.89) with silylated
nucleophiles (273) through activation of amides by N-halogenation.121

According to the proposed mechanism, benzyl amines with EWG (268)
(i.e. sulfonamides or phosphinamides) reacts with tert-BuOCl and KBr to
form N-chloro substituted amides (269). Subsequently, TEMPO-catalyzed
dissociation of a chlorine atom from the amide affords amidyl radical (270)
intermediate together with oxoammonium chloride (271). Oxoammonium
salt 271 oxidizes the amidyl radical (270) to the corresponding EWG-
protected aldimine (272) with simultaneous regeneration of TEMPO (5),
thus, completing the catalytic cycle. In the second stage of the reaction, the
in situ formed aldimine (271) reacts with the silylated nucleophile in the
presence of lithium perchlorate to produce the desired a-substituted amides
(274) (Scheme 3.89). This method was proven to be efficient for aryl, het-
eroaryl and alkyl sulfonamides and for a few examples of phosphinamides.
In addition, TMSCN, TMSCF3, allylTMS and TMS enolates were employed as
silylated nucleophiles to obtain the corresponding a-substituted amides.

Kerton and Hu described the use of TEMPO (5) in combination with CuBr2
for the aerobic oxidation of benzylamines (275) to the corresponding
N-benzylidene–benzylamines (277) at ambient temperature (Scheme 3.90).122

The proposed mechanism states that one equivalent of benzylamine under-
goes oxidative dehydrogenation under catalytic conditions to produce aldi-
mine (276), which upon transamination with another molecule of benzyl
amine leads to the imine 277. This method was tolerant of a variety of
substituents, and thus applicable to various substituted benzylidene ben-
zylamines (277). In addition, this catalytic system was also used for oxidative
cross-coupling of benzylamines with anilines. Under the catalytic con-
ditions, electron-rich anilines in the absence of benzylamine partners
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produced the corresponding azo compounds. Similarly, Kanai et al. reported
a catalytic system comprised of sterically unencumbered keto ABNO (12) and
Cu(I) salt for the oxidation amines, particularly secondary amines, to yield
the corresponding imines using molecular oxygen as the terminal oxi-
dant.123 6,60-Di-tert-butyl-2,20-bipyridine was employed as the ligand. This
efficient protocol was compatible with different secondary benzyl amines.
The method was further extended to direct a-derivatization of secondary
amines via tandem oxidation followed by C–C bond formation. As an ex-
ample, the asymmetric cross dehydrogenative coupling between glycine
ester (278) and nitroalkane (279) was described (Scheme 3.91).

In 2013, Stahl and Kim developed an efficient method for the aerobic
oxidation of amines to nitriles using a catalytic system comprised of (4,4 0-
tert-Bu2bpy) CuI/ABNO (11) and DMAP as a base in acetonitrile at ambient
temperature (Scheme 3.92).124 Interestingly, the use of 4,40-di-tert-butyl-2,20-
bipyridyl as ligand, rather than the traditional bipyridine, suppressed the
formation of undesired self-coupled imine. This efficient method was
compatible with a broad range of aliphatic, allyl and benzylamines bearing
different functionalities and afforded predominantly the nitrile. In addition,
preliminary mechanistic studies suggested that oxidation of copper by
oxygen is the rate-limiting step of the reaction. In 2017, Ma and coworkers

Scheme 3.90 TEMPO/CuBr2-catalyzed oxidative coupling of benzylamines.

Scheme 3.91 KetoABNO/Cu/(�)-Ph-Box system catalyzed asymmetric cross dehydro-
genative coupling.
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developed a similar method using CuCl/TEMPO and N,N-dimethylethane-
1,2-diamine as a ligand in toluene at 80 1C using air as the oxidant for the
conversion of various amines to the corresponding nitriles.125

Han et al. reported the use of DABCO–CuCl/4-OHTEMPO (6) catalytic
system for the one-pot synthesis of quinazolines and 4H-3,1-benzoxazine
heterocycles using oxygen as a terminal oxidant in acetonitrile
(Scheme 3.93).126 2-Aminobezylamines (284) or 2-aminobezylalcohols (285)
were used as starting materials, which upon condensation with aldehydes
(286) produced tetrahydroquinazolines (287) or tetrahydrobezoxazines (288).
Subsequent aerobic oxidation with nitroxide 6 afforded the desired products.
A similar method was developed by Shen and coworkers, using ABNO (11)
and KOH as a base in toluene at 80 1C.127

3.5 Nitroxide-mediated Sulfide Oxidation
In 1994, Skarzewski and Siedlecka reported the TEMPO (5) catalyzed chemo-
and diastereoselective oxidation of 1,2- and 1,3-bis(phenylthiol)alkanes and
ortho bis(phenylthiomethyl)benzene to the corresponding meso disulfoxides

Scheme 3.92 CuI/ABNO-catalyzed oxidation of amines to nitriles.

Scheme 3.93 Cu/TEMPO-catalyzed oxidative synthesis of quinazolines and
benzoxazines.
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with 90–98% diastereoselectivity under Anelli’s biphasic conditions.128a

Later, in 1996, this elegant method was applied to transform homochiral
N-protected b-amino sulfides (291) to the corresponding chiral sulfoxides
(292) (Scheme 3.94).128b The presence of a stereogenic center induces dia-
stereoselective oxidation and produced diastereomeric sulfoxides in high
yield (up to 88% ee). Overoxidation to sulfones was not observed.

In 2005, Punniyamurthy and coworkers reported the use of TEMPO (5) in
combination with Cu(II)–salan type complex 294 for the selective oxidation of
sulfides to sulfoxides. Hydrogen peroxide at 30% was used as a terminal
oxidant (Scheme 3.95).129 Importantly, the Cu(II)–salan complex could be
recycled without loss of activity. In 2010, a similar method was described by
Reiser et al. using TEMPO (5) in combination with manganese and cobalt
nitrates with molecular oxygen as an oxidant. In addition, recyclable per-
fluoro alkylated TEMPO derivatives were also shown to mediate sulfide
oxidations.130 In 2018, Wang and coworkers reported TEMPO (5) together
with Cu(OAc)2 for the aerobic oxidation of sulfides to sulfoxides using
pyridine as ligand.131

Wang et al. described the efficient oxidation of sulfides to sulfoxides with
TEMPO-linked metalloporphyrins (297) using bleach as a terminal oxidant
(Scheme 3.96).132 Among the prepared iron and manganese porphyrin
complexes, the manganese complexes showed better activity and select-
ivity. Importantly, glycosyl sulfides were selectively oxidized to sulfoxides.
These metalloporphyrins were also effective catalysts for the alcohol
oxidations.

Scheme 3.94 TEMPO-catalyzed oxidation of homochiral sulfides to sulfoxides.

Scheme 3.95 TEMPO/Cu–salan complex catalyzed aerobic oxidation of sulfides.
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Chen et al. reported the use of TEMPO (5) coupled with a visible light
photoredox catalyst for the aerobic oxidation of sulfides to sulfoxides
(Scheme 3.97).133 An organic dye 158 (alizarin red S) anchored to TiO2 was
used as photoredox catalyst (i.e. ARS–TiO2, 302). Importantly, the use of
TEMPO not only enhances the oxidation of sulfides, but also ensures the
stability of the ARS–TiO2 catalyst. A quite similar method was reported by
Lang et al., in which the effect of different solvents and efficiency of various
TEMPO derivatives were described.134

3.6 Nitroxide-mediated C–C Bond Formation
Reactions

In 1992, Bobbitt and Ma used stoichiometric amounts of oxoammonium salt
TEMPO1 BF4

� (181) for the oxidative coupling of phenols to dihydroxy
phenols.135 In 1993, Osa et al. described the electrocatalytic oxidation of
naphthols and naphthol ethers to the corresponding binaphthyls using a
TEMPO-modified graphite electrode.136 TEMPO1 was postulated to be gener-
ated by electro-oxidation. In 2008, Studer et al. reported the use of TEMPO as a
stoichiometric oxidant for the homocoupling of aryl, alkenyl and alkynyl
Grignard reagents to the corresponding dimers in THF at reflux condition

Scheme 3.96 TEMPO-appended manganese porphyrin-catalyzed oxidation of sulfides.

Scheme 3.97 Visible light photoredox catalyst/TEMPO-catalyzed oxidation of sulfides.
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(Scheme 3.98).137 This transition metal-free method was applicable to a wide
range of substrates and produced high yields of products. Homocoupling of
alkynyl Grignard reagents required longer reaction times in comparison to the
alkenyl and aryl counterparts. TEMPO–MgBr was found to be a by-product of
the reaction which could be reoxidized to TEMPO with dioxygen in refluxing
THF. This crucial observation led to the development of the catalytic method,
where 15 mol% of TEMPO in combination with molecular oxygen as the
terminal oxidant was used for coupling. Later, this elegant protocol was applied
to synthesize conjugate polymers from bis-organomagnesium compounds.138

In 2010, Studer and coworkers described a Sonogashira type cross-
coupling between ortho-substituted aryl and alkynyl Grignard reagents
using TEMPO (5) as an oxidant (Scheme 3.99).139 This efficient metal-free
protocol was compatible with different functional groups and produced high
yields of cross-coupled products. Importantly, installation of ortho sub-
stituents on aryl Grignard reagents was found to be necessary to suppress
homocoupling. Though superstoichiometric amounts of TEMPO (5) (3.85
equiv.) were required, the spent oxidant could be easily recycled by purging
with oxygen. In 2011, Studer and Murarka demonstrated the TEMPO (5)
mediated oxidative cross-coupling of nitrones with alkynyl Grignard re-
agents using molecular oxygen as the terminal oxidant (Scheme 3.100).140 In
addition, the resulting products were transformed to isoxazoles.

Jiao and coworkers reported the construction of C–C bonds between 9,10-
dihydroacridine (311) and nucleophiles with activated methyl or methylene
groups using TEMPO in combination with molecular oxygen as an oxidant
(Scheme 3.101).141 This method was compatible with different nucleophiles,
such as nitromethane, malonic ester and malononitrile. Though a clear
mechanism was not established, it was assumed that benzyl cations of
acridine were involved as reaction intermediates.

Scheme 3.98 TEMPO-mediated oxidative coupling of aryl, alkenyl and alkynyl
Grignard reagents.

Scheme 3.99 TEMPO-mediated Sonogashira type cross-coupling between aryl and
alkynyl Grignard reagents.
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Han and coworkers reported the TEMPO (5) mediated aza-Diels–Alder
reaction of in situ generated azoalkenes (316) with olefins to afford tetra-
hydropyridazines (317) (Scheme 3.102).142 This tandem reaction involves
initial formation of azoalkene from ketohydrazones (314) via hydrazonyl
radical, subsequent reaction with an olefin leads to the desired product. This
method was compatible with aryl and alkyl ketohydrazones and olefins.

Studer and Vogler reported the use of TEMPO (5) as a stoichiometric
oxidant in ortho directing group mediated C–H arylation of arenes with ar-
ylboronic acids catalyzed by rhodium catalyst (Scheme 3.103).143 2-Pyridyl
and imine functional groups were used as directing groups. According to the
proposed mechanism, the main role of TEMPO (5) is to oxidize the L2Rh(I)Ar
complex, which is formed during transmetallation with arylboronic acid, to
form a (TEMPO)2L2Rh(III)Ar(III) complex. The resulting Rh(III) complex
undergoes ligand exchange with an arene bearing an ortho directing group.
Subsequent C–H arylation followed by reductive elimination leads to the
desired product. Four equivalents of TEMPO were necessary for the suc-
cessful reaction. This method is applicable to synthesize different bi-aryl
compounds. Later, Studer and Vogler, reported on the Wilkinson’s catalyst,
catalyzed oxidative homo coupling of aryl and alkenyl boronic acids,
where TEMPO (5) (4 equiv.) was employed as a stoichiometric oxidant.144

Scheme 3.100 TEMPO-catalyzed oxidative coupling of nitrones with alkynyl-
Grignard reagents.

Scheme 3.101 TEMPO-catalyzed oxidative C–C bond formation.
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Furthermore, Itami and coworkers demonstrated the palladium-catalyzed
oxidative aryl–aryl coupling of thiophenes and thiazoles with employment of
TEMPO (5) (4 equiv.) as the stoichiometric oxidant.145 Moreover, in 2012,
Studer et al. reported a nitroxide (2 equiv.) mediated palladium-catalyzed
oxidative Heck arylation for the stereoselective synthesis of tetrasubstituted
triarylated alkenes. This elegant method was extended to synthesize Z-ta-
moxifen.146 In 2014, Forgione et al. described the palladium-catalyzed homo
coupling of aryl sulfinates to the corresponding bis aryl compounds by using
only catalytic amounts of TEMPO (10 mol%) in combination with
CuCl2� 2H2O and molecular oxygen as an oxidant.147

Studer and coworkers described the palladium-catalyzed arylation and
carboaminoxylation of indoles with arylboronic acids using TEMPO (5) as
an external oxidant.148 Interestingly, simple indole and N-methyl indole
afforded 2-aryl substituted indoles (326), but installation of protecting groups
such as benzoyl, acetyl and Boc groups on the indole nitrogen led to car-
boaminoxylation (327) with high distereoselectivity (trans) (Scheme 3.104).
In this case TEMPO (5) played a dual role as an oxidant to oxidize Pd(0) to
Pd(II) and as reagent to trap reactive intermediate formed during the reaction.

Scheme 3.102 TEMPO-mediated aza-Diels–Alder reaction.

Scheme 3.103 TEMPO as a stoichiometric oxidant for [Rh] catalyzed arylation.
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Later, Studer et al. extended this protocol for 3-substituted indenes (328) to
synthesize 1,2,3-substituted indanes (330) with high diastereoselectivities
(Scheme 3.105).149

3.7 Miscellaneous Reactions Mediated by Nitroxides
In 2007, Tanka et al. reported the electrochemical oxidative Wacker-type
reaction to transform terminal olefins to the corresponding carbonyl com-
pounds using Pd(OAc)2 and TEMPO (5) (Scheme 3.106).150 Though there was
no evidence, it was assumed that TEMPO oxidizes Pd(0) to Pd(II) during the
reaction process. In the absence of TEMPO, only a trace amount of ketone
was formed.

In 2013, Maiti and coworkers disclosed an efficient method for the ste-
reoselective nitration of mono- and di-substituted olefins using silver nitrite
as the NO2 source and TEMPO (5) as an oxidant (Scheme 3.107).151 Ac-
cording to the proposed mechanism, addition of nitro radical to olefin (333)
generates a carbon-centered radical intermediate (334), which upon oxi-
dation with TEMPO (5) affords nitro olefin (335) with retained stereo-
chemistry. Later, the same group reported a metal-free approach for the
synthesis of nitro olefins using tert-butyl nitrite (tert-BuONO) and TEMPO as
an oxidant.152 Furthermore, this elegant protocol was extended to dec-
arboxylative nitration of a,b-unsaturated carboxylic acids to synthesize nitro
olefins using TEMPO as an oxidant.153

Wang et al. described the synthesis of (E)-alkenylphosphonates from
olefins using silver nitrate and substoichiometric amount of TEMPO (5)
(Scheme 3.108).154 No reaction occurred in the absence of TEMPO. Radical
clock experiments revealed that the reaction proceeds via a radical pathway.

Jiao and Wang demonstrated a TEMPO (5) catalyzed CQC double bond
cleavage of cycloalkenes to produce oxo nitriles using TMS azide as the

Scheme 3.105 Carboaminoxylation of indenes using TEMPO as the stoichiometric
oxidant.
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nitrogen source and TEMPO as an oxidant under aerobic conditions
(Scheme 3.109).155 In addition, terminal olefins led to the analog ketones.

Iwabuchi et al. demonstrated the direct transformation of cycloalkenes to
cycloalkadienes using a stoichiometric amount of oxoammonium salt de-
rived from AZADO (8) derivatives (Scheme 3.110).156 Oxoammonium salts of
TEMPO (5) derivatives showed almost no reactivity, which is presumably due
to its more hindered reactive center. Among the AZADO derivatives tested,
5-fluoro and 4-chloro oxoammonium ions were found to be the best.
According to the proposed mechanism, cycloalkene undergoes ene like re-
action with 4-Cl-AZADO1 (342) to produce N-hydroxy ammonium species

Scheme 3.108 AgNO3/TEMPO-mediated phosphorylation of olefins.

Scheme 3.106 Pd(OAc)2/TEMPO-catalyzed Wacker-type oxidation.

Scheme 3.107 AgNO2/TEMPO-mediated nitration of olefins.
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(343), which upon reaction with a base (DBU) affords cycloalkadienes via
Cope elimination.

Wang and coworkers reported the use of recoverable TEMPO-derived
sulfonic salt (347) for the aerobic oxidation of benzylic sp3 C–H bonds
(Scheme 3.111).157 Sodium nitrite and HCl were employed as co-catalysts.
This metal-free protocol was applied to synthesize isochromanones and
xanthanones from readily accessible alkyl and aromatic precursors.

Yuan et al. described the TEMPO-catalyzed oxidative coupling of
2-mecaptobenzothiazoles (348) with amines (S–N bond formation) to yield
the corresponding sulfonamides (350) using molecular oxygen as the term-
inal oxidant (Scheme 3.112).158 TEMPO (5) is expected to abstract a proton
from thiol to afford a thienyl radical, which undergoes further coupling with
amines. Unfortunately, this coupling worked only for mercaptobenzothia-
zoles with various amines. In the case of simple thiols, like phenyl thiols,
disulfides were obtained as the products.

Scheme 3.109 TEMPO catalyzed CQC double bond cleavage to afford oxo nitriles.

Scheme 3.110 4-Cl-AZADO1 BF4
�-mediated conversion of cycloalkenes to

cycloalkadienes.
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Knowles et al., in the process of preparing optically pure pyrroloindolines,
demonstrated the preparation of alkoxyamine-substituted pyrroloindolines
using TEMPO (5) as an alkoxyamine precursor with high enantioselectivity
via proton-coupled electron transfer (PCET) (Scheme 3.113).159 Treating
tryptamine (351) and TEMPO (5) with an excited state redox catalyst in the
presence of chiral phosphoric acid (355) leads to alkoxyamine substituted
pyrroloindolines (353). This process occurs via the in situ generated radical
cation bounded to chiral phosphate base (352) thorough H-bonding. In this
overall protocol, TEMPO played a dual role. Firstly as a reactant to intercept
radical cations and secondly as anoxidant to oxidize the reduced redox catalyst.
Importantly, the resulting pyrroloindolines upon single-electron oxidation
afforded transient carbocations, which can be trappedby various nucleophiles.
Xia and co-workers also reported similar findings with TEMPO.160

Lin et al. reported the TEMPO–N3 charge transfer complex (358) mediated
electrochemical azidooxygenation of olefins (Scheme 3.114).161 This unique
protocol enabled the preparation of vicinal difunctionalized compounds

Scheme 3.113 Synthesis of alkoxyamine-substituted enantiopure pyrroloindolines
using TEMPO as the alkoxyamine precursor and an oxidant.

Scheme 3.114 Electrochemical azidooxygenation of alkenes via TEMPO–N3 charge
transfer complex.
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from alkenes. Mechanistically, the electrochemically generated TEMPO1

presumably promotes the formation of azidyl radical via TEMPO–N3

charge transfer. The resulting azidyl radical initiates the addition of rad-
icals across olefins.

3.8 Conclusion
The use of nitroxides in synthetic chemistry has evolved greatly since the
advent of TEMPO. The use of nitroxides as oxidants and catalysts for a diverse
range of transformations ranging from alcohol oxidations to C–C bond
reactions in both homogeneous and heterogeneous media are proof of their
impact and staying power as tools for organic synthesis. The ready availability,
stability and unique reaction profile and redox properties have brought
nitroxides a special place in the world of chemistry. Undoubtedly, future
research in this field will open more exciting avenues for their chemistry.
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CHAPTER 4

Spin Probes and Imaging
Using Nitroxides
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4.1 Introduction
Nitroxyl radicals, NRs, represent the most diverse class of stable organic
radicals varying in stability, spectral properties and functionality which have
been successfully used as spin labels and probes in numerous EPR spec-
troscopic and imaging applications. In the early 1960s, EPR spectral sensi-
tivities of the NRs to the local environment, including viscosity1 and
polarity,2 were reported. Later, McConnell and colleagues greatly stimulated
NR applications establishing the spin labeling technique with demon-
stration of the EPR spectra sensitivity of NR labels bound to biologically
relevant macromolecules to molecular motion and microenvironment.3,4

Combination of EPR spin labeling with site-directed mutagenesis reactions
originated the site-directed spin labeling technique (SDSL), currently widely
used in the study of protein structure and dynamics.5–7 Sensitivity of the EPR
spectra of the NRs to pair-wise Heisenberg spin exchange8 or magnetic
dipole–dipole interactions9 provides experimental tools for the measure-
ment of intermolecular distances and localization of paramagnetic species
such as paramagnetic ions and oxygen. NRs were first paramagnetic probes
used for EPR oximetry based on the spin exchange phenomenon between
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diradical oxygen molecule and NRs.10–12 The most known reaction of the
NRs, their one-electron reduction to EPR-silent hydroxylamines, is largely
responsible for the biodegradation of the nitroxides in living tissues13 and,
in general, significantly limits many biological applications of NRs. On the
other hand, the rate of NR reduction provides information on redox state of
the living tissues14 overviewed in Chapter 13.

The well-developed chemistry of the NRs15–17 allows manipulation of their
structure and properties, including charge, presence of hydrophilic or
hydrophobic groups, various functionalities18 and ability to be targeted.
Small neutral NRs normally easily penetrate cellular membranes and are
equally distributed throughout the intracellular and extracellular environ-
ments. Conversely, charged NRs will not cross the plasma membrane and
thus can be used as extracellular probes.11,19 NRs encapsulated in liposomes
or linked to carrier molecules can be used to achieve organ or tissue
selectivity.20 In general, NRs have low toxicity and can be administered to
an animal by infusion or by intraperitoneal, intravenous or intratissue
injection.

The stability of the N–O group allows chemical reactions of the NRs which
do not destroy the radical center21,22 and therefore opens the opportunity to
study these reactions by EPR.18,23 They include reactions of the NRs with
protons,24 thiols,25 nitric oxide (NO),26–29 as well as enzyme-catalyzed re-
actions with NR-substrate analogues.30–32 Recently we described the basic
principles of designing functional probes to assess the local chemical mi-
croenvironment based on the NRs involved in reversible exchange processes
such as spin exchange with diradical oxygen molecule, proton exchange with
solvated protons and weak acids, and thiol-disulfide exchange with bio-
logical thiols.18 Introduction into the vicinity of the radical NO fragment of
ionizable group, substrate analogues or disulfide link connecting two NR
moieties provides a basis for the design of pH-, enzyme- and thiol-sensitive
NR probes. In this chapter we overview the basic principles of NR appli-
cations as probes to assess the local chemical microenvironment with a
focus on their in vivo applications.

4.2 NR Oxymetric Probes and EPR Oximetry

4.2.1 Basics of EPR Sensitivity of the Nitroxide Probes to
Oxygen

EPR oximetry is one of the most promising noninvasive techniques for
measurement of oxygen in living tissues.33 It is predominantly based on the
physical phenomenon of Heisenberg spin exchange between paramagnetic
molecules of probe and oxygen, and does not interfere with oxygen metab-
olism. Both the longitudinal (T1) and transverse (T2) relaxation times of the
paramagnetic probe are affected by collisions with dissolved diradical mol-
ecules of oxygen. The encounter rate, w, is governed by the Smoluchowski
equation, w¼ 4p�r�D�[O2], where r is the interaction distance, and D is the
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diffusion constant of oxygen, which is much greater than the diffusion
constant of the NR. According to the early work of Pake and Tuttle,34 the
exchange-induced EPR line broadening is proportional to the radical–radical
collision rate (for Lorentzian lineshape EPR linewidth in inversely pro-
portional to T2: DHL¼ 1/(geT2), where ge¼ 1.76�1011 s�1 T�1 is electron
gyromagnetic ratio) and, therefore, to oxygen concentration. Historically,
NRs were the first paramagnetic probes used for EPR oximetric
measurements.10,35–39 Backer et al.10 pioneered applications of the con-
tinuous wave (CW) EPR T2 oximetry method based on oxygen-induced line
broadening of the NR probe. T1-sensitive EPR oximetry was developed by
Hyde et al.36,39,40 The linewidth of the EPR spectrum and the relaxation
times of the unpaired electrons of the probe depend on both probe con-
centration and the partial pressure of oxygen. T1-based pulsed EPR oximetry
is relatively less sensitive to the concentration of the spin probe than
T2-based CW EPR oximetry.41

CW EPR T2 oximetry based on linewidth broadening exhibits higher
sensitivity to oxygen concentration in terms of relative change in linewidths
from probes with narrow individual lines. The total EPR linewidth is de-
termined by two components: (i) homogeneous broadening due to trans-
verse relaxation, and (ii) inhomogeneous broadening due to unresolved
hyperfine interactions of unpaired electron with neighboring nuclei. In the
case of the NRs, hyperfine interactions with 14N (SN¼ 1) of NO fragment
manifest in three nitrogen manifolds, each of them experiencing super-
hyperfine interactions with neighboring protons. Figure 4.1 demonstrates
superhyperfine structures for one of the nitrogen manifolds of the

Figure 4.1 X-band EPR spectra of the aqueous solutions of the NR 1–3. (A) Evolution
of the EPR spectra of 0.7 mM solution of imidazoline NR 1 upon oxygen
consumption by respiring mitochondria that results in linewidth nar-
rowing and increase signal intensity of the individual lines. Reproduced
from ref. 10 with permission from Elsevier, Copyright 1977. (B) EPR
spectra of 0.05 mM pyrroline NR 2 solutions at various oxygen concen-
trations indicated near the spectra. Reproduced from ref. 44 with
permission from John Wiley & Sons, Copyright 2010 John Wiley &
Sons, Ltd. (C) EPR spectra of 0.5 mM NR 3 solutions at various oxygen
concentrations indicated near the spectra. Reproduced from ref. 45 with
permission from Springer Nature, Copyright 2002.
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five-membered ring imidazoline, pyrroline and isoindoline NRs 1–3 (see
Scheme 4.1 for the structures) due to the interactions with 12 protons of the
methyl groups in the vicinity to the radical center and additional proton at
atom C-4 in the case of NR 2. Notably, narrow individual line of the resolved
superhyperfine structure, typically at the order of 10 mT, provides the basis
for the high sensitivity to oxygen, in particular at low oxygen concentrations.
Measurement of ‘‘the depth of resolution’’ of the NR superhyperfine struc-
ture (e.g. parameter a/b for the NR 2 shown in the Figure 4.1B) provides
excellent sensitivity to oxygen, and has been used for oxygen measurements
in cellular and enzymatic systems.10,35,42 Backer et al.10 used imidazoline NR
1 with the resolved superhyperfine structure to follow mitochondrial res-
piration in samples containing only about 100 liver cells. While applications
of these radicals in vitro can be attractive due to high sensitivity,10,35,43 their
potential for in vivo oximetric applications, when signal-to-noise ratio (SNR)
becomes a critical factor and for imaging applications, which benefit from
simple spectrum ideally represented by a single narrow line, is limited due to
complex multiline spectra. Halpern et al.12 demonstrated advantages of
using partially deuterated analogue of NR 2 with only one hydrogen atom at
position C4 of heterocycle, NR 4 (see Scheme 4.1), which exhibits the sim-
plest doublet hyperfine splitting of each nitrogen manifold. In addition to
simplification of the spectral pattern and consequent increase in SNR, an-
alysis of lineshape of partially overlapped components of the doublet signal
allows for discrimination between oxygen- and concentration-induced con-
tributions in line broadening.12 In contrast to oxygen-induced effects on the
NR EPR spectra, an increase in NR concentration in addition to line
broadening results in narrowing of hydrogen hyperfine splitting, therefore
allowing for discrimination between oxygen- and concentration-induced line
broadening contributions.

Oxygen-induced line-broadening effects vary slightly with the NR structure
being about 50 mT/100% oxygen or 45 mTmM�1 of oxygen. For most five- and
six-membered ring NRs with hydrogen atoms present in the radical het-
erocycle superhyperfine structure is not resolved contributing to inhomo-
geneous broadening of nitrogen manifolds. Therefore, the oxygen-induced
linewidth changes must be measured across the whole of the nitrogen
manifold with relative linewidth changes being consequently smaller.
Moreover, large linewidths, typically at the order of 0.1 mT for in-
homogeneously broadened nitrogen manifold, limit spatial resolution of

Scheme 4.1 Chemical structures of the NRs of the imidazoline, 1, pyrroline, 2 and 4,
and isoindoline, 3, types discussed in the text.
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EPR imaging applications. As a consequence, developed by Nycomed In-
novation, trityl radicals that exhibit single narrow line,46,47 were recognized
as advanced EPR oximetric probes particularly for in vivo applications. On
the other hand, a potential disadvantage of the trityl radicals is a bulky and
highly charged structure that determines their exclusively extracellular lo-
calization. NRs are better suited for more refined targeted EPR oximetry, e.g.
imaging of intracellular and extracellular environments,11 penetration
through the blood–brain barrier for brain tissue oximetry,48 etc. Therefore, a
synthesis of the NRs with narrow linewidth is an important area of research
that may significantly broaden EPR oximetric applications.

The lowest values for the peak-to-peak (DHpp) linewidth of the
nitrogen manifold in anoxic conditions were reported by Rassat and his
colleagues for pyrrole NR 5 (Scheme 4.2) and its deuterated derivative NR 6
(40.7 mT and 11.3 mT in benzene, respectively),49 the latter being comparable
with the typical width of the individual line of superhyperfine structure
(Figure 4.1A–C). However, attempts to derivatize pyrrol NR 5 to achieve its
aqueous solubility were unsuccessful50 due to instability of the most of the
pyrrol radicals. The authors49 reported extraordinary low nitrogen hyperfine
splitting constant of the pyrrol NR 5 (aNE0.44 mT) as a consequence of low
spin density residing on NO fragment (ca. 0.6), and proposed linear correl-
ation between (DHpp)

1/2 and aN constant49 which, however, does not hold for
generalization. The most drastic counterexample is provided for piperidine
NRs 7 and 8 (Scheme 4.2) with similar values of aN constants (1.69 mT and
1.59 mT, respectively) but more than three-fold different values of DHpp

linewidth (158 mT and 47 mT, respectively).50 The authors50 proposed that a
double-bonded substituent at the 4-position of a piperidine NR heterocycle
allows for the dynamic averaging of hydrogen hyperfine couplings via fast
fluctuations converting axial methyl groups with positive aH into an equa-
torial configuration with negative aH resulting in a narrow linewidth.

Deuteration of the NRs is a commonly used approach to narrow nitrogen
manifold linewidth, DHpp, resulting in a significant increase of the relative

 

Scheme 4.2 Chemical structures of the NRs 5–14 discussed in the text.
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sensitivity of the line broadening to pO2.
51–53 Scheme 4.2 shows chemical

structures of several isotopically substituted NRs 9–13 of piperidine, pyrro-
line and pyrrolidine types with remarkably low linewidths, e.g. DHpp line-
width being equal to 28 mT for NR 952 and 28–32 mT for NRs 10, 1154 (see also
Figure 4.2). The decrease in the linewidth upon isotopic substitution is
mainly due to the 6.5 times smaller hyperfine interaction constant for the
deuteron than that for the proton. In addition, 14N substitution with 15N
isotope enhances SNR due to a 1.5 times decrease of the number of nitrogen
manifolds and further narrows the linewidth by eliminating quadrupole
relaxation mechanisms of the electron spin on 14N nuclei (I¼ 1).54–56 Note
that EPR spectra of 15N- and 14N-substituted NRs do not overlap, therefore
combination of cell-permeable lipophilic 15N-substituted NR 9 and cell-
impermeable 14N-substituted NR 12 can be used for discriminative intra-
and extracellular pO2 assessment.

For most of the NRs the EPR lineshape of nitrogen manifold can be rea-
sonably described by convolution of Lorentzian function with an effective
Gaussian originated from unresolved superhyperfine structure,57,58 the
latter being independent of oxygen concentration. Figure 4.2A illustrates
typical dependences of the EPR peak-to-peak (DHpp), and Lorentzian
DHL¼ 1/(geT2), linewidths on the oxygen partial pressure, pO2, presented for
NR 11. While the measurement of DHpp does not require lineshape analysis
and can be used for oxygen measurements, only the Lorentzian linewidth
DHL is linearly proportional to pO2 and is a more sensitive and accurate
oxygen marker, particularly at low oxygen concentrations. Note that
concentration-induced line broadening, being at the order of 10 mTmM�1

for the small neutral NRs, can significantly affect EPR lineshape at high NR

Figure 4.2 (A) Dependences of DHpp and DHL linewidth on oxygen partial pressure
for NR 11. Insert: EPR spectrum of NR 11 in oxygen-free 50 mM phos-
phate buffer, pH 7.4. Adapted from ref. 54 with permission from John
Wiley & Sons, Copyright 2015 Wiley Periodicals, Inc. (B) Dependences of
DHpp linewidth on radical concentration for the structurally similar NRs
10 and 11 with one and two carboxylic groups, respectively. Reproduced
from ref. 54 with permission from John Wiley & Sons, Copyright 2015
Wiley Periodicals, Inc.
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concentrations often required to achieve sufficient SNR, therefore inter-
fering with accurate EPR oximetric measurements.44 An introduction of the
charged or ionizable groups in the NR structure may impede interactions
between the NR molecules due to electrostatic repulsion and significantly
decrease the concentration-induced line-broadening effect as illustrated in
Figure 4.2B for two structurally similar NRs (10 and 11) with one and two
carboxylic groups deprotonated at neutral pH, respectively.54 The authors
noted advanced properties of cell-impermeable NR 11 for measuring tissue
extracellular oxygen, including the ability to neglect concentration broad-
ening up to E1 mM probe concentration, excellent probe stability toward
bioreduction, and low toxicity due to its extracellular localization. Recently
Hirata et al.56 proposed simultaneous imaging of 14N- and 15N-labeled di-
carboxy NRs 11 and 12 to discriminate oxygen- and concentration-induced
contributions to line broadening. This discrimination is possible due to the
different concentration-induced effects on line broadening of NR 11 and 12
in part due to the different nuclear statistical factors equal to 1/2 and 2/3,
respectively, as a consequence of the absence of line broadening for the spin
exchange between the NRs with the same projections of nitrogen nuclear
spin.59

Labile-ester-containing NRs with variable lipophilic, pharmacokinetic and
pharmacodynamic properties offer the possibilities to penetrate through the
biological membranes and accumulate in intracellular compartments after
esterase-catalyzed hydrolysis into corresponding carboxy-nitroxides.60–64

Weaver et al.48,65 demonstrated advanced properties of 15N, 2H-substituted
ester derivative of the pyrrolidine NR 14 (Scheme 4.2), which combines
capability to penetrate lipid barriers such as the blood–brain barrier fol-
lowed by accumulation in the intracellular compartments in the form of
carboxy NR 13, and excellent oxygen sensitivity in vivo due to narrow line-
width of the NR 13 due to 15N-, 2H-substitution.

Encapsulation of the NRs in specially designed capsule,66 micro-67 and
nanoparticles68 may provide an alternative to isotopic substitution for
increasing sensitivity to oxygen, as well as protecting NRs against
reduction. For example, encapsulation of the NRs in proteinaceous mi-
crospheres filled with an organic liquid greatly increased the sensitivity of
the linewidth to oxygen because of higher oxygen solubility in organic
solvents.67

Summarizing, the structural diversity of the NRs provides the opportunity
for targeted EPR oximetry in various in vitro and in vivo applications.

4.2.2 In Vivo EPR Oximetry Using Nitroxide Probes

Measurement of the oxygen concentration in biological tissues is important
for understanding both physiological and pathophysiological conditions,
including such diseases as myocardial ischemia,54 cerebral hypoxia48 and
cancer.69 In particular, under hypoxic conditions tumor tissues are
known to be resistant to radiation and chemotherapy.70–72 A reasonable
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radiofrequency penetration depth in tissues makes EPR-based techniques
the most appropriate approaches for noninvasive in vivo assessment of the
tissue oxygenation.

Halpern et al.12 applied low-field 250 MHz EPR imaging to assess the
oxygen content in murine FSa and NFSa fibrosarcomas 7 cm deep in tissues
of a living animal. As has been mentioned above, to account for the
concentration-induced line broadening effect, the authors used selectively
deuterated NR 4 with only one hydrogen hyperfine splitting. An oximetric 2D
(1 spectral/1 spatial) image of the tumor was obtained allowing, in principle,
targeting radiation and chemotherapy adjuvants to tumor hypoxic areas.

Cell-permeable isotopically substituted lipophilic NR 9 was applied in
several studies to report on tumor tissue oxygenation and visualize tumor
hypoxic areas. Kuppusamy et al.73 used CW L-band EPR spectroscopy and NR
9 probe to measure the averaged oxygenation level in radiation-induced fi-
brosarcoma (RIF-1) in mice. The authors observed a three-fold lower level of
oxygenation of the tumor tissue compared with that of the normal muscle.
They also noted that for the accurate data interpretation regarding oxygen
concentrations, an apparent distribution of NR 9 into lipophilic compart-
ments with higher oxygen concentrations compared to aqueous compart-
ment has to be taken into account. Hyodo et al.74 performed first pulsed EPR
oximetric imaging in mice using NR 9 probe. Strong heterogeneity of tumor
oxygenation and significant hypoxic regions (o10 mmHg) characteristic of
tumor pathogenesis were observed as illustrated in Figure 4.3 demonstrating
the capability of in vivo pO2 tissue imaging using time-domain pulsed EPR of
the NRs.

Gorodetsky et al.54 took advantage of the high pO2 sensitivity and low
toxicity of 15N, 2H-substituted dicarboxy NR 11 for mapping the hypoxic area
during regional ischemia in an isolated perfused rat heart. The authors did
not observe any influence of the presence of 0.5 mM NR 11 in the perfusate
on the heart contractile function. Figure 4.4 shows 3D (1 spectral/2 spatial)

Figure 4.3 3D-pulsed 300 MHz EPR imaging of tumor oxygenation using NR 9.
(a) Schematic illustration of tumor-implanted mouse setting in the
smaller parallel coil resonator. (b) Coronal slice view selected from 3D-
spin density map of the nitroxide in tumor bearing leg, and (c) corres-
ponding oxygen image calculated from linewidth distribution of NR 9.
Total acquisition time, 2.5 min.
Reproduced from ref. 74 with permission from Elsevier, Copyright 2009.
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L-band CW EPR images of isolated rat heart during normal perfusion with
NR 11 present in the perfusate, followed by the period of regional ischemia,
and then reperfusion. The obtained myocardial pO2 maps demonstrate
strong oxygen depletion in the ischemic region of the heart followed by only
partial restoration of tissue oxygenation after reperfusion compared with the
preischemic level. The depressed oxygenation on reperfusion is most likely
caused by hampered perfusate flow through the compressed vasculature of
ischemia-damaged myocardium.

Recently Hirata et al.56,75 reported a method of simultaneous T2* mapping
of dicarboxy pyrrolidine NRs, 15N-substituted NR 11 and 14N-substituted NR
12, using 750-MHz CW-EPR imaging and demonstrated the feasibility of the
approach for potential pO2 mapping in a mouse tumor model. Simultaneous
imaging of two isotopic forms allows to discriminate oxygen- and
concentration-induced contribution in line broadening as discussed in
Section 4.2.1.

Weaver et al.48,65 demonstrated advanced properties of the esterified 15N-,
2H-substituted pyrrolidine NR 14 for cerebral pO2 imaging due to its pene-
tration though the blood–brain barrier, accumulation in brain tissue as
carboxy NR 13, and excellent oxygen sensitivity of the latter due to narrow
linewidth of isotopically substituted NR.

Figure 4.4 Coronal plane 3D (1 spectral/2 spatial) EPR images of an isolated rat
heart during normal perfusion, regional ischemia and reperfusion. The
heart was perfused in the presence of a 0.5 mM NR 11. Upper row:
Integral intensities of EPR signal. The area indicated by the dashed line
is expected to be ischemic. Bottom row: Maps of myocardium oxygen-
ation calculated from spectral data of the images. Acquisition time of a
single image, 19 min.
Reproduced from ref. 54 with permission from John Wiley & Sons,
Copyright 2015 Wiley Periodicals, Inc.
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Subczynski et al.66 introduced the use of an implantable oxygen-
permeable capsule filled with NR 9 in light paraffin oil and demonstrated
its capability to monitor oxygen concentration in the peritoneal cavity as a
function of inhalation mixture. However this method requires the physical
insertion of the tube into the animal, and locations in which it can be used
are limited. Liu et al.67 applied NRs in proteinaceous microspheres filled
with an organic liquid to increase sensitivity to oxygen and demonstrated
capability to monitor oxygen concentration in vivo for 70 min after intra-
venous injection of the microspheres into a mouse. However, a concern of
this approach is the potential leakage of the organic liquid from the mi-
crospheres when they are eventually metabolized, resulting in possible
toxicity to the tissue.

The NRs were also explored as oximetric probes for Overhauser-enhanced
MRI (OMRI) which combines the advantage of MRI anatomical resolution
with the functional sensitivity of EPR. OMRI for myocardium oxygen map-
ping was first demonstrated in perfused sheep heart using a high concen-
tration, 4 mM, of Fremy’s salt nitroxide.76 However, short relaxation times of
the NRs require a high RF power deposition to obtain a good OMRI signal
enhancement, therefore recent in vivo applications of OMRI oximetry are
exclusively based on trityl radicals known for their extraordinary long re-
laxation times.77–80

EPR applications of other oxygen-sensitive paramagnetic materials in-
clude soluble trityl radicals41,81 and particulate probes such as lithium
phthalocyanine particles82,83 and carbonaceous materials (chars, coals,
carbon blacks).84 It should be noted that particulate probes such as lithium
phthalocyanine and synthetic char are suitable for measurements of oxygen
partial pressure in place of implantation, whereas soluble probes such as
NRs and trityl radicals are more suitable for imaging experiments.

4.3 NR pH Probes

4.3.1 Basics of Spectral Sensitivity of the Nitroxides to pH

The presence of the ionizable group in the structure of the NRs in the vicinity
of the radical center results in the difference in the EPR spectra of its pro-
tonated, RH1, and unprotonated, R, forms. The first pH effect on EPR
spectra of NRs was observed in very strong acids and was related to proto-
nation of the nitroxyl fragment itself.85–87 To our knowledge, synthesized by
Ullman and Osiecki in 197088 2-imidazoline NRs 15 (pKa¼ 6.4) and 16
(pKa¼ 6.8) were the first reported stable pH-sensitive radicals with pH sen-
sitivity in the physiological range (see Scheme 4.3). A large pH effect on ni-
trogen hyperfine splitting (DaN1E0.3 mT) was observed upon protonation of
imino nitrogen of the radical center. However, 2-imidazoline NRs did not
find applications as pH probes, probably due to the relative complexity of
their EPR spectra and extremely fast reduction to EPR-silent products in
biological fluids.28,89,90
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The observed pH effects on the EPR spectra of the piperidine, pyrroline and
pyrrolidine NRs were impractically small91–98 due to the long distance be-
tween the radical center and ionizable group. The total change in aN was
found to be in the range 15–30 mT for the piperidine NRs 17–22 with ionizable
groups at atom C-4 of radical heterocycle and slightly larger in the range of
30–50 mT for the NRs 23–31 with ionizable groups less distant from the NO
fragment. Phosphorylated radicals 29 and 31 additionally exhibit significantly
larger change in phosphorus hyperfine splitting, aF (about 260 mT and 190 mT,
respectively) at acidic pHo4, which is not surprising taking into account the
large value of aFE5 mT. An application of phosphorylated NRs as pH-sensitive
probes in biological systems is attractive due to large pH effects on aP constant
but synthesis of the probes with higher pKa values is required.

Stable imidazoline and imidazolidine NRs have been proven to be the
most useful spin probes for EPR spectroscopy and imaging of pH18,101–108

due to the large effect of pH on their EPR spectra and a large number of the
synthesized probes varied in ranges of pH sensitivity, solubility and stability
toward bioreduction. Protonation of the nitrogen atom at b-position of
radical heterocycle is schematically illustrated in Scheme 4.4. A positive
charge at the N-3 atom stabilizes the nonionic resonance structure of N–O
fragment with lower spin density of the unpaired p-electron on the nitrogen
atom and, consequently, lower aN. In Hückel description, the local electric
field changes the energy gap between molecular p-orbitals constructed from
atomic p-orbitals of N-1 and O atoms, therefore influencing spin density
distribution and g-factor (for quantitative description see93,97,109–112). Ex-
perimentally, protonation of the N-3 atom of the imidazoline and imidazo-
lidine NRs at pH below radical pKa results in a decrease in hyperfine
splitting, DaNE100 mT, and increase in g-factor, DgE0.0002–0.0003.24 The
shift of the spectral line positions caused by Dg change linearly increases
with an increase in microwave frequency as shown in Figure 4.5 for the

Scheme 4.3 Chemical structures of the pH-sensitive NRs of various types, namely
2-imidazoline NRs 15 and 16;88 piperidine NRs 17,91,92 18,93 19–2194

and 22;95 pyrrolidine NRs 23,96 24,93,97 25–2898 and 29,99 pyrroline NR
3095 and acyclic phosphorylated NR 31.100
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Scheme 4.4 Chemical structures of the representative imidazoline and imidazoli-
dine NRs 32–35 and illustration of the reversible protonation of imino
nitrogen of the radical heterocycle. Two main resonance structures are
shown suggesting the higher unpaired electron density on nitrogen
atom N-1 in the unprotonated form. Strong dependence of pKa of the
NRs 32–35 on the substituent at atom C-4 allows rational design of the
pH probes with various range of pH sensitivities.

Figure 4.5 The EPR spectra of an aqueous solutions of imidazolidine NR 35 prepared at
pH close to pKa value (pKa¼ 4.7) and measured at different EPR bands with
EPR frequencies indicated near the spectra: D-band (A), Q-band (B), X-band
(C) and L-band (D). At D- and Q-bands contributions of g-factor change
dominate in observed spectral shifts being about 670 mT and 170 mT,
respectively. X-band spectral shift between RH1 and R forms is observed
at high-field component only being equal to (DgþDaN)E45 mT
þ125 mT¼ 170 mT. At L-band EPR frequency the contribution of g-factor
is negligible, resulting in symmetric L-band EPR spectrum (D).
Adapted from ref. 23 with permission from Springer Nature, Copyright
2002.
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NR 35 measured at pH close to pKa of the radical. At high D-band EPR fre-
quency (140 GHz) two triplet spectra of both protonated, R, and deproto-
nated, RH1, forms are well resolved, while at low L-band EPR frequency
(1.2 GHz) only a slight disturbance of low- and high-field nitrogen manifolds
is observed due to superposition of two R and RH1 forms with different aN
constants, the latter being independent of EPR frequency. For NR with an
equilibrium constant Ka, the ratio of concentrations of these two forms is
described by the Henderson–Hasselbalch equation, [H1]¼Ka[RH

1]/[R],
providing the basis for EPR measurements of pH.

One of the great strengths of the EPR pH-metric technique is its ratio-
metric character. The pH measurement using NR pH probe does not depend
on the probe concentration but on the ratio, [RH1]/[R], only. In general,
spectral simulation is required for accurate determination of the [RH1]/[R]
ratio from the EPR spectra. In practice, two convenient spectral parameters
have been often used as pH markers: (i) the ratio of peak intensities of RH1

and R spectral components resolved upon detection by high-frequency EPR
and partially resolved in X-band EPR spectra for high-field nitrogen mani-
fold (see Figure 4.5); and (ii) nitrogen hyperfine splitting, aN, measured as a
distance between unresolved spectral components, and being used almost
exclusively as a highly sensitive pH marker in numerous in vitro applications
using X-band and in vivo applications using low-field EPR. Note that the
sensitivity of the hyperfine splitting to pH values depends both on EPR
frequency and spectrometer settings (e.g., modulation amplitude) and can
be optimized.113,114 Figure 4.6 shows the dependences of aN on pH for the
radical 33 obtained from L-band EPR spectra measured at different modu-
lation amplitudes. Broadening of the EPR linewidth by measurements at
modulation amplitude higher than linewidth results in a symmetric spec-
trum showing a conventional titration curve of the nitrogen hyperfine
splitting as well as in significant improvement of SNR, which could be im-
portant for applications in vivo where fundamental sensitivity is much lower.

Figure 4.7 shows pH dependences of nitrogen hyperfine splitting, aN, for a
representative set of imidazoline and imidazolidine NRs (see Schemes 4.4 and
4.5 for the structures) as molecular pH meters that cover the total pH range of
aqueous solutions from 0 to 14. At pH values close to pKa the X-band EPR
spectra of the NRs 33–35, 37–40 with pKa in the range from 3 to 11 represent
superposition of two ionizable forms; the presented aN splitting was measured
as a distance between unresolved low- and central-field nitrogen manifolds as
shown in Figure 4.5C. The observed superposition of two ionizable forms is a
consequence of slow proton R-RH1 exchange at EPR time scale due to the low
concentration of protons at pH between 3 and 11.112 In contrast, for the
radicals with a value of pKao3 such as NR 32 (pKa¼ 1.3) and 36 (pK1aE1.1)
the R-RH1 proton exchange is fast at EPR time scale due to high proton
concentration at pHo3. Interestingly, the fast R-RH1 exchange was also ob-
served in alkaline medium for the NR 36 (pK2aE13.25) due to high concen-
tration of hydroxyl anions, which facilitate proton exchange via the
mechanism, RH1þOH�2RþH2O.

23 As a consequence of the fast R-RH1

Spin Probes and Imaging Using Nitroxides 159

https://www.twirpx.org & http://chemistry-chemists.com



exchange, the radicals 32 and 36 exhibit simple triplet spectra over the whole
pH range with the hyperfine splitting, aN, dependence on pH being in
agreement with the conventional titration curve.

Note that in the presence of buffer in addition to the proton exchange with
solvated proton appears the mechanism of proton exchange of the NR with
buffer molecules,18 the latter being the most efficient when dissociation
constants of the buffer and NR are close to each other, pKB

aEpKR
a . The rate of

buffer-facilitated proton R-RH1 exchange is linear proportional to the buffer
concentration. Therefore, for the radicals with 3opKao11 increase in buffer
concentration results in increase of EPR frequency exchange from the slow
to fast frequency exchange with corresponding spectral changes illustrated
in Figure 4.8 for the 15N, 2H-substituted pH-sensitive NR 41 (see Scheme 4.5
for the structure). Figure 4.8A shows the superposition of two doublet EPR
spectra better resolved for the high-field nitrogen manifold due to sum-
mation of protonation effects on g-factor and aN splitting. A narrow line of
NR 41 (DHpp¼ 33 mT for nonprotonated form) allows for distinguishing not

Figure 4.6 The pH dependences of nitrogen hyperfine splitting, aN, of the L-band
EPR spectra of the NR 33 measured at different modulation amplitudes:
50 mT (a, ’) and 200 mT (b, m). Insert: The EPR spectra of the 0.5 mM
aqueous solutions of the radical R1 detected at pH 6.1, and modulation
amplitudes 50 mT (a) and 200 mT (b). Note that the shift between RH1

and R forms of the radical at low- and high-field components of the NR
33 EPR spectrum is comparable with the linewidth (DaNEDHppE80 mT),
resulting in significant disturbance of the EPR lineshape measured at
50 mT modulation amplitude, and as a consequence, in narrowing the aN
titration curve resulting in compromising sensitivity to pH. Measure-
ments at 200 mT modulation amplitude show a symmetrical EPR spec-
trum with 2.1 times increase in SNR, and result in aN dependence on pH
described by the conventional titration curve, aN(H

1)¼ (aN(R)þ
aN(RH

1)�[H1]/Ka)/(1þ [H1]/Ka) yielding the radical pKa¼ –log Ka¼ 6.1,
and the values of hyperfine splitting in two ionizable forms,
aN(R)¼ 1.582 mT and aN(RH

1)¼ 1.501 mT.
Reproduced from ref. 114 with permission of Mary Ann Liebert, Inc,
Copyright 2004.
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only R and RH1 forms but also discriminating two protonated radical forms
with different nuclear spin projection of attached proton, RHþ

a and RHþ
b . An

increase in phosphate buffer concentration results first in EPR spectra
broadening and then spectral coalescence in a single line. Analysis of EPR
spectral shape of the pH-sensitive radical in the case of intermediate buffer-
induced exchange allows determination of the rate of exchange, and in
principle, provides the opportunity to design EPR probes with sensitivity to
the concentration of specific buffer.18 Recently this approach has been im-
plemented for in vivo detection of interstitial phosphate concentration using
pH-sensitive monophosphonated trityl radical.117,118 The narrow line of the
trityl probe of about 4 mT and favorable value of phosphono group dissoci-
ation constant (pKaE6.9) being close to the pKa of phosphate provide high
spectral sensitivity of this probe to physiologically relevant interstitial
phosphate concentrations in the range from 0.1 to 5 mM.117,119

pH-sensitive NRs were proposed to be a valuable tool to study the surface
electrostatics of biological membranes and proteins.120 In particular,

Scheme 4.5 Chemical structures of NRs 36–41 discussed in the text.

Figure 4.7 A set of imidazoline and imidazolidine NRs as molecular pH meter
covering the pH range from 0 to 14. The structures of the NRs are
presented in Schemes 4.4 and 4.5. The dependences of aN on pH were
obtained in aqueous solutions using X-band EPR.
The data were summarized from ref. 23, 105, 115 and 116.
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pH-sensitive thiol-specific methanesulfonothioate NR labels 42 (pKaE1.6)121

and 43 (pKaE5.7)122 (Scheme 4.6) were developed and used in biophysical
studies of surface electrostatics of lipid bilayers and proteins.121,123–125

Figure 4.8 First (A) and second (B) derivatives of the X-band EPR spectra of 0.3 mM
aqueous solutions of NR 41 prepared in phosphate buffer of different
concentrations indicated near the spectra, pH 5.9. The fitting calculated
spectra (dotted lines) to the experimental ones performed as described in
ref. 55 provide the values of the rate constants of proton exchange of NR
41 with phosphate.
Adapted from ref. 55 with permission from Springer Nature, Copyright 2001.

Scheme 4.6 Chemical structures of NRs discussed in the text: thiol-specific pH-
sensitive methanesulfonothioate labels 42 and 43, and ethyl-
substituted NR 44 with two ionizable groups.
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Significant efforts were devoted to the synthesis of pH-sensitive NRs for
specific applications in vivo. Introduction of bulky substituents in a-position
to the NO fragment was found to increase NR stability toward reduction, as
has been demonstrated for 2,2,5,5-tetraethylimidazole NRs.115 Further
binding of ethyl-substituted NR to highly hydrophilic cell-impermeable tri-
peptide, glutathione, yields highly hydrophilic NR 37 that does not penetrate
cellular membranes and reports specifically on extracellular pH (pHe),

105 the
latter being a prognostic marker in cancer progression. Partial deuteration of
the ethyl groups in NR 38 (DHpp¼ 1.2 G) resulted in an about two-fold de-
crease in the linewidth compared with NR 37 (DHpp¼ 2.1 G) which is of
critical importance for applications in vivo.104

A number of the NRs with two ionizable groups were synthesized to extend
the range of pH sensitivity126 similar to that observed for NR 36 (see aN
titration curve in Figure 4.7). For example, introduction of pyridine in the
structure of imidazoline NR 44 results in extended pH sensitivity range from
pH 1.5 to pH 6.2, which is useful for monitoring normalization of stomach
acidity after the application of antacids (see Figure 4.9).

In summary, up to date a wide variety of pH-sensitive NRs have been de-
veloped with different ranges of pH sensitivity, labeling groups, lipophilicity
and stability toward bioreduction.23,102,104,115,126,127

4.3.2 In Vivo Spectroscopy and Imaging of pH Using
Nitroxide Probes

The critical role of pH status in physiology and pathophysiology of living
organisms is well recognized. Local pH of the tissue microenvironment

Figure 4.9 In vivo EPR monitoring of stomach acidity. (A) The pH dependence of
hyperfine splitting, aN, measured from EPR spectra of NR 44. The solid
line was calculated according to the standard titration equation for the
compound with two ionizable groups. (B) Changes in the stomach acidity
of living rat measured by longitudinally detected EPR spectrometer
operated at 304 MHz excitation frequency, after giving 3 ml of gavage
containing 5 mM NR 44 alone (&) or with 50 mM bicarbonate (K).
Reproduced from ref. 135 with permission from Elsevier, Copyright
2006.
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critically affects the vital activities of cells. In its turn, intracellular pH is
tightly regulated for optimal activities of cellular organelles and enzymes.
Spatially and temporarily addressed pH measurements in vivo are of con-
siderable clinical relevance. While pH assessment using 31P-NMR of en-
dogenous inorganic phosphate has proven to be the most suitable
noninvasive approach, its limitations include lack of resolution (about
0.2–0.3 pH units and even less at lower pH), the fact that Pi concentrations
vary with metabolism and ischemia, and its chemical shift dependence on
ionic strength.128,129 Because of these problems, exogenous pH probes are
being designed for NMR spectroscopy to improve the detection of myo-
cardial acidosis128 and extracellular pH in tumors.130,131 Upon application of
exogenous probes, EPR spectroscopy has higher sensitivity compared with
NMR for the same probe concentration, and reasonable depth of penetration
in living tissues.

The low depth of microwave penetration does not allow X-band appli-
cation in vivo but was found to be very effective for noninvasive pH meas-
urements in vitro and ex vivo. Spectral-spatial X-band EPR using NR 33 has
been applied for non-destructive and localized pH assessment in the
microenvironment of biodegradable polymers used as drug delivery
systems.132 X-band EPR imaging of NRs 33 and 35 has been also applied for
noninvasive direct and depth-specific measurement of pH within rat and
human skin obtained from cosmetic surgery.133 Phosphorylated NR 31
(pKa¼ 2.6) was found to be sufficiently stable in vivo delivered in rat stomach
via a thin Teflon cannula.100 X-band EPR spectroscopy has been used to
report pH in gastric fluid drawn from the stomach 30 min afterwards.

The first in vivo applications of spin pH probes were performed
using L-band EPR spectroscopy in mice.106,107 Mäder et al. demonstrated
that L-band EPR spectroscopy is a valuable tool for in vivo monitoring of pH-
induced degradation of an implanted polymer in mice.107 Gallez et al.106

demonstrated utility of the L-band EPR-spectroscopy using NR 35 (pKa¼ 4.7)
as a pH probe to monitor stomach acidity in mice after administration of
different antacids. NR 35 has been also applied for in vivo studies of stomach
acidity in rats using longitudinally detected 300 MHz EPR accompanied by
mapping radical localization in the stomach using OMRI technique (also
termed proton-electron double-resonance imaging, PEDRI).134 Later,
Potapenko et al. demonstrated advanced properties of NR 44 for in vivo
monitoring of stomach acidity,135 namely an about four-fold increase of
radical lifetime in vivo compared with NR 35 due to steric protection of the NO
fragment against bioreduction, extended range of pH sensitivity from pH 1.5
to pH 6.2 (Figure 4.9A), and highly hydrophilic structure that prevents its
penetration through biomembranes and redistribution from the stomach.
Figure 4.9B demonstrates real-time monitoring of the stomach acidity of liv-
ing rats.135 Long lifetime of NR 44 in vivo allows for monitoring drug-induced
perturbation of stomach acidity and its normalization afterwards during 1 h
or longer periods of time, therefore supporting applicability of pH-sensitive
NRs to the studies of drug pharmacology and disease in living animals.
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NRs 37 and 38 (pKa¼ 6.6) have been proven to be well suited to monitor
and map tissue acidic areas in various animal models of diseases, such as
ischemic heart disease and cancer.54,103–105,136–138 Figure 4.10 shows pH
mapping of isolated rat heart during regional ischemia obtained
using L-band EPR imaging and NR 37. The observed mean pH values of
ischemic tissue were 6.7–6.8, whereas the pH of normally perfused tissue
was 7.3–7.4, corresponding to the pH of the perfusate buffer. NR 37 dem-
onstrated high stability in myocardial tissue, did not reveal any cardiotoxi-
city while providing high functional sensitivity.

NR 37 was applied in several studies to assess acidity of the tumor mi-
croenvironment (TME) using low-field EPR techniques. Bobko et al.105,138

demonstrated utility of L-band EPR spectroscopy and NR 37 for in vivo
monitoring of drug-induced changes in TME pHe upon therapeutic inter-
vention in various cancer models in mice. Goodwin et al.137 reported
changes in pHe in response to X-ray irradiation in a mouse model of cancer
measured using 750 MHz and NR 37. These spectroscopic studies suggest
that low-field EPR spectroscopy in combination with pH-sensitive NRs may
offer a useful method for assessment of the physiological change in response
to existing and novel cancer therapies.

NR 38, being deuterated analogue of NR 37, provides the advantage of
narrow linewidth and better SNR, which is of particular importance
for imaging application. Figure 4.11 demonstrates a pH map obtained with
750 MHZ EPR imager using NR 38 superimposed with 1.5 T MRI. A pH
map obtained on day 5 (Figure 4.11C) reveals small acidic regions with pHe

about 6.6 which became significantly larger on day 8 (Figure 4.11D). The
proposed EPR-based pH mapping method enabled quantitative visualization
of regional changes in extracellular pH associated with altered tumor
metabolism.

Figure 4.10 Coronal plane 3D (1 spectral/2 spatial) L-band EPR images of an
isolated rat heart during regional ischemia. The heart was perfused
in the presence of a 1 mM NR 44. Left: Integral intensity of the EPR
signal. The area indicated by the dashed line is expected to be ischemic.
Right: pH map calculated from the spectral data of the image. Total
image acquisition time, 39 min.
Reproduced from ref. 54 with permission from John Wiley & Sons,
Copyright 2015 Wiley Periodicals, Inc.
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Functional Overhauser-enhanced MRI provides an alternative to the EPR
imaging approach for in vivo pHmapping. OMRI is based on the proton MRI
acquired upon EPR irradiation of paramagnetic molecules,139 the latter
providing an enhancement of the NMR signal via transfer of polarization
from electrons to protons by the Overhauser effect.140 However, a con-
ventional OMRI approach lacks EPR spectral information. The functional
OMRI approaches, namely variable field141 and variable radio frequency
(VRF)142 OMRI, allow for recovering of essential spectral information and
functional mapping. In the case of VRF OMRI, a pH map is obtained from
two OMRI acquisitions performed at EPR frequencies of protonated and
unprotonated forms of a pH-sensitive probe.142 Recently, OMRI of NR 38 has
been used for extracellular TME pH mapping in mouse model of breast
cancer.104 Comparatively narrow spectral line of the partially deuterated NR
38 allowed for an increase of Overhauser enhancements and reduction in rf
power deposition. In vivo OMRI pH mapping performed on breast tumor-
bearing mice visualizes the areas of tissue acidosis in the TME with a mean
pHe value of about 6.8� 0.1 pH units compared to neutral mean pHe
7.1� 0.1 of the normal mammary glands. The authors suggest that OMRI pH
mapping using NR probes may be a useful tool for spatially resolved

Figure 4.11 EPRI of the progress in acidosis in a SCC VII (murine squamous cell
carcinoma) tumor-bearing mouse leg upon tumor growth. NR 38 (10 mg,
0.6 mmolkg�1 body weight) was intravenously injected as a bolus over
the course of 30 s through a tail vein catheter. EPRI acquisition was
started 2 min afterwards; acquisition time, 7.5 min. The photograph
shows the mouse leg fixed on the plastic holder. T2-weighted proton MR
anatomical images of the mouse leg in the sagittal plane acquired at days
5 (A) and 8 (B) after tumor implantation, corresponding pHe maps (C and
D), and histograms of voxel-wise pHe data (E) measured on days 5 (red)
and 8 (blue) for a single mouse, are shown.
Reproduced from ref. 103 with permission from American Chemical
Society, Copyright 2018.
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noninvasive extracellular pH monitoring in solid tumors in preclinical
studies on small animals, and potentially in larger animals, including
humans.

In summary, low-field EPR spectroscopy and imaging of pH in combin-
ation with pH-sensitive NRs provides a spatially and temporally addressed
method for noninvasive in vivo assessment of local tissue microenvironment
acidity in various animal models of diseases, including in response to
therapeutic interventions.

4.4 NRs as Thiol-sensitive Probes

4.4.1 Basics of GSH Detection Using Nitroxide Probes

The redox state of thiols is an important parameter of prokaryotic and eu-
karyotic cells and is associated with all major biological processes.143–147

Among the low-molecular-weight thiols, a ubiquitous thiol-containing tri-
peptide, glutathione (GSH), presents in virtually all mammalian tissues and
plays a central role in cell biology. The intracellular GSH concentrations in
mammalian cells are in the range between 1 and 10 mM and are close to half
of the total thiol/disulfides in the cells. The redox couple of glutathione and
its disulfide form, GSSG, is considered to be a major regulator of the
intracellular redox status.148,149 Reflecting the need to maintain a reduced
environment in the nucleocytoplasm, the ratio [GSH]/[GSSG] exceeds 100 in
resting cells, whereas in various models of oxidative stress this ratio was
reported to be significantly lower.150 In addition to its role as an intracellular
redox regulator, GSH is also considered to be a major intracellular anti-
oxidant. Therefore, substantial effort has been devoted to developing the
methods and molecular probes for GSH assessment in biological systems,
including in vivo.

The reactions of the NRs with GSH are of particular interest for designing
GSH-specific NR probes for in vivo low-field EPR-based techniques. Appre-
ciable chemical reduction of NRs into EPR-silent hydroxylamines by GSH
does not occur over a few hours.13,25,151–153 However, GSH can significantly
contribute to NR reduction in biological systems indirectly by acting as a
secondary source of reducing equivalents.153 Taking into account that GSH
is considered as a major intracellular redox buffer, the rate of NR reduction
can be used as an indirect method for GSH detection and for in vivo evalu-
ation of its role in normal and pathophysiology.14,154,155 However, this ap-
proach has to be justified for each particular application by independent
experiments supporting dominant or at least significant contribution of GSH
in the reduction of the selected NR probe.

A large number of the NRs with specific reactivity to thiols have been
synthesized. The nitroxide spin labels containing in their structures such
thiol-reactive functionalities as maleimides,156 iodoacetates and iodoaceta-
mides,157 isothiocyanate,158 alkylhalide,159 indanedione,160 organomercur-
ials159 and alkylthiosulfonates159,161 were previously synthesized and may
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have advantages in some specific applications for the labeling of thiols. The
synthesis of the methanethiosulfonate spin label by Hideg et al.161 greatly
facilitated the development of an important area of structural EPR, site-
directed spin labeling. EPR spectroscopy in combination with thiol-specific
NRs allows for determination of the accessible thiol groups in various bio-
logical macromolecules, such as human plasma low-density lipoproteins162

and erythrocyte membranes.163 This approach normally requires purifi-
cation of the sample from the unbound label and cannot be used in vivo.
Moreover, application of thiol-specific mononitroxides for direct EPR
measurement of GSH is hardly possible due to insignificant EPR spectral
changes of the NR upon binding to low-molecular-weight compounds. The
latter limitation was overcome by the development of disulfide nitroxide
biradicals,25,164–166 RSSR (Scheme 4.7).

The RSSR biradicals represent paramagnetic analogues of Ellman’s re-
agent, a chromogenic diaryl disulfide archetype of molecular probe for thiols
detection.167,168 EPR spectra of the RSSR probes are significantly affected by
intramolecular spin exchange between two NR fragments resulting in the
appearance of ‘‘biradical’’ spectral lines in addition to the conventional
triplet of 14N nitrogen manifolds of the mono-NRs (see Figure 4.12A). The
appearance of additional lines can be qualitatively explained by contribution
of the biradical conformations with intermediate or strong spin exchange
between two monoradical fragments characterized by exchange integral,
JZaN. The EPR spectrum of subensemble of RSSR biradicals with both 14N
nuclei of NO fragments having the same spin projections (m1,m2: þ1,þ1;
0,0; and �1,�1) is not affected by spin exchange, therefore providing con-
ventional triplet spectrum with relative intensities, 1 : 1 : 1. Fast spin ex-
change in subensembles with different nuclei spin orientations results in
line coalescence and appearance of one line in the center for subensembles
(þ1,�1; and �1,þ1) and two lines shifted by aN/2 in both directions from
the center for subensembles (þ1,0; 0,þ 1; 0,�1; and �1,0), each of these
three lines having relative intensity, 2. Therefore, a total superimposed
spectrum is represented by the quintet, 1 : 2 : 3 : 2 : 1, with the splitting equal
to aN/2. In a general case, the spectrum of the nitroxide biradical is more
complex, being represented by the superposition of the conformations with

Scheme 4.7 The chemical structures of the disulfide nitroxide biradicals, RSSR,
discussed in the text.
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the different values of exchange integral and dynamics of conformational
transitions, e.g., the EPR spectrum of the imidazolidine biradical 46
(Figure 4.12A) is characteristic for the superposition of several biradical
conformations with JEaN.

164

As can be seen in Figure 4.12C, the reaction of the disulfide biradical with
an excess of GSH results in complete disappearance of biradical components
due to splitting of the disulfide bond via thiol-disulfide exchange reaction
and cancelation of intramolecular spin exchange between two monoradical
fragments.25 Corresponding increase of relative peak intensity of the
monoradical components (Im) is linear proportional to GSH concentration
and can be used for the [GSH] measurements using a ‘‘static’’ EPR approach.
Imidazoline biradical 45 and imidazolidine biradical 46 show three orders of
magnitude difference in their observed rate constants with GSH, kGSH, being
about 5�103 M�1 s�1 (pH 7.0, room temperature) and 2.8 M�1 s�1 (pH 7.2,
34 1C), respectively.25,164 Both probes have a lipophilic structure with the
lipophilicity coefficient being equal to 175 for NR 45 and 240 for NR 46
allowing their fast diffusion through lipid bilayers.164

Fast-reacting NR 45 has found numerous application for in vitro EPR
measurement of thiols, in particular GSH presented in cells in millimolar
concentrations, using a ‘‘static’’ EPR approach. The method relies on
application of the access of the probe over GSH and measures the relative
increase of the monoradical EPR peak intensity Im (Figure 4.12B) immedi-
ately after probe addition to the sample [the NR 45 easily penetrates
cellular membrane and reacts with 1 mM GSH with characteristic time,

Figure 4.12 (A–C) The EPR spectra of 100 mM NR 46 measured at various time points
after incubation with 2.5 mM GSH in 0.1 M Na-phosphate buffer, pH 7.2,
at 34 1C. (D). The kinetics of the increase of amplitude of low-field
monoradical component of the EPR spectrum, Im, after addition of various
GSH concentrations: 0.625 mM (D), 1.25 mM (J) and 2.5 mM (&). Lines
represent the best fit of the experimental kinetics to the monoexponents.
Insert: the dependence of inverse time constant of the exponential kin-
etics, 1/t, on [GSH]. The linear regression (1/t¼ kGSH�[GSH]) provides the
observed rate constant value of the reaction between GSH and NR 46, kGSH
(pH 7.2, 34 1C)¼ 2.8� 0.2 M�1 s�1.
Reproduced from ref. 105 with permission from John Wiley & Sons,
Copyright 2011 Wiley Periodicals, Inc.
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t¼ 1/(kGSH�[GSH])E0.2 s. The sensitivity of the method is sufficiently high
to perform the measurements of GSH in a very few (E100) cells.169 NR 45
has been used to measure GSH in various cells and cellular
homogenates,25,169–171 animal and human blood172,173 and isolated or-
gans.174 The described ‘‘static’’ EPR approach of GSH assessment has an
advantage in its simplicity and represents a fast, highly sensitive, convenient
and reliable approach for in vitro measurements in optically nontransparent
samples. On the negative side, the approach is based on complete con-
sumption of the vital thiols, therefore its application in vivo is hardly pos-
sible due to corresponding damage to cellular redox functions.

A slow-reacting NR 46 shows a reasonable time window for the reaction with
millimolar GSH concentrations at neutral pH (t¼ 1/(kGSH�[GSH])E6 min at
[GSH]¼ 1 mM) allowing for application of a ‘‘kinetic’’ EPR approach for GSH
detection. Figure 4.12D shows the kinetics of an increase of Im amplitude of
NR 46 in the presence of different GSH concentrations. The inverse time
constant of the observed exponential kinetics is proportional to the GSH
concentration, and can be used as calibration for the [GSH] measurements.
A major advantage of the ‘‘kinetic’’ approach is that it allows for using
low probe concentration compared to analyte, [GSH], therefore minimizing
potential probe toxicity. Isotopic substitution has been used to enhance
SNR and functional sensitivity of the approach upon application of the 15N-,
2H-substituted NR 47.165

Recently, pyrrolidine disulfide biradicals 48 and 49 were synthesized.166

Compared with NRs 45 and 46, NRs 48 and 49 have higher aqueous solubility
(lipophilicity coefficients, 13.5) and longer characteristic time for GSH de-
tection (kGSH¼ 0.747 M�1 s�1; t¼ 1/(kGSH�[GSH])E20 min at pH 7.2,
37 1C),175 the latter allowing for a longer acquisition time of particular im-
portance for imaging applications. Further studies are required to determine
their potential for quantitative in vivo GSH detection, which strongly de-
pends on the comparative contributions of the various factors into the EPR
spectra change, namely the rates of probe reaction with GSH, probe pene-
tration into the cells and probe reduction.

Disulfide trityl biradicals, including trityl-SS-NR and trityl-SS-trityl probes,
were recently synthesized.176 Note that their application for detection of
intracellular GSH is hardly possible due to bulky cell-impermeable structure.

4.4.2 In Vivo EPR Measurements of Intracellular Glutathione

The methods allowing for assessment of tissue glutathione content in vivo
might provide a useful indicator of disease risk in humans.177 Magnetic
resonance approaches for GSH detection have great potential for use in vivo
due to sufficient depth of penetration in living tissue. The NMR approaches
were developed to detect endogenous GSH but have limitations due to low
sensitivity and difficulties in spectra analysis of numerous overlapping
resonances.178–181 Noninvasive in vivo EPR detection of GSH has an advan-
tage over NMR in the absence of the endogenous background signals.
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Kuppusamy et al. used NR 2 for L-band EPR imaging of tumor redox status
of radiation-induced fibrosarcoma (RIF-1) tumor-bearing mice and demon-
strated a significant decrease of the NR 2 reduction rate upon GS depletion
after animal treatment with L-buthionine sulfoximine (BSO), inhibitor
of GSH synthesis.14 Recently Fujii et al. proposed to use 3-methoxycarbonyl-
2,2,5,5-tetramethyl-piperidine-1-oxyl (50),154,155 blood–brain barrier permeable
NR,182 for the noninvasive mapping of GSH in mouse brain indirectly through
imaging of the NR 50 reduction rates. Pixel-based mapping of brain GSH levels
was successfully obtained in vivo by using the linear relationship between NR
50 reduction rates in brain, measured by 750 MHz EPR imager, and brain GSH
levels, measured by an in vitro biochemical assay.155

Kinetics-based EPR detection of GSH using nitroxide biradicals 46 and 47
is currently the only available noninvasive tool for direct quantitative
measurements of intracellular GSH concentrations, in vivo. The method is
based on the dominant contribution of GSH in the reaction with the di-
sulfide biradicals, fast diffusion of the probes across cellular membrane and
their comparatively low reduction rates.105,164 Figure 4.13A shows typical
in vivo L-band EPR spectra measured immediately after NR 46 probe in-
tratumoral injection and 150 s after injection at the time point of maximal
monoradical signal amplitude. Comparison of the integral intensities of the
spectra shows less than 10% loss of the total EPR signal, supporting an
insignificant contribution of the reduction and justifying approximation of

Figure 4.13 (A) L-band EPR spectra measured in vivo in mammary tumor of female
FVB/N mice 10 s and 150 s after intratissue injection of NR 46.
(B) Kinetics of the monoradical peak intensity change measured in
tumor (K) and normal mammary gland (J). The solid lines are the fits
of the initial part of the kinetics by the monoexponent supposing kobs
(pH 7.2, 34 1C)¼ 2.8 M�1 s�1 and yielding [GSH]¼ 10.7 mM and 3.3 mM
for the tumor and normal mammary gland, respectively. (C) Intracel-
lular [GSH] measured using NR 46 in vivo in normal mammary glands
(MG), mammary tumors (T) of female FVB/N mice and in tumors
treated with anticancer agent, granulocyte macrophage colony-
stimulating factor (TþGM-CSF) (*po0.01, **po0.002).
Reproduced from ref. 105 with permission from John Wiley & Sons,
Copyright 2011 Wiley Periodicals, Inc.
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the initial exponential signal increase by the reaction of 46 with GSH.
Figure 4.13B shows the representative kinetics of the monoradical spectral
peak intensity change measured in mammary tumor and normal mammary
gland of female FVB/N mice. The analysis of the kinetics yields the values of
GSH concentration to be about three-fold higher in tumor compared with
that in mammary gland (Figure 4.13C). Treatment with anticancer drug,
granulocyte macrophage colony-stimulating factor (GM-CSF) significantly
inhibited tumor growth and decreased the GSH level in the tumor micro-
environment. High levels of intracellular GSH in tumors are considered to be
an important factor in tumor resistance to a variety of commonly used an-
ticancer agents such as cisplatin.183,184 The 15N, 2H-substituted disulfide NR
47 has been used to compare concentrations of GSH in cisplatin-resistant
and cisplatin-sensitive tumors in ovarian tumor-bearing mice.165 The au-
thors obtained two-fold higher levels of GSH in cisplatin-resistant tumors
compared with cisplatin-sensitive ones in agreement with previously re-
ported data185 supporting the role of GSH in tumor resistance to cisplatin
treatment.

Recently, nitroxide biradical 49 was applied for mapping thiol redox
status in murine tumors in vivo using 250 MHz rapid scan (RS) EPR im-
aging.175 Analysis of the spectroscopic data (see Figure 4.14A) shows that
only 40%–60% of the overall amount of NR 49 is converted to the mono-
radical after intratumoral injection, apparently due to significant probe
bioreduction and/or binding to tissue components accompanied by spec-
trum broadening. The simplified kinetic analysis of the time dependences
of the biradical and monoradical integral signal intensities of NR 49 yields
the value of the pseudo-unimolecular rate constant of the disulfide bond
cleavage, kobs, therefore providing the estimate of GSH concentration
supposing kobsEkGSH[GSH]. The estimates of [GSH] of 2.7–4.8 mM were
obtained when measured in untreated control tumors and 1.5–2.1 mM
when measured 24 h after treating mice with L-buthionine sulfoximine
(BSO), an inhibitor of GSH synthesis. In the case of RS EPR imaging, to
obtain detailed kinetics data the authors performed 3D spatial imaging of a
single spectral point primarily arising from the monoradical component,
therefore accelerating the image acquisition time to 35 s. Figure 4.14B
shows a sagittal slice and histogram of kobs image in FSa fibrosarcoma
tumor of tumor-bearing C3H mice. Because of several factors contributing
to the kinetics including disulfide bond cleavage, probe reduction/clear-
ance and decline of thiols and GSH during the reaction due to high probe
concentration of about 3–7 mM, the obtained kobs maps provide rather
qualitative imaging of thiol redox status of the tumor microenvironment
than a quantitative measure of GSH concentrations. Nevertheless, the
strong effect of BSO treatment on the rate constants kobs shown in
Figure 4.14C suggests a dominant contribution of GSH into observed
kinetics.
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4.5 NRs as Probes for Assessment of Enzymatically
Catalyzed Reactions

Enzyme activities are important biomarkers of many pathologies, such as
cancers, Alzheimer’s disease or diabetes.186–189 While reliable methods have
been developed to measure enzyme concentration, expression and activity
in vitro and ex vivo, the direct measurement of enzyme activity in vivo
remains extremely challenging.190

The limited number of radical enzymes191 and transient character of
enzymatically generated radicals192 dictate the necessity to design a para-
magnetic substrate that undergoes EPR-sensitive enzymatic conversion to as-
sess enzymatic activity by EPR. The reported EPR applications of the NR
substrate analogues for the enzymatic activity assessment were based on
monitoring the time-dependent spectra changes after enzymatic hydrolysis of
paramagnetic substrate due to three major factors: (1) the change in rotation
correlation time resulting in line broadening or alteration of spectral peak
intensity ratio; (2) the canceling of spin exchange and/or dipole–dipole inter-
action between two radical fragments after bond cleavage resulting in spectral
simplification; and (3) the difference in magnetic resonance parameters of the
paramagnetic substrate and product. Nakaie et al. proposed several para-
magnetic substrates of angiotensin I-converting enzyme (ACE), namely an-
giotensin I193,194 and bradykinin195 containing the stable NR amino acid 19.
The authors demonstrated the feasibility of monitoring the ACE activity by
following the time-dependent EPR spectral change occurring during the en-
zymatic hydrolysis of the peptide bond of the NR-substrates. The enzymatic
conversion of NR-substrate into a smaller NR-product with shorter rotation
correlation time resulted in an increase of the ratio of spectral amplitudes of
the central- and high-field components of the triplet EPR spectrum due to a
weak linewidth narrowing. A much stronger effect of enzymatic hydrolysis on
the motion correlation time and EPR linewidth of NR-substrates has been
demonstrated for a number of NR-labeled proteins196,197 providing a basis for
in vitro197 and in vivo198 assessment of proteolytic activity using OMRI.

Hacker et al.199 proposed the use of biradical substrates with two NRs
connected via an enzyme-cleavable motif for the assessment of the activity of
an enzyme of interest. As a proof of concept the authors synthesized an
adenosine triphosphate (ATP) analogue, NR-ATP-NR, and demonstrated
feasibility of EPR to monitor phosphoanhydride bond cleavage by
phosphodiesterase I.

Audran et al.30 proposed a new concept of NR-based assessment of
hydrolytic activities of the enzymes based on the synthesis of enzymatically
shifting NR-substrate prototype, enol ester of b-phosphorylated NR 51 (see
Scheme 4.8). Upon enzymatic hydrolysis of the peptide, the enol ester moiety
of NR 51 is converted into a ketone moiety of NR 52 accompanied by a large
400 mT change of the phosphorus hyperfine splitting allowing for EPR
monitoring the enzymatic hydrolytic activity. In the following works,
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NR-labeled peptide 53 specific to the serine proteases chymotrypsin and
cathepsin G,31 and a series of fatty acid enol esters such as NR 54 specific for
lipase activities200 were synthesized.

Sanzhaeva et al.32 proposed a phosphate enol ether of a deuterated NR 55
as paramagnetic substrate prototype for EPR imaging of enzymatic depho-
sphorylation, one of the key biological processes playing a critical role in
physiology and pathophysiology. Dephosphorylation of NR 55 is accom-
panied by keto–enol tautomerization similar to that shown for NR 51 in
Scheme 4.8. The authors performed first in vitro RS EPR imaging of alkaline
phosphatase activity with high specificity illustrated in Figure 4.15.

Scheme 4.8 The chemical structures of NRs 51–55 discussed in the text and a
schematic illustration of the enzymatic hydrolysis of NR 51.

Figure 4.15 In vitro 4D spectral-spatial EPR imaging of alkaline phosphatase (ALP)
activity. The images of the phantom consisting of the three tubes filled
with solutions of substrate, NR 55 (S), its dephosphorylated product (P)
and mixture of NR 55 with ALP (S-P) were acquired using an 800 MHz
RS EPR imager at room temperature; acquisition time, 10 minutes; field
of view, 18 mm; and matrix size, 64�64�64. The slices (xz-plane) of the
images of EPR signal intensities of the substrate (A) and product (B) are
shown. (C) Time evolution of EPR image integral intensities of sub-
strate and product.
Reproduced from ref. 32 with permission from John Wiley & Sons,
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Note that direct monitoring of the enzyme-induced EPR line shift provides
high specificity to the detection of the chemical reaction of interest allowing
for easy discrimination from the other factors that may affect the motion
correlation time or the spin exchange interaction. Audran et al.30 demon-
strated a potential of enzyme shifting NRs for mapping of enzymatic activity
in vivo by OMRI using NR 51. A mouse was fed with 0.2 ml of 24 mM solution
of NR 51. 3D OMRI images were acquired at 0.2 T at two EPR frequencies,
5425.7 MHz and 5417.5 MHz, corresponding to the EPR resonances of the
substrate NR 51 and product of its hydrolysis NR 52, respectively. The OMRI
mapping using two EPR frequencies clearly revealed that digestive enzymes
in the stomach and/or in the intestine were able to convert NR 51 into NR 52.
Despite the fact that acetyl nitroxide is a poor protease substrate compared
to usual peptidic substrates, these pilot experiments confirm the feasibility
of this approach for in vivo enzymatic studies.

The ability of EPR and OMRI to image enzymatic activities in non-
transparent media, including blood and tissue samples, opens very prom-
ising opportunities for biomedical applications.

4.6 Conclusion
In recent decades, functional EPR spectroscopy and imaging have moved
closer to biomedical applicability. The bottleneck of in vivo EPR-based ap-
plications is the requirement of appropriate paramagnetic probes. Due to
the well-developed chemistry, the NRs provide a wide range of available
structures that vary in solubility and tissue redistribution, spectral and
functional sensitivity, ability to be targeted and lifetimes in living tissues.
This chapter overviews the development of the NR probes that equip
EPR-based spectroscopy and imaging with specific functional sensitivities,
describes the backgrounds and recent progress in the NR applications for
functional temporally and spatially resolved mapping of oxygen, acidity,
glutathione content, and, potentially, specific tissue enzymatic activities.
The NRs were the first compounds applied to EPR oximetry and remain a
useful tool for in vivo tissue oxygen mapping. The imidazoline NR spin pH
probes allowed for EPR spectroscopy and imaging of tissue pH in animal
models of diseases such as cancer and ischemic heart disease. The de-
veloped disulfide NRs, in combination with low-field EPR-based spec-
troscopy and imaging, represent the only currently available method for
in vivo noninvasive quantitative assessment of intracellular GSH concen-
trations. Recent synthesis of enzyme-shifting NRs demonstrates their po-
tential utility to probe specific enzymatic activities in biological systems.
A wide range of in vivo applications of the NRs as redox-sensitive probes is
described in Chapter 13.

In summary, NRs represent a continuously expanding class of soluble
paramagnetic probes for functional biomedical EPR spectroscopy and im-
aging applications.
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CHAPTER 5

Nitroxides in Battery-related
Applications
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5.1 Context
Regarding our future energy economy, the trend toward more sustainable
development is not only affecting energy production and its consumption
but also every system found in between, such as portable energy sources.
Cleaner energy storage solutions should be developed with the aim of
eliminating CO2 releases during their production. In addition, their design
as well as their components should be revisited to rely on renewable raw
materials.

Current lithium-ion battery (LIB) technologies mostly rely on the use of
electroactive components (e.g. LiCoO2, LiNiO2) that could hardly be con-
sidered as green, their production and recycling being responsible for sig-
nificantly high CO2 releases.1 The renewability of natural resources is
another point of concern as they are relatively scarce, which would render
their production even more energy intensive in the future.

In this context, electroactive organic materials may offer intrinsic ad-
vantages over their inorganic counterparts,1 since their syntheses can
generally be carried out at lower temperatures, and also they are based on
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more abundant elements (C, H, O, N, S in particular), that can be poten-
tially generated via CO2 capture or from renewable resources such as bio-
mass. Additionally, owing to their organic nature and the absence of heavy
metals, their end-of-life disposal can be facilitated by combustion, for
instance.

As other advantages, there are numerous accessible chemical combin-
ations, some of them being multielectron reaction materials. Furthermore,
the variety of accessible structures allows to tailor their redox properties via
the introduction of groups. This can advantageously provide either low- or
high-potential materials without altering the underlying chemistry and en-
ables tuning of the resulting battery voltage. As for their performances, high
rates are often achievable thanks to the simple redox reactions in contrast,
for instance, to complex mechanisms of intercalation compounds.2 Re-
garding processing, organic materials of polymeric nature are potentially
flexible and compatible with efficient industrial processing such as roll-to-
roll techniques. Yet, in order to raise their competitiveness, some of their
characteristics are posing challenges that need to be overcome, either via the
use of original strategies or the development of new materials with more
desirable properties. Among the challenges to be faced, organic materials
usually display lower thermal stability and lower volumetric energy density.
Additionally, they often display a finite solubility in common battery elec-
trolytes for LIBs. This drawback is frequently sought to be mitigated via new
electrolyte formulation or the incorporation of electrochemical moieties in
polymer and organic salts.

Regarding the electroactive compound nature, all organic molecules that
undergo reversible redox reactions are in principle suitable candidates for
electrode materials. Because of the large assortment and variety of these
materials, different classifications can be applied. They can notably be
classified according to their chemical functionality or structure and also
according to redox reaction directions, i.e., oxidation and/or reduction,
that are accessible to the electroactive base material. The former classifi-
cation will be used in this chapter to provide an overview of a selection
of materials. The latter classification is defined here because of the
consequences related to the material class properties with respect to its
implementation in an actual battery. In this classification (Figure 5.1),
three categories of materials are distinguished: p-type organics (P1/P) yield
cations upon oxidation, whereas n-type organics (N/N�) yield anions upon
reduction, and b-type organics (B1/B/B�) can be both oxidized and
reduced.3

Organic compounds have mostly their redox potentials ranging roughly
between 2 V and 4 V, which makes them usually more suitable as a cathode
than anode.4 Materials of every class can be theoretically used at the
positive or the negative electrode, but as a general rule of thumb, p-type
organics display higher redox potentials than n-type ones. Whether the
active compounds behave as a positive or negative electrode material de-
pends on their redox potential and on that of the particular counter
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electrode. As a large potential difference is commonly desirable, it influ-
ences the choice of respective materials to be implemented within the set
of electrodes. Most of the electroactive organics are processed in the un-
charged state. As for n-type materials, they are potentially Li1 exchanging
materials.

Yet Li1N� is most often unstable in an ambient atmosphere because of
the spontaneous hydrolysis reaction and oxidation reaction, especially when
the N/N� redox potential is lower than 2.5 V vs. Li/Li1.3

Therefore, for implementation with conventional LIB materials, the oxi-
dized uncharged form is more suitable as a negative electrode material,
otherwise as a positive electrode material they need to be processed in the
reduced state, which may require a pretreatment.5

P-type materials in their reduced state are intrinsically compatible with
traditional LIB-negative materials. Yet the positive electrode is not ex-
changing Li1 cations. In the present case, the mechanism of operation in-
volves both ions from the electrolyte, thus the cell is by definition a dual-ion
cell. There lies a major difference with LIBs which are based on the rocking
chair principle. Additionally, the resulting hybrid batteries are better called
lithium batteries or lithium metal batteries when the negative electrode is
lithium metal. Since the electrolyte is not just an ion-transferring medium, a
practical consequence is that the salt concentration is decreased upon
charging. Because of the charge compensation, this may affect performances
of the system under operation and requires an excess of lithium salt that has
a non-negligible impact on the volumetric capacity of the cell.6 In the case of
all-organic cells, p-type match well with n-type materials, as positive and
negative electrode materials, respectively, provided they are processed in
the same state of charge. If both electrodes are of the same type, cell as-
sembly is then carried out so that one electrode material is in the oxidized
state, while the other is in the reduced state. This is a common strategy in
the case of all-organic cells.

Figure 5.1 The redox reaction of three types of electroactive organics: (a) n-type;
(b) p-type; (c) bipolar. A� stands for an anion of the electrolyte. Li1 can be
replaced by other alkali ions.
Reproduced from ref. 3 with permission from the Royal Society of
Chemistry.
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5.2 Organic Batteries Based on Nitroxide Radicals
The purpose of the present section is to focus on oxygen-centered radical
compounds and more specifically those involving nitroxide functional
groups. Nitroxide-based polymers are widely acknowledged as the most
studied radical compounds for electrode applications. Nitroxides are po-
tentially able to undergo reversible reduction to an n-doped aminoxyl
anion and/or a reversible oxidation to a p-doped oxoammonium cation
(Figure 5.2). To allow stability of the nitroxide group, bulky substituents
such as alkyl groups are usually surrounding the radical. The most repre-
sentative example of stable nitroxides as a small molecule is 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO), which has found numerous applications
as a probe for biological systems, a radical trap, a catalyst in inorganic
oxidation reactions, a mediating species for controlled radical polymer-
ization, etc.7–12

Studies on nitroxides for energy applications kicked off in 2002 with the
first report on their use as positive electrode material by Nakahara et al.,
which employed poly(2,2,6,6-tetramethylpiperidinyloxy-4-ylmethacrylate)
(PTMA). PTMA bears TEMPO units as redox-active side-groups (Figure 5.3).13

This compound displays a theoretical capacity of 111 mAhg�1 and affords
flat charge/discharge plateaus centered at 3.6 V vs. Li/Li1. In their report, the
group synthesized PTMA starting from its amine precursor, obtained via
free-radical polymerization of 2,2,6,6-tetramethylpiperidine methacrylate
monomer (TMPM), and subsequently oxidized with 3-chloroperoxybenzoic
acid into the redox-active form. PTMA later became one of the most studied
of its class, and many other groups reported their own synthesis strategies,
relying on techniques such as atom transfer radical polymerization
(ATRP),14–16 reversible addition–fragmentation chain-transfer polymer-
ization (RAFT),16 group-transfer polymerization (GTP),17 single-electron
transfer-living radical polymerization (SET-LRP)18 and nitroxide-mediated
polymerization (NMP).16

One of the most distinctive of such nitroxide compounds with respect to
other electroactive materials, whether they are organic or inorganic, is the
high-rate capability. Kinetic studies have evidenced very fast reaction rates
with electron transfer rates constants of about 10�1 cm s�1,19 surpassing
the value of ferrocene 10�2 cm s�1,6 a well-known internal calibrator in
electrochemistry. Such high kinetics can be explained by structural aspects;
the nitroxide radical hybridized orbital was found to exhibit a character in-
between pure sp2 and sp3 of oxoammonium cation and amine, respectively.

Figure 5.2 n- and p-Doping mechanism of nitroxide compounds in the presence of
a lithium-based electrolyte.
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The structure thus experiences minimal structural changes upon oxidation
in addition to the absence of bond cleavage/formation, both being bene-
ficial for the reaction rates.

As for the electron transfer within a radical polymer composite, five pro-
cesses are potentially rate-determining steps: the interfacial charge transfer
between the current collector and the conductive filler, the electric con-
duction in the conductive filler network, the heterogeneous charge transfer
at the conductive filler/polymer interface, the electron hopping between
redox groups within the bulk polymer layer and the diffusion of electrolyte
counter-ions throughout the composite.6

As the first two processes are usually smooth, research is more focusing
on the last three factors. In particular, owing to their insulating behavior,
the charge transfer is regarded as sluggish and can be the rate-limiting
step to the propagation of the redox process within the bulk polymer.
Therefore, the electrodes typically incorporate conductive fillers – as much
as 70 wt% in the earlier reports – to support the redox process,20 especially
at the very high rates that the nitroxide redox kinetics can potentially
deliver.

The last electron transfer process, counter-ion diffusion, is another
limiting parameter at very high current densities and hence can prevent
full material utilization. It is worth noting that from that standpoint the
charge process can be slightly less efficient than the discharge process
because the concentration of the electrolyte salt drops to a minimum at the
fully discharged state.6 As for the cyclability of nitroxide-based polymer
electrodes, the redox species are regarded as offering good long-term cyc-
ling stability (41000 cycles). Nevertheless, even high-molecular-weight
polymers of this class are usually soluble in standard organic solu-
tions,17,20 leading to the so-called shuttle effect – and related self-discharge
issues – as well as considerable initial irreversible capacity loss. In that
respect, conductive carbon additives generally serve an additional purpose
to their charge collection enhancement role, that is, adsorbing soluble
species and hence retarding the effects of the slow dissolution of active
materials.21

Figure 5.3 Chemical structures of two main representatives of nitroxide radicals:
2,2,6,6-tetramethylpiperidine-1-oxyl (1, TEMPO), and poly(2,2,6,6-tetra-
methylpiperidinyloxy-4-yl methacrylate) (2, PTMA).
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5.3 Variations of Nitroxide Polymer Structures and
Their Related Properties

Thanks to their many promising properties, nitroxides have enjoyed vivid
interest as evidenced by many different related structures proposed in the
literature. Some of them were designed to cope with the relatively low the-
oretical capacity of PTMA (111 mAhg�1) in comparison with common
inorganic electrode materials (140 mAhg�1 to 170 mAhg�1). This value
drops to 70 mAhg�1 when the weight of the counter-anion is considered
(assuming it to be PF6

�).
Some of these variations have been designed to simplify the polymer motif

or to increase the redox-active group over molecular weight ratio (per re-
peating unit). An example of such a structure with a higher theoretical cap-
acity is poly(2,2,6,6-tetramethylpiperidine-N-oxyl-4-vinyl ether) (Figure 5.4;
PTVE, 135 mAhg�1).22,23

Other attempts have also been made to improve the rate capabilities. For
instance, a conjugated backbone is expected to exhibit semiconductivity and
enhance charge transport properties. This strategy has been applied to the
design of polyacetylene derivatives such as the one displayed in Figure 5.4.24,25

Another example is the polyether derivative (Figure 5.4) displaying a flexible
and ionophoric backbone obtained from an epoxide-functionalized TEMPO
monomer.26 Structural variations have also been brought to modulate the
potential of the redox groups. As for the p-type doping, the tuning can only be
achieved over a limited potential window (3.5 V to 3.8 V vs. Li/Li1).6 The po-
tential of the n-type is more interesting from an application standpoint as it
can bring nitroxides to be implemented as negative electrode materials.
Furthermore, there is the possibility to assemble an all-polymer cell thanks to
a reasonable potential difference (around 1.0 V) accessible with variations of

Figure 5.4 Chemical structure variations of nitroxide-based polymers: (1)
poly(2,2,6,6-tetramethylpiperidine-N-oxyl-4-vinyl ether) (PTVE), (2) poly-
acetylene derivative, (3) polyether derivative, (4 and 5) poly(nitroxylstyr-
ene) derivatives, and (6) poly(nitronylnitroxide) derivative.
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poly(nitroxylstyrenes): one using a structure displaying its p-doping redox
activity at a higher redox potential (positive electrode) and the second with
a structure bearing trifluoromethyl groups optimized for its n-doping process
at lower potential (negative electrode) (Figure 5.4).27 Another point of
interest regarding n-doping is the design of structures that can be both
reversibly n-doped and p-doped such as the poly(nitronylnitroxide) reported
by Suga et al. (Figure 5.4), which displays its redox activity at 2.33 V vs. Li/Li1

and 3.60 V vs. Li/Li1. This n-doping process is then of practical interest for
positive electrode applications thanks to its higher overall theoretical capacity
of 206 mAhg�1 considering both redox processes.28

Density functional theory (DFT) has been used to predict the voltage of
PTMA-based radical molecules.29

Using this predictive approach, newly designed radicals were investigated.
Starting from the PTMA molecule, the methyl groups around the nitroxide
center were substituted with various functional groups in order to study their
effects on the redox potential.30 The –OCH3 electron-donating group (EDG)
as well as various electron-withdrawing groups (EWGs), –H, –CH2OH,
–CH2Br, –CBr3, –CH2Cl, –CCl3, –NO2, –CH2F, –CHF2, –CF3 and –F, were in-
vestigated. Since the reference is the methyl group, the –H and –CH2OH
groups were considered in the EDG category. In Figure 5.5a, the four pos-
sible positions of the methyl groups are named A, B, C and D. Since the
PTMA polymer is modeled with the simpler TEMPO radical, these four

Figure 5.5 (a) TEMPO molecule with the four positions (A, B, C and D) of the methyl
groups around the nitroxide center. (b) Top view of the TEMPO radical
illustrating the mirror symmetry. (c) Illustration of the substitution of
the methyl groups by trifluoromethyl groups: one CF3 at position A, two
CF3 at AB, three CF3 at ABC and four CF3 at ABCD, respectively.
Reproduced from ref. 30 with permission from Elsevier, Copyright 2017.
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positions present a mirror symmetry as illustrated in Figure 5.5b. Position A
is equivalent to position D, and B is equivalent to C. On the other hand,
position A is not equivalent to position B (or D to C). A and D positions are
closer to each other than positions B and C. Consequently, the influence of
the functional groups is different at A and D than at the B and C positions.
This mirror symmetry allows to reduce the number of simulations, since, for
example, the substitution of two methyl groups at positions A and B is
equivalent to that at positions C and D (written CD in the following).

For a given functional group, nine newly designed molecules are investi-
gated with substitutions at the following positions: A, B, AB (equivalent to
CD), AC (equivalent to BD), AD, BC, ABC (equivalent to BCD), ABD (equiva-
lent to ACD) and ABCD. In Figure 5.5c, the substitutions of the methyl
groups by CF3 are illustrated: from top to bottom, one CF3 at position A, two
CF3 at AD, three CF3 at ABC and four CF3 at ABCD. The geometry of every
new molecule created by substitution of functional groups is optimized with
the same level of theory as mentioned above. The computed voltages of the
newly designed radicals were found to range from 3.4 up to 6.2 V depending
on the number and position of the functional groups (see Figure 5.6).30

Figure 5.6 Voltage (vs. Li1/Li) versus capacity for the newly designed radicals
(modified TEMPO radicals). The capacity is calculated by adding the
molecular weight of PMMA to allow the comparison with the PTMA
(TEMPO attached to PMMA). These values are to be compared to the
3.6 V and the 111 mAh g�1 of the Li-ion PTMA battery (indicated by the
black star TEMPO). This graph is to be read as follows: for a functional
group listed in the legend, the nearest, second nearest, third nearest and
the farthest values to the TEMPO black star correspond to one, two, three
and four substitutions, respectively.
Reproduced from ref. 30 with permission from Elsevier, Copyright 2017.
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This study paves the way toward the experimental investigation of novel
substituted nitroxide radical-containing polymers.

5.4 Nanostructures in Nitroxide Polymer Electrodes
As evidenced earlier in this chapter, a suitable radical polymer electrode
should be insoluble in the electrolyte and rely on a minimal amount of
conductive additive to achieve the best balance between specific capacity
and power performances. Polymers such as PTMA are only partially fulfilling
these requirements.

To cope with its slow dissolution in the electrolyte, the traditional solu-
tions are to increase the molar mass or to cross-link the electroactive poly-
mer. A less traditional approach was realized by Lin et al. who grafted the
electroactive polymer on silica nanoparticles using surface-initiated ATRP
(SI-ATRP).31

Two other strategies were developed by Hauffman et al., both taking ad-
vantage of block copolymer self-assembling properties (Figure 5.7).15,32 Their
strategies relied on the synthesis by ATRP of diblock copolymers combining
a PTMA block linked to an insoluble polystyrene (PS) block (PS-b-PTMA).
In the first strategy, they aimed at obtaining copolymer micelles that
were incorporated in relatively classical composite electrodes by blending
them with conductive carbon and a binder.15 In their second report,
they used similar block copolymers to realize thin films with phase segre-
gation of PTMA cylindrical domains in a PS matrix. The resulting nanos-
tructured thin film prepared on indium tin oxide demonstrated high rate
performances when tested as electrode in an acetonitrile-based electrolyte.32

Interestingly enough, a perpendicular orientation of the cylindrical PTMA
nanodomains was obtained by solvent annealing with a carbonate-
containing solvent similar to the solvent used in classical electrolytes for
Li-ion batteries.

Figure 5.7 Schematic representation of nanostructured organic radical cathodes by
self-assembling block copolymers in solution and in bulk with the aim of
their application in organic radical batteries (ORBs).

Nitroxides in Battery-related Applications 195

https://www.twirpx.org & http://chemistry-chemists.com



Another interesting strategy to prepare thin-film electrodes was disclosed
by Choi et al.33 In their report, they describe a method to individualize
single-walled carbon nanotubes (SWCNTs) and wrap them with PTMA at the
molecular level. This approach is somewhat similar to the noncovalent
grafting of PTMA on CNTs that will be discussed extensively in Section 5.5.
The favorable dispersion and the thin-film structure (o200 nm) of this
composite material also allowed to reach high rate performances with a very
low dead-weight content (4 wt% of SWCNTs) in an acetonitrile-based
electrolyte.

Nevertheless, in all the above-mentioned systems, there is a significant
dead-weight in the resulting material, and/or the rate performances are
demonstrated at the very favorable level of thin films. Furthermore, with the
exception of polymer-wrapped SWCNTs, these strategies are not addressing
the main downside of traditional approaches which is related to the con-
ductive agent incorporation after all synthetic steps, hence preventing
achievement of the formation of an ideal composite structure at the nano-
scale. A straightforward approach to circumvent this issue was proposed by
Vlad et al.34 The solution that has been adopted consists in incorporating the
conductive charge directly during the synthesis of the polymer (in situ). To
this end, all reagents (monomer, radical initiator and cross-linking agent)
are ground and blended together in the solid state in the presence of the
SC45 nanocarbon conductive agent. Afterward the reaction mixture is heated
up above the monomer melting point in the reactor to form first a slurry
where the polymerization process takes place upon further heating
(Figure 5.8a). This melt polymerization process possesses the further ad-
vantages that it is solvent-free, and that it can potentially be scaled up, as
demonstrated by successful preparations at the 100 g scale. Comparisons
made with ex situ incorporation of carbon after all synthetic steps showed
that although conductivity is lower for in situ carbon incorporation, the rate
performances are higher thanks to the texture of the composite material

Figure 5.8 (a) Schematic representation of the solvent-free melt-polymerization to
synthesize PTMA with in situ incorporated carbon. The monomer is
melted and blended in the presence of SC45 prior to polymerization.
(b) Schematic of various PTMA/C composite morphologies: left, carbon is
uniformly dispersed within the polymer matrix as it is better obtained via
its incorporation during the polymerization; right, carbon primarily
coats the surface of polymer particles as usually obtained when incorpor-
ation is carried out after all synthetic steps.
Reproduced from ref. 34 with permission from John Wiley & Sons,
Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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which is more favorable to the electrochemical reaction propagation upon
cycling (Figure 5.8b). In their study, they evidenced that their composites
enabled long-term cycling (41200 cycles) and also that PTMA with 30 wt%
of carbon can deliver more than half of its nominal capacity at
impressive C-rates higher than 20 C.

Another possibility could be to encapsulate PTMA into semipermeable
nanostructures. Those nanosized objects will have to allow the diffusion of
the electrolyte in their interior, while the diffusion of PTMA chains out of
the nano-objects should be prevented. Full utilization of the PTMA for
redox processes is expected to be obtained at the nanoscale, while homo-
geneous dispersion of the nanosized objects into a conducting network will
be required to allow the transfer of electrons. In this respect, PTMA core–shell
nanospheres with a cetyl trimethyl ammonium bromide shell (PTMA@CTAB)
were prepared as an active component for the preparation of free-standing
composite electrodes with functional rGO nanosheets mixed with multi-
walled carbon nanotubes (rGO@MWCNTs).35 As depicted in Figure 5.9,
thanks to the flexibility of rGO nanosheets and the electrostatic interactions
between the negatively charged rGO and the positively charged PTMA@CTAB
nanospheres, the latter ones are dispersed uniformly on the surface of rGO and
wrapped one by one without aggregation. With the assistance of van der Waals
forces between rGO nanosheets and the bridging connections originating from
MWCNTs, free-standing PTMA@CTAB@rGO@MWCNT composite membranes
with hierarchical structures are easily obtained through vacuum filtration.35

With the protection of rGO shells, the stability of PTMA in the organic
electrolyte is significantly improved, and long cycling life has been measured
with only 0.03% capacity loss per cycle. At the same time, the uniform dis-
persion of the nanospheres in the hybrid system leads to a high mass
loading of PTMA accompanied by around 100% of active substance

Figure 5.9 Schematic illustration of the procedure used to produce
PTMA@CTAB@rGO@CNT free-standing cathode materials.
Reproduced from ref. 35 with permission from Elsevier, Copyright 2019.
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utilization. Most importantly, when the cycling voltage range was extended
from 2 V to 4 V (Figure 5.10), the composite electrodes show almost the
highest reported specific capacity (105 mAhg�1) reported so far for PTMA-
based electrodes when normalized to the mass of the whole cathode (no
need to consider the quality of the current collector due to the free-standing
characteristics), owing to the utilization of Faradaic surface reaction of rGO
and the second electron redox reaction of the nitroxide radicals in PTMA to
aminoxyl anions.35 Finally, the entire self-assembly process of the composite
membrane is carried out in water without polluting the environment, and
the presented approach can be easily extended to other active polymers.

In a related study, porous SiO2 shells were used to protect PTMA from dif-
fusion into the organic electrolytes. This leads to the improvement of the
stability of PTMA, which is further utilized as an effective active component for
the preparation of free-standing composite cathodematerials with MWCNTs.36

Figure 5.10 (a) Cyclic voltammograms curves of PTMA@CTAB@rGO@MWCNT with
the initial two and the 100th scan (0.05mVs�1). (b) Cyclic voltammogram
curves of rGO@MWCNT with the initial three scans (0.05mVs�1).
(c) Charge/discharge curves of PTMA@CTAB@rGO@MWCNT at
different C rates. (d) Galvanostatic charge/discharge behaviors of
PTMA@CTAB@rGO@MWCNT when normalized to the whole electrode
weight with two cycles at 0.1C. All of the electrochemical measurements
were performed in the 2 to 4 V voltage range.
Reproduced from ref. 35 with permission from Elsevier, Copyright 2019.
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5.5 Grafting of Nitroxide-containing Polymers onto
Carbon Nanotubes

As stressed above, the incorporation of redox centers into macromolecules
inherently presents the advantage of decreasing issues related to the solu-
bility of redox species into standard nonaqueous electrolytes. Yet to be
efficient such approaches usually make use of cross-linked polymers. Gen-
erally, the electrode formulation based on low conductivity organic macro-
molecules is thus performed after all synthetic steps, leading to difficulties
to obtain a nanoscale homogeneous conducting network. As a consequence,
cross-linking is an obstacle that prevents reaching the highest degree of
homogeneity. This is where rational design can help by targeting at struc-
tures that would permit the combination of facilitated charge transfer and
improved robustness. From an application standpoint, an improved charge
transfer would bring improvements either in terms of power density or en-
ergy density. When it comes to organic electrodes with high carbon content,
it is particularly true that these two density parameters can be addressed by a
common strategy. For instance, a facilitated charge transfer allows higher
power performances at a given carbon content. Conversely, the same power
performances can be expected at a lower carbon content, which therefore
benefits the energy density. Grafting of nitroxide-containing polymers on
CNTs could be an efficient way to meet those expectations. Owing to their
inert nature, CNT functionalization presents many challenges to achieve an
enhancement or addition of desirable properties without a significant trade-
off of others. Indeed, CNTs do not disperse well in most common solvents,
hold an important chemical stability and do not present a significant
amount of surface chemical functions intrinsically. Designing the best sur-
face chemistry approaches while circumventing these limitations promises
to extend the field of applications by improvement of the solubility and
compatibility of CNTs in solvents and matrices, tailoring the structure and
properties of CNTs and preparation of novel CNT-based devices, composites,
biocomplexes and adducts. Surface functionalization methods are classified
into two major categories: covalent or noncovalent. For the noncovalent
approach, the strategies rely on physisorption. Physisorption is an ad-
sorption mechanism involving physical interactions, therefore relying on
electrostatic, van der Waals or hydrogen bond interactions. For the covalent
approach (also called grafting), the strategies rely on chemisorption, that is,
the creation of chemical bonds as the reactant molecules are modifying the
surface of the substrate.

Noncovalent interactions between PTMA and the conductive material have
been considered with imidazolium37 (cation–p interaction) and pyrene38

(p–p stacking) as anchoring points to immobilize PTMA onto nanostructured
carbon derivatives. Zhang et al. recently reported a noncovalent interaction
between a pyrene-functionalized PTMA and reduced graphene oxide (rGO).38

In that study, a two-electron redox process promoted by the rGO led to high
capacities. Since the PTMA/rGO composites developed by Zhang present a

Nitroxides in Battery-related Applications 199

https://www.twirpx.org & http://chemistry-chemists.com



decrease in capacity (from 1 to 10–20 C) when submitted to variable rates,
Hergué et al. investigated the importance of the number of pyrene units
anchored along the PTMA chain to improve the performance of the corres-
ponding PTMA/CNT nanocomposites.39 In this report, two pyrene-based
PTMA structures were studied and used with multiwalled CNTs (MWCNTs).
The first was a PTMA polymer bearing a single pyrene end-group. It was
intentionally designed to confer a low steric hindrance and less conforma-
tional constraints to the homopolymer when the pyrene interacts with the
carbon surface. For the second system, pyrene units were incorporated along
the PTMA chain, by copolymerization of a pyrene-substituted methacrylate
with the TEMPO-substituted methacrylate. The influence of the macro-
molecular architecture on the electrochemical response was assessed, fo-
cusing on the capacity retention upon cycling and on the cycling rate.39 To
shed light on the nature and stability of the functionalized PTMA/CNT
interface, the interactions between the (co)polymer chains and the carbon
surface were investigated with molecular modeling techniques. In this re-
port, the controlled synthesis of pyrene-functionalized PTMA-based (co)-
polymers was achieved via atom transfer radical (co)polymerization (ATRP).
Since the dangling nitroxide groups of the PTMA can be readily obtained by
oxidation of the corresponding secondary amine, 2,2,6,6-tetramethyl-4-
piperidyl methacrylate (TMPM) has been used as comonomer in the process.
The structure of pyrene-functionalized PTMA-based (co)polymers is depicted
in Figure 5.11.39

In the following report, Hergué et al. synthesized a block copolymer as-
sociating poly(3-hexylthiophene) and poly(2,2,6,6-tetramethylpiperidinyloxy-
4-yl methacrylate) (P3HT-b-PTMA) as active cathode material for batteries.40

The P3HT blocks were expected to further interact via noncovalent inter-
actions with CNTs. While PTMA segments were prepared by ATRP, P3HT
blocks were generated by Kumada-catalyst transfer polycondensation

Figure 5.11 Structure of pyrene-functionalized PTMA-based (co)polymers ( y¼ 0 for
the PTMA polymer bearing a single pyrene end-group).
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(KCTP). Both types of blocks were characterized by defined molar masses,
narrow dispersities and controlled end-groups. Very efficiently, P3HT-b-
PTMA diblock copolymers were obtained by a copper azide–akyne coupling
cycloaddition of these two end-functionalized blocks (Figure 5.12). Films of
P3HT-b-PTMA/CNTs/binder (30/60/10 in weight) were used as cathodes, and
their performances in half-cells were studied. As compared to homo-
polymers or physical mixtures of both P3HT and PTMA, the diblock topology
allows a real improvement of the capacity cells to be obtained. The elec-
trochemical properties of the half-cells are improved by 25% for P3HT31-b-
PTMA87 with a capacity of 60 mAhg�1 after 180 cycles (54% of theoretical
capacity) and by 60% for P3HT35-b-PTMA48 (85 mAhg�1 after 180 cycles,
77% of theoretical capacity).40 The rate performances recorded between C/10
and 60C show a decrease in capacity from 116 to 75 mAhg�1 (67% of the
nominal capacity).48 The initial properties were recovered while using
the initial rate at the end of the experiment, confirming the stability of the
P3HT-b-PTMA electrodes.40

Covalent functionalization of CNTs can be performed either by the
grafting-from or grafting-onto strategies. Grafting-from processes are typi-
cally realized in two steps. The first step consists in the functionalization of
the surface with a polymerization initiator.41 Usually the tethering of initi-
ator moieties is carried out on a reactive site generated or already present at
the surface. The second step is the polymerization carried out in situ in order
to carry the chain growth. During a grafting-from process, the polymer-
ization of the brushes implies the diffusion of the monomer. It turns out that
this diffusion of small molecules is an advantage in comparison to the
grafting-onto situation where the diffusion process toward the surface in-
volves polymer chains. Consequently, the grafting from allows to aim at
higher loading and grafting density.42 Nevertheless, some considerations
regarding steric hindrance are still relevant. In the case of free radical

Figure 5.12 Synthesis of poly(3-hexylthiophene-block-2,2,6,6-tetramethylpiperidiny-
loxy-4-yl methacrylate) (P3HT-b-PTMA) diblock copolymers by copper
azide–alkyne coupling cycloaddition from P3HT–Alk and N3–PTMA.
Reproduced from ref. 40 with permission from the Royal Society of
Chemistry.
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polymerization (FRP), it has been evidenced that the initiator efficiency is
significantly reduced due to its tethering in comparison to its soluble
counterpart. This difference could be due to the confinement of the initiator
at the surface.43 Even in the case where the initiator is bound to the surface
through a long alkyl chain, its diffusion outside the solvation shell and to-
ward the monomers is hindered. This results in a decrease in the initiator
efficiency and possible deactivation of propagating radicals. Furthermore, a
decrease in the efficiency is related to the kinetics characterizing every FRP,
which are by definition uncontrolled.43 Such polymerization processes
usually exhibit a slow initiation step with respect to propagation. As all the
chains are not initiated at the same time, some early-growing chains are
already long enough to hinder the diffusion of monomers toward later ini-
tiating sites. This phenomenon is even more pronounced as chains are be-
coming longer and spread on the surface. To circumvent such issues,
controlled radical polymerization techniques (CRPs) can be advantageously
applied. More specifically, surface-initiated ATRP (SI-ATRP) is particularly
suited for the polymerization of 2,2,6,6-tetramethyl-4-piperidyl methacrylate
(TMPM), the precursor of PTMA.31 This strategy has been successfully ap-
plied for the synthesis of MWCNT-g-PTMA composites, as depicted in
Figure 5.13.44 The first step consists of introducing functionality on the
MWCNT surface via chemical oxidation, leading, among others, to carb-
oxylic acid functions. Next, the carboxylic acid functions are activated with
SOCl2. The accordingly generated acyl chloride subsequently reacts with the
alcohol group of 2-hydroxyethyl bromoisobutyrate, affording the MWCNT-
initiator for subsequent SI-ATRP.44

Extended chemical and morphological analysis confirmed the compact
core–shell morphology with a high active material mass loading of 60 wt%.
The electrodes made out of these MWCNT-g-PTMA composites display good
cycling stability (87% of capacity retention after 200 cycles), good rate cap-
abilities and an excellent specific capacity (85% of the theoretical capacity).44

The grafting onto consists in the tethering of polymer on a surface by
means of a chemical reaction between a reactive functional group belonging
to the polymer and a reactive site on the surface to graft. The covalent bond
formed between the surface and polymer chain makes the bond robust and
resistant to common chemical environmental conditions. From a reactivity
standpoint, the grafting is possible as long as the surface chemical sites can
interact with the polymer functional groups. Macromolecular chains must
diffuse through the existing polymer film to reach the reactive sites on the
surface.41 When the covering of the surface is increasing, the access to re-
sidual sites by the subsequent chains to graft becomes hindered. Addition-
ally, the grafted chains may be coiled or even collapsed on the surface,
masking neighboring reactive sites. Therefore, to achieve dense and
homogeneous grafting of a polymer, the density of reactive sites on the
surface and a proper polymer functionalization are important parameters to
master as they determine process efficiency. This latter parameter can
benefit substantially from the use of controlled polymerization techniques
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that allow to control precisely the composition of the synthesized polymer
chains. MWCNT-g-PTMA composites were obtained via the grafting-onto
methodology.45 A reactive copolymer incorporating a PTMA sequence along
with a sequence bearing azide functional groups was first prepared. Intro-
ducing alkyne groups at the MWCNT surface then enables the anchoring of
the block copolymer via the well-known copper-catalyzed azide–alkyne cy-
cloaddition (CuAAC; Figure 5.14). This strategy yielded the grafted material
MWCNT-g-PTMA with a PTMA content up to 30 wt% while offering superior
electrochemical performance with respect to a more traditional blend of
PTMA/MWCNTs.45

5.6 Redox Flow Batteries Based on Nitroxide-
containing Polymers

Renewable energy sources such as solar, wind and hydroelectric are by defin-
ition intermittent. Therefore, there is a time imbalance between production
and consumption which could be resolved by decoupling generation from
demand. The availability of solutions such as electrochemical energy storage
systems could help to eliminate the distinction between base-load and peak
generation, allowing loads at any time to be serviced by the lowest energy
sources. Redox-flow batteries (RFBs) could fit the position of storage systems in
a smart grid environment thanks to their design and characteristics. A main
advantage of RFBs is that power (electrode area) and energy (arbitrarily large
storage volume) components can be scaled independently, allowing a flexible
design owing to the fact that electro-active species are maintained in fluid form.

RFBs have their origins tracing back to the 1960s, with the development of
the zinc/chlorine hydrate battery.46 As a general description, a redox-flow cell
uses two circulating fluids containing soluble redox species which are oxi-
dized or reduced to store or deliver energy. The electrolyte fluid containing
the positive electrode species is named the catholyte, while the other fluid
containing the negative electrode species is named the anolyte. The cell
possesses an ion-selective membrane separating the electrode compart-
ments where the fluids are pumped from their respective tanks. The redox
species are thus reacting in contact with or in close proximity to the elec-
trodes, while the membrane allows the transport of nonreacting ions (such
as H1 or Na1) to maintain electroneutrality and electrolyte balance. How-
ever, a significant capacity decay is usually affecting those systems due to the
lack of satisfactory membranes, inducing a crossover of electroactive species
across the utilized anion exchange membrane. Similar difficulties are still of
current concern nowadays, that is, the lack of both appropriate and in-
expensive membranes with the desirable selectivity. Furthermore, these
systems are still of relatively low energy density (25 Whkg�1) due to the
limited solubility of species. Consequently, RFBs are better applied to sta-
tionary applications and are only mobile in the form of modularized cells in
shipping containers. Nevertheless, RFBs display interesting features such as
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safety of operation in comparison to classical solid electrode batteries, the
possibility to switch between charging and discharging within a fraction of
seconds, a better energy density than pumped hydro storage, etc. However,
wide-scale utilization of RFBs is limited by the abundance and cost of their
components, particularly when it comes to systems using redox-active me-
tals and precious metal electrocatalysts.47 Replacing these metals by elec-
troactive organic compounds is not only offering the advantage of materials
that are based on potentially more abundant and inexpensive resources but
could also provide solutions to several metal-related problems. In turn, this
may lead to more competitive RFBs in the future. Such organic materials can
be small molecules (molar masso1000 gmol�1) or macromolecules such as
polymers. Noteworthy are the promising systems proposed by Winsberg
et al.48,49 and Janoschka et al.,50 which rely on the use of PTMA copolymers.
In their copolymers, the redox-active macromolecules were rationally
designed so that they bear TEMPO redox-active units combined with water-
solubility providing units, the latter preventing the deposition of the co-
polymer in its reduced state. Such copolymers were then applied as catholyte
materials in aqueous electrolytes in combination with Zn21/Zn0

(Figure 5.15)48,49 or polyviologen anolytes.50 In these designs of such RFBs,
an advantage is made clear. Since they can make use of simple size exclusion
membranes, they do not require expensive selective solutions such as Nafion
that would increase the ownership costs.

Figure 5.15 An aqueous redox flow battery using a zinc-based anolyte and a PTMA-
based catholyte.
Reproduced from ref. 48 with permission from the Royal Society of
Chemistry.
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5.7 Hybrid Pseudocapacitors Based on Nitroxide
Polymers

Batteries and supercapacitors both rely on electrochemical processes that
determine the power and energy performance metrics. Whereas batteries
rely on bulk reaction properties, supercapacitors, also known as electrical
double-layer capacitors (EDLCs), are involved in surface charge storage. Al-
though significant progresses have been made to provide higher power
density batteries and higher capacity density supercapacitors, the research is
also focusing on electrode materials that combine the best of both worlds.
Recognizing that certain electrode materials can display EDLC-like power
performances while featuring redox processes that bring their capacity closer
to traditional LIB materials, a new classification was proposed for them as
pseudocapacitive materials.51

A noticeable example of pseudocapacitive materials is PTMA. Neverthe-
less, for all the reasons presented in their dedicated section in this chapter,
there is still a gap between nitroxide-based polymer electrode and LIB ma-
terials regarding the specific energy density. A straightforward approach to
reach higher capacity for such pseudocapacitive materials would be to
combine different energy storage materials within a single device. Such
hybrid systems have already been explored with the combination of LIB and
EDLC materials,52 but components only contribute to the performances in a
proportional relationship with their composition. Furthermore, power and
energy are decoupled. An elegant solution has been provided by Vlad et al.,
which makes synergistic use of pseudocapacitive and battery components.53

In their publication, they showed that enhanced battery–capacitor hybrids
offering more than the sum of their components can be realized by careful
choice of the supercapacitive and battery materials. This idea is exemplified
by the choice of LiFePO4 and PTMA as battery and pseudocapacitive ma-
terials, respectively. The key design principle of this concept is the rapid
electrochemical response in combination with higher working potential of
PTMA (Figure 5.16). This allows, at equilibrium, the preferential charging of
LiFePO4 at the expense of PTMA. Nonetheless, PTMA is the faster discharge
component. Using an appropriate pulse charge sequence, the rapid response
of PTMA will ensure fast charge. During the subsequent relaxation, PTMA
will charge the LiFePO4 component. Overall, this hybrid system was evi-
denced to provide high energy and power capacity, over-polarization pro-
tection, as well as fast and stable recharge over more than 1500 cycles.53

Additionally, its unique power-leveling capability could be of particular
relevance in solar conversion-storage units.

Applying the same rational, Dolphijn et al. designed a system based on the
coupling of PTMA with a higher voltage material (LiMn2O4).

54 The aim here
is to obtain hybrid electrodes with enhanced power delivery characteristics,
as oxidized PTMA1 will be both the favored and the best rate capable redox
species – hence acting as a power buffer (Figure 5.17).
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Figure 5.16 (a) Representation of the fast charge/relaxation process. The green and
black half-cylinders are indicative of the stored charge in PTMA and
LiFePO4, respectively. The relative position of the red disk indicates the
polarization of the constituents in the hybrid electrode. Except during
the charge, the polarization is the equilibrium open circuit potential for
each component. Fast charging leads to a thermodynamically unstable
configuration, with evanescent co-existence of high-potential PTMA1

with low-potential LiFePO4 species forcing an internal charge transfer
equilibration. The depicted situation is representative of 50% state of
charge, i.e., at equilibrium only the LiFePO4 component will be
charged, (b) capacity function of C-rate and applied current density
(symmetrical charge/discharge conditions) for LiFePO4, PTMA and
hybrid electrode. 1C corresponds to 100 mAg�1, 170 mAg�1 and
130 mAg�1 for PTMA, LiFePO4, and hybrid electrode, respectively.
Reproduced from ref. 53 with permission from Springer Nature,
Copyright 2014.
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5.8 Conclusion
This chapter should attract the attention of the community of researchers
working on redox organics and more specifically those dedicated to energy
storage applications. In this chapter, we have reviewed strategies based on
macromolecular engineering and rational design to enable electrochemical
performance improvements for energy storage devices incorporating
nitroxide-containing polymers and more specifically those based on
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA). These im-
provements target critical parameters relevant toward applications: energy
density, power density and cyclability. Additionally, the new chemical
structures and pathways as well as the interesting findings that we have
reviewed should be found appealing by the broader community of re-
searchers working on batteries and capacitors and also by those working on
such diverse topics as conductive and/or electroactive materials. Those re-
searchers are motivated by the context of a challenging era where mankind
has to face up to the pressing need for more sustainable, cleaner and yet
cost-efficient energy supply chains. While the common thread is dealing
with polymeric redox architectures, several axes of developments are pre-
sented to push forward their performance metrics.

For example, MWCNT-g-PTMA grafted materials display by essence per-
formances that could fill the gap between electrochemical capacitors and LIBs
in terms of energy density vs. power density, and this is where they could meet
application demands. Yet, in terms of implementation, they could find their
way by combining them with other electroactive components within a single
electrode. For instance, they could advantageously be hybridized with an

Figure 5.17 (a) Schematic of the one-electron redox in PTMA. The nitroxide radical
is the redox-active group, and is transformed into the oxoammonium
cation during the oxidation process. (b) Schematic energy levels de-
piction of the possible configurations. Fast discharge (pulsed, inter-
mittent or continuous) can be enabled whenever the fast component
has a lower equilibrium redox potential than the sluggish material.
Reproduced from ref. 54 with permission from Elsevier, Copyright
2017.
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inorganic component such as LFP (or LMO) to mitigate their relatively low
energy density and also to take advantage of synergistic effects regarding the
charge (or discharge) performances of the resulting electrode material. An-
other possibility would be to take advantage of their enhanced dispersion
properties. Since it is often challenging to reach an efficient distribution
without dispersing additives, MWCNT-g-PTMA could act as a compatibilizing
agent to help in the formation of the desired polymer-conductive charge hy-
brid structure.

From the perspective of enhancing electrode performances of redox or-
ganics, nitroxide-containing polymer materials demonstrated here that they
allow versatile functional and structural manipulations to tailor their re-
sulting electrochemical properties. This demonstration combined with their
contextual advantage of being more environment-friendly than currently
used inorganic materials should motivate further developments into more
elaborated devices. Nevertheless, this chapter carries messages and per-
spectives for future developments that should extend beyond the materials
and systems presented here. Although this chapter was mainly focused on
developments of batteries based on redox organics, projections can be an-
ticipated to other areas of material sciences and electrochemistry where
similar concepts and strategies are applicable.
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U. S. Schubert, Chem. Rev., 2016, 116, 9438.
5. P. Novák, K. Müller, K. Santhanam and O. Haas, Chem. Rev., 1997,

97, 207.
6. Y. Liang, Z. Tao and J. Chen, Adv. Energy Mater., 2012, 2, 742.
7. S. Barriga, Synlett, 2001, 2001, 563.
8. R. Ciriminna and M. Pagliaro, Org. Process Res. Dev., 2010, 14, 245.
9. J. Nicolas, Y. Guillaneuf, D. Bertin, D. Gigmes and B. Charleux in Polymer

Science: A Comprehensive Reference, ed. K. Matyjaszewski and M. Möller,
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52. D. Cericola and R. Kötz, Electrochim. Acta, 2012, 72, 1.
53. A. Vlad, N. Singh, J. Rolland, S. Melinte, P. M. Ajayan and J.-F. Gohy, Sci.

Rep., 2015, 4, 4315.
54. G. Dolphijn, S. Isikli, F. Gauthy, A. Vlad and J.-F. Gohy, Electrochim. Acta,

2017, 255, 442.

212 Chapter 5

https://www.twirpx.org & http://chemistry-chemists.com



CHAPTER 6

Computational Tools for
Nitroxide Design
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6.1 Introduction
Nitroxides are a class of molecules that exhibit a wide range of chemical
properties, the most significant and useful of which is their stability as
radical species. This radical stability has been utilised for a wide range of
chemical applications, including nitroxide-mediated polymerisations, as
fluorescent probes, and in electron paramagnetic resonance spectroscopy.
They are also able to undergo reversible oxidation and reduction, which has
been harnessed in batteries, solar cells, synthesis and even as medicinal
antioxidants. The many and various properties of nitroxides and their ap-
plications have been explored throughout this book; this chapter will focus
primarily on the methods and considerations for simulating their properties
and reactivity.

Computational chemistry is becoming an increasingly powerful tool for
modern chemists, as required theoretical insights are often invaluable when
rationalising experimental results. Throughout the chapter, emphasis has
been placed on utilising modern methods, software packages and literature
references to provide an up-to-date overview of how a new computational
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chemist may begin to tackle the challenges of nitroxide chemistry. Many of
the computational lessons taught in this chapter are generally applicable to
other areas of organic chemistry; the challenge often with nitroxides is that
many of their properties that may be otherwise calculated in isolation are
often coupled, for example, combining nitroxide-mediated polymerisations
(NMP), with their dependence on accurate kinetic parameters, with photo-
chemistry, and the difficulties when modelling excited states, is necessary to
study photo-NMP.

To that end, for a type of model chemistry, different theoretical con-
siderations are explored, such as single- vs. multi-reference and combin-
ations thereof, and the impact of different basis sets. Quantitative and
qualitative results are also discussed throughout, as are the ability for
different approaches to achieve them, and wherever possible recom-
mendations are made. We start with a discussion of the methods needed to
model complex spin systems, for which the challenge is the accurate
treatment of static correlation without incurring the massive costs of ex-
tensive multi-reference calculations. We then examine the methods needed
to simulate EPR spectra, which among other things requires specialised
basis sets for the correct treatment of core correlation. We then turn to
redox chemistry, where the focus shifts to the high-level single-reference
methods needed for treating dynamic correlation. For redox chemistry in
particular, the treatment of solvent effects also becomes a major potential
source of error, due to the participation of charged species. We then
examine alkoxyamine dissociation in the context of nitroxide-mediated
polymerisation, which uses similar methods to redox chemistry but quite
different strategies in structure–reactivity analysis. Finally, we examine
methods for the treatment of excited states, particularly in the context of
photo-NMP.

6.2 Modelling Complex Spin Systems
Many problems of interest are not adequately handled by conventional
methods. Important examples involving nitroxides include their transition
metal complexes, polyradicals, many excited-states, as well as the inter-
mediate structures encountered in bond-dissociation events.1–5 These cases
are said to be ‘‘strongly correlated’’, meaning that methods based on a single-
reference wavefunction are a poor approximation of the exact solution.
Numerous strategies for dealing with these problems are nonetheless
available to the modern chemist, but the functionality is often peculiar and
system dependent. We discuss the general theory supported by some recent
applications here.

6.2.1 Dynamic versus Static Correlation Energy

Quantum-chemical methods differ in their accuracy and complexity pri-
marily through their approaches to modelling the correlation energy (Ec). In
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the crudest sense, correlation is the error arising from the Hartree–Fock (HF)
approximation to the exact, non-relativistic, time-independent Schrödinger
equation within the Born–Oppenheimer approximation:6,7

Ec¼ E� E0 (6.1)

where E is the exact energy of the system, and E0 is the energy of the
corresponding (HF) wavefunction. Correlation has a somewhat different
definition in density functional theory (DFT), however the implications are
similar.8

In the HF regime, the many-body wavefunction is reduced to a Slater
determinant |Ci of one-electron molecular spin-orbitals (MO). Each MO is
‘‘independent’’, experiencing only the average field generated by all the
electrons in the system, such that the explicit many-body nature of the
problem is substituted for a coupled set of soluble one-body problems.
Indeed, it is from this model that we derive the familiar MO conception of
molecular electronic structure.

The ground-state solution to the resultant set of HF equations provides an
upper bound to the exact ground-state energy such that the error, Ec, is always
negative; although this is not necessarily true of the excited states. In gen-
eral, the complex MOs cannot be determined analytically, so a finite basis set
of N basis functions or atomic orbitals (AO) is introduced, and the MOs are
expanded in terms of these. Since the HF equations are nonlinear, the AOs
are iteratively mixed together to construct the lowest energy set of N MOs
(the self-consistent field method) such that, for an M electron HF system, M
MOs are completely occupied and N–M are empty or virtual. In this sense HF
is a single-reference approximation, as a Slater determinant is evidently
based on only one ‘‘configuration’’ of occupied MOs.

Correlation energy can be systematically recovered by expanding the total
ground-state wavefunction |F0i, as a linear combination of the HF reference
|C0i, and its ‘‘excited’’ configurations (configuration interaction or CI):

jF0i¼ c0jC0i þ
Xm

i4 a

ciajC
i
ai þ

Xm

i; j4a;b

ci; ja;bjC
i; j
a;bi þ . . . (6:2)

where |Ca
i i and |Ca,b

i, j i are the singly and doubly excited determinants formed
by elevating electrons from occupied (i, j etc.) to virtual HF MOs (a, b etc.). The
expansion coefficients cn, are determined from the CI matrix– an eigenvalue
problem – whose solutions correspond to the ground- and excited-states of the
system. In the full CI (FCI) limit, where all possible excitations are considered,
the exact correlation energy is recovered completely within the bounds of the
basis set. Such a calculation is virtually unfeasible however, as the number of
determinants in the CI expansion has factorial dependence on the number of
AOs. In practical applications, Ec is instead approximated by truncating the
expansion or, more commonly, by applying perturbation, coupled pair or
Green’s function theory. For the interested reader, archetypal methods are
discussed in Chapter 4 onwards of ref. 6.
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Single-reference post-HF and DFT methods deal directly with so-called
dynamical correlation, i.e., the error relating to electronic motion. Static
correlation, the focus of this section, arises from errors due to the use of a
single-reference wavefunction, and occurs when there is more than one
dominant resonance contributor.9 A simple but illustrative example is the
s-bond dissociation problem. At the equilibrium geometry, the HF reference
consisting of the s2 configuration, is physically sensible. As the bond is
stretched however, the (s*)2 configuration becomes increasingly important
such that at the dissociation limit, both configurations have equal weight in
the ground-state wavefunction. In this case, at least two MO configurations
are necessary for a valid description of s-bond dissociation.

Unlike dynamical correlation, static correlation is recovered only slowly by
expansions of the type in eqn (6.2). Efficient treatment of statically correlated
problems therefore requires instead a more general reference than the
single-reference wavefunction. Such a wavefunction can be found in the
multireference framework, i.e., where the reference is a superposition of two
or more MO configurations. In the multi-configurational self-consistent field
(MCSCF) method, the multireference generalisation of SCF, MOs and CI
coefficients is varied simultaneously in solving for a particular state. In this
way, MCSCF could be thought of as the union of HF, where only MOs of a
single determinant are varied, and CI, where the expansion coefficients are
varied within a basis set of frozen MOs.10

6.2.2 Multireference Methods

MCSCF is most commonly encountered in two related formalisms, namely
the complete active space self-consistent field (CASSCF) method, and its
reduced analogue, restricted active space self-consistent field (RASSCF). In
both schemes, the determinants defined for MCSCF are generated by a
full CI treatment of an active space, a selection of orbitals generated by an
initial HF calculation.11 CASSCF considers every configuration of the
expansion, whilst RASSCF invokes a set of selection criterion to reduce
the number of configurations to only the most pursuant contributors.
These specifications are denoted [n, m]-RAS/CASSCF or RAS/CAS(n, m),
where n and m are the number of active space electrons and orbitals,
respectively.

The resultant set of configurations grows aggressively with the size of the
active space, so the practical challenge occurs in selecting a computable
specification which best represents the chemistry of the problem. As a
minimum, this must include all MOs that are expected to change signifi-
cantly during some transformation, as well as those which are partially
occupied.12 Orbital point group symmetry should also be considered, espe-
cially in the calculation of spectroscopic properties where selection rules are
important; occasionally Rydberg orbitals might also be necessary.13 All these
considerations mean CAS/RASSCF is rather esoteric for the uninitiated, but
we stress that orbital selection, which we do not flesh out here, is extremely
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important.14,15 Introductory guides can be found in chapter 4.6 of ref. 7 or
chapter 14 of ref. 10.

Like HF, the multireference family is populated by a very large variety of
dynamically correlated methods. Common examples include variations on
multireference configuration interaction (MRCI) such as difference dedi-
cated configuration interaction (DDCI),16–21 multireference Moller-Plesset
(MRMPn) and restricted/complete active space perturbation theory (RAS/
CASPTn),22,23 as well as multireference coupled cluster theory (MRCC)
among others.24–26 CASPT2, being the most affordable option, is of course
most often encountered in the literature, although it should be noted that
perturbation theory in general is susceptible to spurious issues, such as
intruder states, which are not always foreseeable in the reference
wavefunction.27–30 Other methods have more limited application, but may
be the only options capable of satisfactory outcomes for especially difficult
problems.

RASSCF and many dynamical correlation methods are not size-consistent,
i.e., the energy of a non-interacting dimer is higher than the sum of each
monomer considered in isolation. For large problems where this is a
concern – typically more than 100 electrons – specialised methods such as
second-order N-Electron Valence State Perturbation Theory (NEVPT2) and
variations of MRCC ought to be considered.31–33 This said, CASPT2 and
MRCI are nearly size-consistent, and so are nonetheless popular options for
investigations of multireference nitroxides of moderate size, such as the
biradicals studied by Angeli et al.32 and the many polyradicals modelled by
Barone et al.34–42

6.2.3 Single-reference Methods for Strongly Correlated
Systems

For predicting ground-state multiplicities and estimating useful properties
such as singlet–triplet (S–T) energy gaps, one may appeal to one of several
single-reference methods which are considerably cheaper.43 These tend to
operate under a similar modus operandi, i.e., a strongly correlated low-spin
state, such as an open-shell singlet, is estimated by projection or spin ex-
citation from a much less correlated high-spin reference, typically a triplet,
quintet, etc. for which the single-reference approximation is valid.

The simplest approach can be found in broken-symmetry density functional
theory (BS-DFT),44–47 a method which works within the unrestricted
Kohn–Sham formalism (UDFT), where the spatial components of MOs are
allowed to differ. Owing to its computational efficiency, UDFT is often a first
approximation for modelling open-shell systems. However, unrestricted wa-
vefunctions suffer from a serious issue known as the spin contamination error,
the artificial mixing of higher spin states into the wavefunction in such a way
that the total spin is greater than its formal value.48 Strongly correlated prob-
lems tend to be highly spin-contaminated, so a direct UDFT calculation on, for
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instance, an open-shell singlet, will certainly be erroneous.49 The BS-DFT
method resolves this issue via spin projection.44–47 In the simplest case, a
contaminated BS singlet is referenced to the negligibly contaminated triplet
state which results in the following expression for the vertical S–T gap,50

Dvert
S�T ¼

2 EBS � ETð Þ
hS2Ti � hS2BSi

(6:3)

such that the true singlet energy can be approximated as,

ES¼Dvert
S�Tþ ET (6.4)

where EBS is the electronic energy of the contaminated BS singlet, ET is the
energy of the triplet, at the BS singlet geometry, and hS2BSi and hS2Ti are the
total spin eigenvalues of the BS singlet and triplet states, respectively.
Numerical values for these quantities are printed in the output of most
quantum chemistry codes. The adiabatic S–T gap may be written as,

Dadia
S�T ¼

2 EBSi � ETið Þ
hS2

Tii � hS2
BSi

i þ ETi � ETj (6:5)

or in its approximate form,

Dadia; approx
S�T ¼ 2 EBSi � ETjð Þ

hS2
Tj i � hS2

BSi
i (6:6)

where i and j indicate the optimised geometries of the BS singlet and triplet
states, respectively. A suitable guess for the BS singlet can be accomplished
by mixing the HOMO and LUMO orbitals of a closed-shell UDFT singlet (e.g.,
by invoking the Guess¼Mix keyword in Gaussian) thus breaking the spin
symmetry of the singlet wavefunction. This method is not limited to singlet–
triplet couples and a generalisation can be made for any low-spin, high-spin
dimer.51–56 The quality of the projection is quite sensitive to one’s level of
theory. Global hybrid functionals such as B3LYP, BMK and M06-2X are
recommended,57,58 although we tend to advise use of the latter for more
reliable treatment of organic radicals. Adiabatic gaps are typically improved
through the inclusion of zero-point corrections to the energy terms.

A more robust strategy for ground-state calculations is the spin–flip (SF)
ansatz of Krylov et al.59 These methods involve an excitation operator whose
action is to perform a spin–flip type excitation of an electron from the ref-
erence wavefunction, thus changing its multiplicity.59 In simple terms, a set
of low-spin configurations, constituting the strongly correlated problem, are
spawned by flipping unpaired electrons in the frozen basis of MOs consti-
tuting a high-spin reference. The quality of the resultant wavefunction
hinges on the quality of the reference, which in the single-reference frame-
work can be systematically improved forming a familiar hierarchy, i.e.,
SF-SCF/SF-DFT through to SF-MP2 and high-order SF-EOM-CC, etc.60–64
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The SF operator is perfectly compatible with a UHF, although a restricted
open-shell (ROHF) reference, where each electron pair is confined to a pair of
degenerate MOs, has been shown to benefit predictive power.65 Several
‘‘spin-correct’’ techniques, that attempt to rectify the spin-contamination
problem, have been proposed in recent literature.66–68

Another popular addition to the single-reference family is the RAS-SF
approach of Casanova et al.69 In this method, the active space is defined
under the usual RAS specifications for a ROHF high-spin reference. A larger
and more general set of determinants is subsequently generated, describing
a wavefunction that is spin-complete and size-consistent.70 One particular
advantage of RAS partitioning is in its regular treatment of polyradicals of
arbitrary degree, as these ordinarily pose something of a challenge to single-
reference methods. Like RASSCF however, active space specification has a
great influence on the quality of the wavefunction, not neglecting the
exponential scaling in the number of determinants generated (although
scaling with molecular size with a fixed active space is manageable). Recent
implementations of RAS-SF also permit a degree of orbital relaxation,
admitting this scheme to the multireference family of methods.

6.2.4 Selected Applications

6.2.4.1 Case Study 1: The Role of the Multiconfigurational
Character of Nitronyl-nitroxide in the
Singlet–triplet Energy Gap of its Diradicals41

This recent publication by the Barone group illustrates some of the caveats
that must be considered when applying a multireference solution to a typical
problem. In this case, the effect of the active space on the quality of calcu-
lated singlet–triplet (S–T) energy gaps for three nitronyl-nitroxide (NN)-based
diradicals (Figure 6.1) were assessed for the multireference, dynamically
correlated DDCI method and its simplified variant, DDCI2. ROHF/6-311G(d)
calculations of the triplet states for each species were initially performed on
their X-ray crystal structures in the software package GAMESS. For each
diradical, an ad hoc fragmentation was then undertaken, and the dimen-
sionality of the problem for the multireference component was reduced to
the most pertinent features (shown as blue in Figure 6.2), after which the
active space was defined. DDCI calculations were then performed in the
BALOO code, an in-house program developed independently by Barone for
these problems.

Several interesting observations can be made from this work. For reliable
treatment of polyradicals involving an NN radical, it was speculated that the
CAS reference must include at least three orbitals and electrons for satis-
factory agreement with experiment, i.e., one for each N–O fragment and a
third for the central carbon. Thus, S–T gaps for Ullmann’s diradical (see
Figure 6.2) were only accurately approximated (i.e., with transition fre-
quencies between 90–110% of experimental values) with a CAS(6,6) reference
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involving the LUMOþ 2 to HOMO-3 MOs, as these encapsulate both features
as well as the linker. The minimal CAS(2,2) reference involving only the
magnetic HOMO and HOMO-1 orbitals was woefully inadequate in every

Figure 6.1 Idealised potential energy surfaces for NO–R bond dissociation.
Restricted theory (RHF and correlated variants, RDFT) uses the same
spatial components for both alpha and beta spin orbitals and con-
sequently it cannot describe bond homolysis. In unrestricted theory
(UHF and correlated variants, UDFT) these spatial components are
allowed to vary, which provides a better description of homolytic pro-
cesses (albeit with the introduction spin contamination, see text).

Figure 6.2 Test set in ref. 41. Blue indicates the fragments, whose MOs are con-
sidered in the construction of the DDCI space.
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example, resulting in transition frequencies of 10–30% of the experiment.
Unsurprisingly, DDCI2 was found to be less reliable than DDCI with the low-
quality CAS(2,2) reference. However, the performance became comparable
when the (6,6) active space was included. This highlights one of the many
subtleties of multireference calculations, namely, the balance between a
more complete (read larger) active space, and a more rigorous (read reliable)
method for a given allocation of computational resources.

6.2.4.2 Case Study 2: Spin Coupling Interactions in CQC or
B–B-cored Porphyrin-mimetic Graphene Patch Nitroxide
Diradicals71

A useful example of both single- and multireference methodologies can be
found in this recent article on the S–T energy gaps for an isomeric family of
CQC and B–B coupled porphyrin-bridged nitroxide diradicals (Figure 6.3).
These larger systems are practically out of reach for most multireference
methods, but typical of the problems quantified with single-reference ap-
proximations in the literature. In this case, gas-phase BS singlet and triplet
structures were first optimised in Gaussian with UB3LYP/6-311G(d,p).

Figure 6.3 Test set of porphyrin-bridged nitroxide diradicals in ref. 71.
Reproduced from ref. 71 with permission from the Royal Society of
Chemistry.
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BS-DFT predictions of the adiabatic S–T gap were then estimated using
Yamaguchi’s approximate expression, with subsequent calculations of the
SF-DFT energies obtained from single-point SF-PBE50/6-311G(d,p) and
SF-5050/6-311G(d,p) calculations performed in Q-Chem.

The results of this comparison are useful, as they highlight the deficien-
cies one is likely to encounter when compromising with a single-reference
method. Interestingly, both BS- and SF-DFT are in complete agreement as far
as predicting the ground-state multiplicities is concerned (i.e., the sign of the
S–T gap), however the disagreement in the energy itself is quite dramatic
(with BS-B3LYP predictingB30% of the SF-DFT average). The authors com-
plete the remainder of their calculations with BS-B3LYP. However, it is very
difficult to comment on which approach is most reliable given the absence
of an experimental reference (which is often the case), or a high-level com-
putational reference.

6.2.5 Concluding Remarks

Correct application of multireference methodology is something of an
acquired art. The approach used and its accuracy will vary depending of the
nature of the problem and/or the resources available to handle it. CAS and
RASSCF are available in most quantum chemistry software packages and are
useful as a first approximation. However, neglect of the dynamical com-
ponent will not lead to quantitative agreement with experiment in most
cases. For this methods such as MRCI or high-level perturbation theory, up
to CASPT3, is required and for these we recommend the licensed packages
MOLPRO or MOLCAS. As for MRCC, the powerful implementation of Kallay
et al.72 is promising but limited to a stand-alone package of the same name.
Fortunately, the code is free for academic use and may be interfaced through
the MOLPRO environment. These packages possess somewhat complex
input formats that can be unfriendly to the less-experienced user. More
agreeable platforms can be found in ORCA or DALTON, the latter of which is
also open-source. Any package supporting DFT is suitable for BS calcula-
tions, although the SF methods are mostly limited to Q-Chem. In all cases,
we advise readers to consult the relevant manual entries before setting any
unfamiliar calculations.

6.3 Computation of Electron Paramagnetic
Resonance Spectra

Given the range of applications in which nitroxide radicals are formed and
take part in chemical reactions, monitoring the formation and presence of
the nitroxide radical species can be desirable. To that end, electron para-
magnetic resonance (EPR) spectroscopy is an extremely useful technique and
one that can be complemented with quantum chemistry simulation to help
assign complex spectra and relate that to the underlying structural
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properties of the radical. Fundamentally, EPR involves measuring the energy
at which the magnetic moment of an unpaired electron is flipped in the
presence of an external magnetic field (Figure 6.4). To simulate the resulting
spectra, one first needs parameters (the g-factor and hyperfine splitting
constants, defined below) describing the response of the electron to the
magnetic field, and one then needs to take into account the experimental
environment and aspects such as the tumbling regime and whether the
magnetic field is continuous or pulsed. Quantum chemistry can help with
the former, and the methodology developed for this purpose is outlined
below (Section 6.3.1), while the methodology for the latter is briefly outlined
in Section 6.3.2.

6.3.1 Computing g-tensors and Hyperfine Coupling
Constants with Quantum Chemistry

The main working equation of EPR is given by:

DE¼ hn¼ gemBB0 (6.7)

where ge is the electronic g-factor (approximately 2.0 for a free electron), mB is
the Bohr magneton, and B0 is the external magnetic field strength. Electrons
are not, however, ‘‘free’’ in a molecule, as they will interact with both the
external magnetic field and internal magnetic fields generated by the nuclei.
This generates an effective magnetic field, Beff:

Beff¼B0 (1� s) (6.8)

where s includes local magnetic effects. Eqn (6.8) can then be rewritten as:

hn¼ gmBB0 (6.9)

Figure 6.4 Splitting in electron spin states observed upon introduction of a
magnetic field.
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where

g¼ ge (1� s) (6.10)

Here, g is referred to as the g-factor. A value of g that is significantly dif-
ferent to the constant ge term can give information about the molecular
orbital in which the unpaired electron resides. In reality the g-factor is a
second-rank tensor, selection of an appropriate coordinate system, for ex-
ample Cartesian coordinates, allows the 3�3 matrix to be diagonalised to
give gxx, gyy and gzz. Another consequence of the interaction between an
unpaired electron and atomic nuclei is hyperfine splitting, which arises due
to coupling between electronic and nuclear spins. This reveals itself in
spectra as multiple peaks, centred at hv, and the so-called ‘‘multiplicity’’ of a
transition can be complex.

Spectroscopic methods study the response of a system with respect to
some external perturbation, and the energy can therefore be expanded as a
Taylor series:

E Xð Þ¼ E 0ð Þ þ @E
@X

����
X ¼ 0

� X þ 1
2!

@2E
@X2

����
X ¼ 0

� X2 þ 1
3!

@3E
@X3

����
X ¼ 0

� X3 . . . (6:11)

where X is an external perturbation. The calculation of g-factors is no dif-
ferent in this respect, in that it is the second derivative of the many-electron
energy with respect to an external magnetic field and the overall net spin
component in a given direction (eqn (6.12)).

gxx ¼
1
mB

@2E
@BxSx

����
S¼B¼ 0

(6:12)

As a result of this well-defined expansion, computation of EPR g-tensors
is generally possible by both analytical and numerical methods in most
electronic structure packages for a range of quantum chemistry methods,
generally HF, DFT and MP2. Traditionally, magnetic property calculations
have suffered from gauge invariance; when using an approximate wave-
function the results of the calculation change depending on the orientation
of the molecule in the Cartesian frame of reference. This is negated by using,
for example, gauge-invariant atom orbitals (GIAO) which ensure exact gauge
invariance, or by using a large enough basis set that the invariance becomes
negligible. In reality, unless the choice of gauge origin is very poor, the
effects of gauge invariance are not large enough to render a calculation
useless, however most modern electronic structure packages offer formally
invariant methods and their usage is recommended.

The second property of interest is hyperfine splitting constants, arising
from the different possible nuclear and electronic spin configurations. For
these properties, several terms need to be computed.
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The isotropic Fermi contact term, which describes the magnetic inter-
action between an electron and a nucleus, is required and calculated from:

aisoðNÞ¼
4p
3
hSzi�1

� �
gegNbebNrðNÞ (6:13)

where hSzi is the expectation value of the z-component of the total spin, ge
and gN are the electron and nuclear g-factors, respectively, and be and bN are
the electron and nuclear magnetons, respectively. The Fermi contact inte-
gral, r(X), can be computed as:

r Nð Þ¼
X

mn
Pa�b
mn jm rNð ÞjnðrNÞ (6:14)

where Pa�b
mn is the one-electron spin-density-difference matrix, computed as

the difference between the spin density matrices of the a and b electrons,
and evaluation of the overlap of the jm and jn basis functions is at nuclear
position rx. For brevity, PN is commonly used in place of gegNbebN.

The spin dipole component, computed as the expectation value over the
spin density:

Adipkl Nð Þ¼ PN
X

m;n
Pa�b
mn hjm r�5

N 3~rk~rNl � dklr2N
� ��� ��jni (6:15)

where r-N is a vector that points from the nucleus of interest to an electron.
The second-order spin–orbit coupling term:

Aorbmn Nð Þ¼ � 1
2S

PN
X

mn

@Pa�b
mn

@Bk
hjm hSOCl

�� ��jni (6:16)

Two key points about eqn (6.13) and (6.14) are the computed isotropic
contact term is dependent on the quality of the spin-density matrices of
a and b electrons, and on the overlap between basis functions at nuclear
positions. The quality of the spin-density matrices is generally affected most
by the method used to compute them. As all systems with unpaired spins are
open shell, restricted MO theory, for example, restricted Hartree–Fock
(RHF), is not applicable. Its restricted open-shell counterpart, ROHF, is
also found to generally perform poorly as only the singly occupied molecular
orbital (SOMO) will contribute to Pa� b

mn , as the spatially identical doubly
occupied orbitals will have zero spin-density difference. This can result in
the incorrect prediction of zero hyperfine coupling for atoms in the nodal
plane of the SOMO. Unrestricted HF (UHF), on the other hand, optimises
both a and b orbitals, and can account for spin polarisation. Unfortunately,
UHF wavefunctions often suffer from spin contamination, arising from the
mixing of higher spin states into the wavefunction, and this too will result in
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less accurate spin-density matrices. Projected UHF methods can be used to
project out spin contamination to improve results.

Alternatively, one may turn instead to methods that suffer less from spin
contamination; indeed, most electronic structure packages offer hyperfine
coupling constant calculations with some of the most powerful electronic
structure theories, for example, coupled cluster (CC) methods, as well as
with DFT. If CC methods are too expensive, DFT methods are generally ro-
bust however, as always, it is recommended that the functional of choice is
benchmarked for suitability before predictions are made.

The second issue is that of appropriate basis set selection. As the basis set
overlap is computed at nuclear positions, those with the largest contri-
butions to the splitting constants describe the core s orbitals. However, the
most popular basis sets, for example, those of Pople or Dunning, do not
describe the core region with the same flexibility as the valence region. This
is due to their emphasis on accurate calculations of bonding phenomena, to
which core electrons contribute little. As well as this, atomic s orbitals ex-
hibit an electron cusp at the nucleus, which is not well captured by
Gaussian-type orbitals (GTO). To that end, basis sets have been developed
that systematically improve the description of the core region of electrons,
examples being EPR-II or EPR-III, and their usage is recommended. A second
practical consideration when using DFT is to ensure that a large numerical
grid is employed, to ensure numerical integration remains accurate.

Although not necessarily common when exploring the chemistry of nitr-
oxide radicals, it is possible one may encounter heavy elements, and under
these circumstances relativistic effects may become significant. Unlike if
bonding interactions are being studied, in which case the relativistic core
electrons can be replaced by an effective core potential (ECP) which may
include relativistic effects in its parameterisation, accurate EPR calculations
generally require the explicit treatment of electrons. As a result, all-electron
approximations are available in most electronic packages, and their use is
recommended.

6.3.2 Simulating EPR Spectra

The computational simulation of EPR spectra depends not only on the
magnetic properties of the molecule (splitting parameters, spin active nuclei
present, linewidth and g tensor values) but also on the experimental con-
ditions, such as the type of tumbling regime and whether the spectrum is
collected as a continuous-wave (cw) EPR spectrum or under pulsed con-
ditions. Many programs have been developed to simulate spectra, including
Easyspin,73 Winsim,74 XSophe,75 and MoSophe.76 More specialist programs
such as WinMOMD77 for simulation of slow-motional spectra using the
MOMD (microscopic order, macroscopic disorder) model, and optimised
SLE solvers employed by Freed78 at the ACERT Center at Cornell have been
employed for more targeted systems. Generally speaking, these programs
make use of inputted parameters (splitting parameters, spin active nuclei
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present, linewidth and g tensor values) in order to construct a parameterised
spin Hamiltonian. These can be extracted from the experimental spectrum
or, if one is trying to make a first principles prediction, these are provided
from the quantum-chemical studies described above. A quantum-mechan-
ical approach is then used to simulate the resulting spectrum according to
the type of tumbling regime (i.e., isotropic limit, fast motion, slow motion or
rigid limit) and whether the spectrum is collected as a continuous-wave (cw)
EPR spectrum or under pulsed conditions. Details of how EPR spectra are
simulated are covered in Chapter 4.

6.3.3 Selected Applications

6.3.3.1 Case Study 3: DFT Calculations of Isotropic Hyperfine
Coupling Constants of Nitrogen Aromatic Radicals: The
Challenge of Nitroxide Radicals79

In this study, Hermosilla et al.79 assess the performance of DFT for accur-
ately predicting hyperfine coupling constants, using the PBE0 and B3LYP
functionals in conjunction with several basis sets; 6-31G(d), N07D, TZVP and
EPR-III. The study utilised a test set of 38 nitrogen-containing radical
species, with 15 of the species nitroxide radicals (Figure 6.5). As a result
of the different coupling environments a total of 165 hyperfine splitting
constants for 14N and 1H nuclei were calculated and compared with
experimental data. The study highlights the importance of basis sets when
calculating EPR properties, as well as the importance of comparing and
contrasting DFT results against HF or more advanced wavefunction
methods, as the B3LYP results counter-intuitively suggest that 6-31G(d),
rather than the larger, EPR-specific EPR-III basis set, was more capable of
accurately predicting EPR spectra.

6.3.3.2 Case Study 4: The Temperature Dependence of Nitroxide
Spin–label Interaction Parameters: a High-field EPR
Study of Intramolecular Motional Contributions80

This study used a combination of high-field W-band EPR and density
functional theory calculations to study and explain the temperature
dependence of the g (anisotropic), a (hyperfine), q (quadrupole) tensors
of two nitroxides, 3-hydroxymethyl-2,2,5,5-tetramethylpyrrolin-1-oxyl and
4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl, in glass-forming ortho-
terphenyl solution. The experimental temperature dependencies were
attributed to both the averaging of the anisotropies of the EPR parameters in
the glassy matrix, and the intramolecular out-of-plane motion of oxygen
in the nitroxide group. This latter mechanism was confirmed via DFT
calculations whereby the B1LYP/SVP level of theory was first used to com-
pute the structures associated with harmonic oxygen out-of-plane vibrations,
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and then the various tensors were calculated at each structure to show how
the vibrational motion affected them (Figure 6.6). For this purpose, the SVP
basis set was replaced with IGLO-III for computation of the a- and q-tensors;
while for the g-tensor LSD/SVP was used in conjunction with RI-SOMF(1X)
for the treatment of the spin–orbit coupling operator. Studies such as this
highlight the important role of first principles theory in assigning or inter-
preting complex EPR spectra.

6.4 Predicting Oxidation Potentials
As redox-active molecules possessing unique properties and reactivity, nitr-
oxides are utilised in many applications ranging from energy storage
devices81–85 and oxidation catalysts86–90 to redox mediators for solar
cells91–94 and superoxide dismutase mimics.95,96 Nitroxides can typically
undergo an electrochemically reversible one-electron oxidation to afford the
corresponding oxoammonium cation (see Figure 6.7). In contrast, nitroxide
reduction is usually electrochemically irreversible; spontaneous proton

Figure 6.5 Nitroxide radicals studied in ref. 79.

228 Chapter 6

https://www.twirpx.org & http://chemistry-chemists.com



transfer from protic impurities rapidly quenching the initially formed oxy-
amine anion as a hydroxylamine. In this latter case, the highly coupled
nature of the rate and equilibrium constants for the underlying elementary
processes can make the direct experimental measurement of a corres-
ponding potential difficult, and computational chemistry offers a valuable
alternative to experiment.

Even when measurement is possible, the accompanying synthesis can be
expensive and time-consuming, and as such computational chemistry
offers an attractive means of assessing the utility of a given species prior to
experiment. In this respect, the success or failure of a given nitroxide
hinges on its precise redox properties; including the electrochemical

Figure 6.6 The calculated giso (open square), Aiso (asterisk) and D (open circle)
values as a function of out-of-plane angle a for 3-hydroxymethyl-2,2,5,5-
tetramethylpyrrolin-1-oxyl (left) and 4-hydroxy-2,2,6,6-tetramethylpiperi-
dine-N-oxyl (right). The dotted line shows the relaxed energy profile, and
the dashed line indicates the minimum energy angle.
Reproduced from ref. 80 with permission from Springer Nature,
Copyright 2009.

Figure 6.7 The oxidation and reduction of a nitroxide of the general form,
R1R2N–O�.
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reversibility of oxidation/reduction and the respective potentials of these
electron transfers. For instance, in alcohol oxidation, nitroxides are
frequently employed as catalysts in conjunction with a bulk stoichiometric
oxidant, such as sodium hypochlorite or ambient oxygen (see
Figure 6.8).97,98 This bulk oxidant, [O], is used to generate the catalytically
active oxoammonium species in situ, which in turn oxidises the substrate
alcohol to a ketone. If the oxidation potential of the nitroxide is too high,
then the bulk oxidant will be unable to oxidise the initial nitroxide into
the catalytically active oxoammonium cation. Conversely, if the oxidation
potential of the nitroxide is too low, then the oxoammonium cation will be
unreactive towards the alcohol substrate. Moreover, in biochemistry nitr-
oxides are of interest as antioxidants; protecting cells against cytotoxic
reactive oxygen species.99,100 In vivo, both oxidation and reduction pro-
cesses involving nitroxides are relevant,101,102 and so the ability to predict
and rationalise the redox potentials of nitroxides is invaluable for screen-
ing novel antioxidants.

While other references discuss the theoretical evaluation of redox poten-
tials for organic103,104 and inorganic105 species in some detail, we will more
briefly outline some of these considerations within the specific context of
nitroxide oxidation and reduction. The theoretical calculations of most
thermochemical quantities, including oxidation and reduction potentials,
usually take advantage of the Born–Oppenheimer approximation, which
partitions the electronic and nuclear wavefunction and so separates the
calculation into three steps (Figure 6.9). Initially, the electronic energy of
the molecule in its oxidised and reduced form is calculated using normal
electronic structure calculations. Next, the entropic contribution from nu-
clear motion is calculated, usually employing harmonic or quasi-harmonic

Figure 6.8 The nitroxide-catalysed oxidation of an alcohol to a ketone in the
presence of bulk stoichiometric oxidant [O].

230 Chapter 6

https://www.twirpx.org & http://chemistry-chemists.com



approximation in conjunction with computed frequencies. Finally, statistical
averaging of relevant conformations and solvent corrections are applied,
usually by assuming Boltzmann distributions and applying continuum
solvent models. For computation of redox potentials, the first step affords
the gas phase 0 K adiabatic ionisation energy (IE) or electron affinity (EA),
the second step computes the (temperature-dependent) entropic corrections,
while the third step corrects the resulting gas-phase free energy for solvent
effects and appropriately weights these quantities according to the popu-
lation of the individual conformations.

The main methodological challenges relate to the first and third steps: in
the former case, obtaining a sufficiently accurate description of the elec-
tronic energies, albeit within a single reference framework; in the latter,
modelling the effects of solvation, particularly for the ionic species. In
addition, there is the added complication of converting the solution-phase
Gibbs free energies for the half reactions into electrode potentials, which
entails choosing appropriate values for the reference electrode, treating the
electron in a consistent manner, and considering coupled chemical pro-
cesses where relevant. Below we introduce the methods (and where relevant
equations) for each of these steps, before examining some of the
applications.

6.4.1 Definitions and Key Equations

The standard reduction potential directly measures the thermodynamic
feasibility of the general reduction half-reaction.

O (s)þ ne e
� (g)2R (s) (6.17)

where O refers to an oxidised reagent, R refers to a reduced reagent, ne is the
number of electrons exchanged between the oxidised and reduced species,
and ‘‘s’’ and ‘‘g’’ refer to species in solution and in the gas phase, respect-
ively. Note that the charges of O and R are not shown here but must be

Figure 6.9 The three steps involved in the calculation of oxidation and reduction
potentials.

Computational Tools for Nitroxide Design 231

https://www.twirpx.org & http://chemistry-chemists.com



balanced across the reaction. The absolute reduction potential for this
reaction is given by the Nernst equation106,107 as

DrG
� OjRð Þ¼ �neFE

�
abs (6:18)

where DrG�ðOjRÞ is the Gibbs free energy change for the half reaction, F is
the Faraday constant (96 485 Cmol�1), and ne is the number of electrons
transferred in the half-reaction. To facilitate comparison with experiment,
this must be converted to a relative (cell) potential measured against a
reference electrode (such Fc/Fc1, Ag/Ag1, the standard hydrogen electrode,
etc.).

E�
rel;REF OjRð Þ¼ E�

abs OjRð Þ � E�
abs REFð Þ (6:19)

Here E�
abs REFð Þ is the absolute reduction potential of the reference elec-

trode and in principle can be calculated the same way, though in practice
literature values are available for most references.103,104 In choosing a
literature value it is important to ensure that the treatment of the electron is
consistent in both half reactions so that it cancels from the cell potential.
While the electron has no electronic energy as such, it is assumed to have
thermal energy and entropy, but the amount differs according to which
convention is used. Details of the different conventions are in ref. 103 and
104; ultimately, the choice of convention has no impact on the results
provided it is applied consistently.

The values of E�
rel;REF OjRð Þ yielded from the above equations correspond

directly to the experimental half-wave potential for reversible redox
processes. However, many species (including nitroxides) can undergo ir-
reversible redox reactions which are often coupled with other spontaneous
proton transfer or addition/fragmentation processes. In these situations,
experimental cyclic voltammograms (CVs) are complex. One can either fit
these experimental CVs with kinetic schemes that take into account the
redox processes, the coupled chemical reactions, and diffusion into and
out of the double layer. In such cases the computational E�

rel;REF OjRð Þ can
be compared with the fitted potentials obtained for isolated redox
processes. Alternatively, one can use computational chemistry to study
the coupled processes as well and yield adjusted half-wave potentials.
For instance, in aqueous environments reduction of nitroxide radicals is
accompanied by rapid protonation (Figure 6.10). As such, formal reduction
processes can be represented by different half reactions, which will
depend heavily on the nitroxide of interest and on the pH of the solution.
Thus, the one-electron reduction of TEMPO� generates a TEMPO�

oxyamine anion, which is rapidly quenched by water (across a range of
pH values) to form the corresponding TEMPOH hydroxylamine. However,
the TEMPOH hydroxylamine is itself a weak base (conjugate acid
pKa¼ 6.9–7.5) and may be protonated depending on the pH of the
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solution. As a result, the half-wave reduction potential observed by
experimental measurements is given by:

E1=2 ¼ Ered X�; 2Hþ=H2X
þð Þ þ RT

F
ln K1K2 þ K1 H

þ½ � þ Hþ½ �2
� �

(6:20)

where Ered (X�, 2H1/H2X
1), K1 and K2 are as defined in Figure 6.9.

6.4.2 Electronic Structure Methods and Gas-phase IEs and
EAs

Electronic structure methods are conveniently divided into two categories;
wavefunction-based approaches and density functional theory (DFT). Within
wavefunction theory there is a hierarchy of different approximations with
varying levels of accuracy, some of which were briefly introduced in Section 6.2.
For redox potentials, single-reference methods are usually sufficient. There are
three main ‘families’ of correlated single-reference wavefunction method-
ologies: Møller–Plesset perturbation (MPn) theory108–114 (e.g., second-order
Møller–Plesset corrections, MP2), couple cluster (CC) theory115–117 [e.g.,
single, double and perturbative triple excitations, CCSD(T)] and finally
configurational interaction (CI) theory117–119 [e.g., quadratic configurational
interaction with single, double and perturbative triple excitations, QCISD(T)].
While acceptable accuracy will depend largely on context, a sufficiently
accurate treatment of electron correlation is achieved in most chemical
systems with CCSD(T) or QCISD(T) used in conjunction with large triple zeta
basis sets. Such energies will (usually) only differ from corresponding exact
values by 1–2 kJmol�1.120,121 Thus, CCSD(T) is frequently labelled the
‘‘gold-standard’’ of computational chemistry, as this level of accuracy is
sufficiently accurate for most (single-reference) applications.

Composite procedures are a notable subclass of wavefunction-based ap-
proaches that pragmatically perform basis set extrapolation schemes and/or
combine the results of calculations performed at different levels of theory.
These procedures are usually as accurate as the large basis set CCSD(T)
(or equivalent) calculations that they are attempting to approximate, but
only require a fraction of the computational expense.122–126 The Gaussian

Figure 6.10 Chemical processes associated with the reduction of the TEMPO�

radical in water.
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composite procedures122–126 (Gn), originally developed by Curtiss and
co-workers are among the most popular, and a popular variant of G3 theory
is the less computationally intensive G3(MP2)-RAD procedure.127 Other
well-known composite procedures include the CBS methods128–135 developed
by Petersson and co-workers, and the Wn methods121,136–138 formulated
by Martin and co-workers. Although not strictly a composite procedure, the
F12 approximation139 in its various manifestations also delivers improved
accuracy by significantly reducing errors caused by small basis sets.

Density functional theory (DFT) calculates the energy of a molecule or
atomic species using its one-electron density and a functional. The
Hohenberg-Kohn theorems,140 which form part of the inspiration for
DFT, state:

(1) That the ground-state external potential (and thus total electronic
energy of the ground state) is a unique functional of the electron
density.

(2) That a density that minimises the total energy of the ground-state is
the exact ground-state density.

Using the electron density to obtain the total energy has been touted as a
way of circumventing the poor size scaling of wavefunction-based methods.
Unfortunately, the first Hohenberg-Kohn theorem is an existence proof
rather than a constructive proof. As such, it only establishes that the ground-
state external potential is a unique functional of the electron density and
provides no insights into its actual mathematical form. Consequently, the
exact DFT functional is unknown.

Modern DFT functionals are based on the Kohn–Sham equations,141

which cleverly consider the Hamiltonian for a fictitious system of non-
interacting electrons that have an overall ground-state density that is iden-
tical to the real atomic or molecular system (where the electrons are allowed
to interact). Ideally, DFT would be exact and formulated from fundamental
physical and mathematical arguments. However, in practice many popular
DFT functionals are heavily parametrised using test sets of experimental and
(wave-function-derived) theoretical data. While current DFT functionals offer
reasonable accuracy at low computational cost, they can also fail spectacu-
larly and unexpectedly.142 Many of the most popular functionals, such as
B3LYP, have been found to fail dramatically (often to the extent that results
are qualitatively incorrect).142 Moreover, there is no systematic way to im-
prove DFT results and so the choice of functional is quite subjective. Because
of this often variable and unpredictable accuracy, DFT should always be
employed cautiously in conjunction with appropriate benchmarking.

There are many articles that evaluate the performance of common DFT
functions and other wavefunction-based methodology for the calculation of
IEs and EAs. For instance, our group examined theoretical procedures for IE
and EA calculations on a range of piperidine, pyrrolidine, oxazolidine
derivatives, isoindoline and azaphenalene nitroxides.143 This study revealed
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that low-cost DFT procedures often carried unacceptably large errors, with
B3LYP and MPWB1K carrying mean absolute deviations (MAD) for EAs of
0.23 and 0.40 eV, respectively. Interestingly, these errors are primarily
associated with the reaction site and can be largely mitigated using an
ONIOM partitioning scheme. For instance, B3LYP in conjunction with a
G3(MP2)-RAD core affords much smaller deviations (around 0.10 eV). Pan-
tazis and co-workers recently examined the IEs of 19 organic species with
several methods using CCSD(T)/CBS data as a reference (see Figure 6.11).144

Despite its enormous popularity in computational organic chemistry, B3LYP
once again performs relatively poorly with mean absolute deviations and
maximum deviations (MAX) of around 0.40 and 0.70 eV, respectively. M06-2X
performs better with a MAD of only 0.11 eV, although it still suffers an
unexpectedly large MAX (for phenol) of nearly 1 eV. CCSD(T)/cc-pVTZ offers
excellent accuracy, with MAD and MAX values of 0.14 and 0.16 eV, respect-
ively. However, this accuracy is strongly basis set dependent. If a smaller
double-zeta basis set (cc-pVDZ) is employed, the MAD and MAX of CCSD(T)
increase dramatically to over 0.4 V. CCSD(T)-F12 offers an excellent
compromise, with a double-zeta F12 calculation essentially matching the
accuracy of standard triple-zeta CCSD(T).

6.4.3 Solvent Effects and Redox Potentials

To convert gas-phase IEs and EAs to redox potentials, one needs to calculate
the Gibbs free energies of solvation, so as to obtain Gibbs free energies in
solution. In doing this one also needs to include a term RT(ln V) to account

Figure 6.11 Mean absolute error (MAD) and maximum errors (MAX) in adiabatic
ionisation energies for the 19 organic species in the Pantazis test set,
taken from ref. 144. *Indicates a F12 variant of the standard cc-pVDZ
basis set was used.
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for the change of state from 1 atm to 1 M.145 The simplest and most com-
putationally efficient methods for calculating solvation Gibbs free energies
are continuum models, in which each solute molecule is embedded in a
cavity surrounded by a dielectric continuum of permittivity e.146 Continuum
models are designed to reproduce bulk or macroscopic behaviour, and can
fare extremely well in certain applications including redox potentials.147

However, the results obtained using continuum models are highly sensitive
to the choice of cavities (which are typically parameterised to reproduce the
free energies of solvation for a set of small organic molecules). This reliance
on empirical parameterisation means the errors can sometimes be
unpredictable. Moreover, their accuracy can suffer if there are explicit
solute–solvent interactions such as complex formation or hydrogen
bonding.148 Although this problem can be overcome by including a small
number of explicit solvent molecules in the ab initio calculation, as in a
cluster-continuum model,149 this adds significantly to the cost of the
calculation.

As a result, in small to medium nitroxides (where high-level composite
calculations are feasible), the accuracy of redox calculations is usually lim-
ited by the accuracy of the continuum solvent model. This is particularly a
problem because of the involvement of charged species. For neutral mol-
ecules, solvation energies are typically small, and many solvent models are
able to compute the solvation energies of neutral molecules with reasonably
high accuracy, with errors typically of the order of 5–10 kJmol�1.150 However,
errors in solvation energies for charged systems can be significantly larger
(often above 20 kJmol�1; see Figure 6.12). This introduces correspondingly
large errors into the resulting redox potentials. Fortunately, errors intro-
duced by solvation models are often highly systematic (see Figure 6.13);

Figure 6.12 Typical errors for ionic and neutral species in popular continuum
solvation models.
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depending on the functionality of the anion or cation in question. Note
that in Figure 6.13, the superior absolute performance of PCM-UAKS B3LYP
is not a general result for other redox systems, and in other studies of
nitroxides or closely related species methods such as SMD or COSMO-RS
perform better.151–156

Nonetheless, for the most part, errors in solvation energies within a set of
related molecules are relatively systematic. As a result, they can be circum-
vented somewhat by computing redox potentials in an isodesmic fashion,
where relative (rather than absolute) potentials are computed against a
structurally similar reference system. The potential of the substrate is then
determined by using this relative potential in conjunction with an accurate
experimental value for the reference couple (see Figure 6.14). This approach
exploits systematic error cancelation by offsetting the errors introduced
by suboptimal solvation modelling of both charged species. While this
approach normally delivers more accurate potentials, it relies on the
availability of accurate experimental measurements for the reference couple.

6.4.4 Selected Applications

Computational chemistry offers not only the opportunity to predict kinetics
and thermodynamics; it can also be used to help interpret the underlying
structure–reactivity trends by providing detailed structural information,
dipole and quadrupole moments, and other related properties. This in turn
is useful in reagent design, as the case studies below illustrate.

Figure 6.13 The performance of different solvent methodologies for the computa-
tional prediction of nitroxide oxidation potentials.
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6.4.4.1 Case Study 5: Computational Design of Cyclic
Nitroxides as Efficient Redox Mediators for
Dye-sensitised Solar Cells157

With decreasing global fossil fuel reserves and increasing energy demand,
improving the efficiency and cost-effectiveness of renewable energy is be-
coming an increasing priority. Dye-sensitised solar cells (DSSCs) are par-
ticularly promising, as they are less expensive and more flexible than
traditional silicon-based cells. DSSCs are a photoelectrochemical system
consisting of two separate electrodes; a mesoporous thin-film semi-
conductor (usually TiO2) with a tethered monolayer of sensitising dye and a
counter electrode (see Figure 6.15). An electrolyte containing a redox medi-
ator is injected between these two electrodes. Light is first absorbed by a dye,
then the photoexcited dye (S*) transfers an electron to TiO2. The oxidised dye
(S1�) is reduced by the redox mediator (Md�), with the oxidised mediator
(Md1) diffusing to the counter electrode. There the oxidised mediator is
reduced by current passing through the cell. As it affects the electrochemical
potential at the counter electrode and semiconductor, the redox mediator is
a crucial component of the cell.

Figure 6.14 Direct vs. isodesmic oxidation potential calculations.
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Nitroxides are particularly attractive as redox mediators because of their
rapid and (usually) reversible redox chemistry, low toxicity and low corro-
sivity. They are also characterised by fast rates of both heterogeneous
electron-transfer and electron self-exchange reactions. Importantly, their
oxidation potentials are also reasonably close to the optimal range of
0.60–0.85 V (versus SHE) and can be further optimised through structural
modifications. However, this reversibility is fundamentally dependent on
their chemical structure with some cyclic nitroxides undergoing irreversible
ring-opening processes or fragmentation (Figure 6.16). Experimental cyclic
voltammetry measurements can readily establish the oxidation potential of a
given nitroxide and its electrochemical reversibility. Synthesis and charac-
terisation of nitroxides is often time-consuming and expensive. Hence,
computational screening is particularly attractive; allowing for rapid and
accurate prediction of the redox properties of candidate nitroxides.

Figure 6.15 A simplified depiction of a dye-sensitised solar cell, showing the
principal photoexcitation and electron transfer processes.

Figure 6.16 (Top) Proposed ring-opening pathway of a hydroxyl-substituted mor-
pholine oxoammonium. The electrochemical oxidation of the corres-
ponding nitroxide is nearly completely irreversible. (Bottom) The
generation of isoindoline-derived nitronones via b-fragmentation
from the corresponding oxoammonium (with loss of an alkene).
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To address this problem, we studied the nitroxide structural features to
help guide experimental optimisation of DSSCs.157 As redox mediators for
DSSCs, nitroxides need to have oxidation potentials of 0.60–0.85 V (vs. SHE)
and high stability. It was found that most monocyclic nitroxides had po-
tentials in the correct range, but were susceptible to the ring-opening pro-
cesses of Figure 6.16. These ring-opening processes could be largely
suppressed by fusing aromatic rings to piperidine and pyrrolidine nitr-
oxides, leading to azaphenalene and isoindoline ring frameworks. These
basic frameworks are resistant to oxidative ring opening, as the initially
formed nitroso and carbocation are held near each other by the secondary
aromatic scaffold (and rapidly couple). However, their oxidation potentials
are too high for DDSCs (1.02 V and 0.98 V, respectively). One possible so-
lution is replacement of the flanking groups with higher alkyls. While cal-
culations indicate this substitution does appreciably lower the oxidation
potential of isoindolines, unfortunately it also facilitates a b-fragmentation
process that decomposes the oxoammonium species into a nitronone
(Figure 6.16). Aside from modification of the flanking alkyl groups, intro-
duction of electron-donating amino substituents onto the aromatic ring also
lowered the potential of isoindoline- and azaphenalene-based nitroxides.
However, this moiety can also undergo irreversible oxidation with proton
loss to form electrochemically inert products. As such, isomers bearing the
NH2 group are unsuitable for the present study.

However, it was shown that there are still nitroxides that possess oxidation
potentials within the target range and meet the reversibility criteria outlined
above. These included an adamantine-like species, piperidines with
a-cyclohexyl groups, TMAO derivatives with alkyl and methoxy substituents,
as well a large fused antiaromatic system (Figure 6.17). Later experimental
testing by Nishide and co-workers verified that one of these, the
2-azaadamantan-N-oxyl radical was an exceptional redox mediator, consist-
ent with our theoretical predictions.158 Employing this mediator in a
DSSC, Nishide and co-workers set the benchmark efficiency (for organic

Figure 6.17 Proposed redox mediators showing computed potentials in V vs. SHE.
Reproduced from ref. 157 with permission from John Wiley & Sons,
Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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radical-based mediators) of 8.6%; significantly improving on the previous
efficiency of TEMPO-based DSSCs of 5.4%.

6.4.4.2 Case Study 6: Effect of Heteroatom and Functionality
Substitution on the Oxidation Potential of Cyclic Nitroxide
Radicals: Role of Electrostatics in Electrochemistry159

Computing accurate oxidation potentials is undoubtedly helpful, as it en-
ables the prescreening of novel nitroxides for specific applications. However,
using theory to deduce quantitative (or semiquantitative) structure–reactivity
or structure–property relationships is arguably even more useful because
it allows nitroxides to be rationally designed for a specific purpose.
Many theoretical and experimental studies rationalise nitroxide oxidation
and reduction potentials using strain-arguments based on ring-size and
rigidity.98,143,157,160,161 Normally, the basis for such arguments is that the
oxoammonium cation, oxyamine anion and nitroxide radical prefer different
degrees of planarity around the nitrogen atom. Thus, attaining the optimal
geometric rearrangement is hindered to varying extents by size and rigidity
of the primary nitroxide ring. To examine strain-based arguments in more
detail, we collated literature143,157 high-level theoretical predictions of the
oxidation and reduction potentials of prototypical nitroxides; separately
examining the influence of ring contraction and rigidification.

As Table 6.1 reveals, reduction potentials are significantly lowered by ring-
contraction, with a decrease of around 140–180 mV. This indicates the larger
piperidine (and azaphenalene) rings are better able to accommodate the
geometric changes associated with nitroxide reduction as compared to the
smaller pyrrolidine (and isoindoline) rings; consistent with a strain-based
argument. Surprisingly, however, ring-size alone does not appreciably
influence oxidation potentials; with minimal change moving from
piperidine to pyrrolidine (or moving from azaphenalene to isoindoline).

Table 6.1 Relative aqueous oxidation (Eox) and reduction (Ered) potentials for piperi-
dine, pyrrolidine, azaphenalenea and isoindoline nitroxides. Data taken
from ref. 143.

Nitroxide

Ered (mV) 0.0 þ146 �138 �22
Eox (mV) 0.0 þ267 þ2 þ240
aData for the azaphenelene were subsequently corrected in ref. 157 and we show the corrected
data here.
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While aromatic rigidification does significantly increase oxidation potentials
(by 240–260 mV), inexplicably, it also raises the respective reduction po-
tentials (by 120–150 mV). In other words, oxidation potentials are insensitive
to ring-size but increase substantially upon rigidification, while reductions
potentials are lowered by ring-contraction yet raised by rigidification.
Interestingly, rigidification of piperidine through the inclusion of multiple
aliphatic frameworks lowers the respective oxidation potential (see
Figure 6.17); indicating different effects from aromatic and aliphatic rigi-
dification strategies. Collectively, this behaviour is incompatible with a
simple strain-based argument. If attaining the optimal cation or anion
geometry is hindered by ring size and rigidity, then why do these parameters
appear to operate independently and have unpredictable effects on oxidation
and reduction behaviour? Why does rigidification with aromatic (but not
aliphatic) frameworks increase nitroxide oxidation potentials?

To address these questions, we recently explored if electrostatics could
explain nitroxide oxidation (and reduction) potentials.159 Electrostatic ef-
fects can be described using a multipole expansion, which includes contri-
butions from monopole, dipole, quadrupole and octapole (etc.) terms. For
electronically uncharged substituents, the dipole term is the first non-zero
contributor to this expansion and so formed the basis for our initial in-
vestigations. The substituent orientation relative to the 4N–O� moiety is
crucial, as this axis defines the only component of the dipole moment that
will have a non-zero interaction with the charge formed upon oxidation. To
decouple the dipole moment of the substituent from that of the 4N–O�

group, we used analogues in which the4N–O� moiety was replaced with a
CH2 group. This substitution conveniently preserves the relatively fixed
orientations of the interacting substituents, as the basic C–C framework of
these models is analogous to that of the corresponding nitroxides. Initial
investigations revealed that this distance-scaled dipole moment was very
well correlated with experimental oxidation potentials. However, three
nitroxides from this initial set possessing p-functionality were found to be
significant outliers. This led us to investigate if this behaviour, and more
generally the effect of aromatic rigidification on redox potentials (as reported
in Table 6.1), could be electrostatic in origin.

The importance of quadrupole moments in the electrostatic description of
molecules with p systems is well known.162–164 Moreover, truncating the
multipole expansion at the dipole term is only valid if the substituent and
4N1¼O moiety are sufficiently separated, so at short-range higher order
multipole terms may be significant. Inclusion of an appropriately scaled
quadrupole term corrects the three previous outliers and simultaneously
improves the correlation with the experimental oxidation potential. More-
over, this dipole–quadrupole parameter can be applied successfully to a total
test set of 35 different a-tetramethyl substituted nitroxides; comprising of
one pyrrolidine, two pyrrolines, 11 isoindolines, 15 piperidines, two mor-
pholines, three azaphenalene and one azepine (Figure 6.18).159 Despite the
structural diversity of these nitroxides (including different ring sizes and
rigidity), good correlation was observed between the distance-scaled dipole
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and quadrupole term and the respective oxidation potential (total R2¼ 0.84).
Reassuringly, the optimal ratio between the component dipole and quad-
rupole terms found via a two-variable regression (1.78 : 1) is reasonably
similar to the theoretical ratio predicted in a multipole expansion (2 : 1). We
should caution that due to relatively small separation between the nitroxide
moiety and the substituent, higher order multipole moments may also
contribute; particularly in more electrostatically complex systems. It is also
important to note that this analysis only considers the underlying
(gas-phase) electrostatic effects and does not account for other key factors
including: induction, ring-strain, through-space orbital overlap and solvent
effects. Notwithstanding these considerations, this study highlights how
nitroxide oxidation potentials can be rationalised with chemical intuition
using substituent-based electrostatic arguments.

Returning briefly to the trends reported in Table 6.1, we can now fully
rationalise these redox potentials in terms of strain and electrostatics.
Strain-based effects are clearly a factor in the case of nitroxide reduction
(where geometry relaxation is normally more significant). However, rigidi-
fication through the inclusion of fused aromatic rings introduces a large
quadrupole moment. In the case of isoindolines and azaphenalenes, this
quadrupole interacts unfavourably with the forming oxoammonium cation,
thereby raising the oxidation potential of the corresponding nitroxide.
Conversely, this quadrupole interacts favourably with the oxyamine anion

Figure 6.18 The generation of isoindoline-derived nitronones via b-fragmentation
from the corresponding oxoammonium (with loss of an alkene).
Data taken from ref. 159.
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and so also raises the corresponding nitroxide reduction potential.
This work highlights the often-underappreciated role that through-space
electrostatics has in governing redox behaviour and provides a simple tool
for tuning the oxidation behaviour of nitroxide radicals.

6.5 Modelling Nitroxide-mediated Polymerisations
Nitroxide-mediated polymerisation (NMP) was the first successful technique for
controlled radical polymerisation.165 Full details of this process and its
achievements are outlined in Chapter 7; for the present purposes it is important
to note that the key to control rests with: (a) tuning the equilibrium constant for
alkoxyamine dissociation to sit within an ideal range whereby there are enough
propagating radicals released to sustain a polymerisation but not enough for
significant chain termination; (b) minimising other chain-stopping side re-
actions. Computational chemistry can assist with both aspects of this design
problem and this is illustrated with the case studies outlined below.

6.5.1 Methodology

The computational methods used to study NMP are similar to those used for
redox processes: high-level single-reference methods such as G3(MP2)-RAD
with appropriate solvation corrections. An example showing agreement of
theory and experiment is provided in Figure 6.19, where theory is obtained

Figure 6.19 Comparison of quantum-chemical and experimental equilibrium constants
for alkoxyamine dissociation. Theoretical calculations performed using an
ONIOM approximation of G3(MP2)-RAD//B3-LYP/6-31G(d) in conjunction
with PCM-UAKS solvation energies at the B3-LYP/6-31G(d) level.
Data from ref. 166.
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using an ONIOM correction to G3(MP2)-RAD and solvent is modelled using
the PCM-UAKS continuum model.166 In this case the Gibbs free energies
of reaction agree to within a mean absolute deviation of 4.5 kJmol�1.
The kinetics of most of the side reactions in NMP are likewise well described
by the same methodology; however, the kinetics of the s-bond dissociation
are, as described in Section 6.2.1, a multireference problem. Fortunately,
modelling the kinetics of alkoxyamine bond dissociation is less important
for predicting the outcome of an NMP process because the reverse reaction is
essentially barrierless and hence the barrier for the forward process is
dominated by the thermodynamics.167

6.5.2 Selected Applications

6.5.2.1 Case Study 7: Linear-Free Energy Relationships for
Modelling Structure–reactivity Trends in Controlled
Radical Polymerisation Macromolecules166,168,169

A series of theoretical studies used computational chemistry to develop
simple equations for predicting the bond dissociation Gibbs free energy
(BDFE) and hence equilibrium constant in nitroxide-mediated polymer-
isation as a function of the leaving group and nitroxide. Key to this work was
the identification of appropriate descriptors for the steric, resonance and
polar properties of the nitroxide and alkyl radical, and statistical analysis to
assess which of these factors were necessary to describe the bond energies.
Within a series of alkoxyamines, it was found that the equilibrium constant
was well described by the equation166

log (Keq)¼�0.10IP� 0.177RSE� 0.130RSEnxdþ 38.3 (6.21)

In this equation, IP is the vertical ionisation potential of the alkyl radical,
RSE is the standard radical stabilisation energy of the alkyl radical, while
RSEnxd is a new descriptor for the nitroxide radical, related to the standard
radical stabilisation energy, but reflecting in this case the flexibility of
the nitroxide to the geometric changes associated with formation of an
alkoxyamine. In a follow-up study, the linear-free energy relationship was
expanded to cover multiple types of controlled radical polymerisation. The
resulting relationship obtained was168

BDFE[RX]¼ 20.8 y[R]� 9.73 IP[R]� 1.10 RSE[R]þ 192 y[X]þ 57.4

EA[X]� 62.0 Resonance[X]� 250 (6.22)

where the steric descriptors y[R] and y[X] are measured as Tolman’s cone
angle of Cl-R and CH3-X, respectively, the polar descriptors IP[R] and EA[X]
are the (gas-phase) ionisation energy of R� and electron affinity of X�,
respectively, and the radical stability or resonance descriptors RSE[R] and
Resonance[X] are measured as the standard radical stabilisation energy for
R� and the inverse HOMO–LUMO energy gap for X�. Apart from providing a
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predictive relationship for the bond energy (and hence equilibrium constant
for the controlling equilibrium), the analysis of the descriptor values allows
for a comparison of the relative importance of polar, steric and resonance
effects in NMP versus atom transfer radical polymerisation (ATRP) and
reversible addition fragmentation chain transfer (RAFT) (Figure 6.20).
From Figure 6.20 it is clear that steric effects are relatively consistent
across the different processes, while polar effects are important for ATRP and
RAFT, and resonance effects are important for NMP and RAFT. This, in turn,
gives some guidance as to not only what control agent might be important for
a particular type of polymer, but what controlled radical polymerisation pro-
cess itself might be necessary to target the right equilibrium constant.

6.5.2.2 Case Study 8: Which Side-reactions Compromise
Nitroxide-mediated Polymerisation?170

In this work, a combination of quantum chemistry and kinetic modelling
(using the software PREDICI) was used to identify the key side reactions in
NMP and study how they varied for different combinations of NMP agents
(specifically TEMPO, SG1 and DPAIO) and monomer (styrene, methyl acry-
late and methyl methacrylate). A variety of side reactions had been proposed
to interfere with NMP (Figure 6.21); through first principles modelling,
the study was able to show that the main one was an intramolecular

Figure 6.20 Values of each of the X-descriptors in dimensionless units (obtained by
dividing each value by the average value for that descriptor across the
full data set).
Reproduced from ref. 168 with permission from American Chemical
Society, Copyright 2011.
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alkoxyamine decomposition (often referred to as ‘disproportionation’) via a
Cope-type elimination, which was kinetically significant for TEMPO- and
SG1-mediated polymerisations of MMA, and not significant for the other
systems. The b-scission process was also found to be problematic for
propagating radicals bearing an abstractable hydrogen. Interestingly, it was
also found that, due to penultimate unit effects, the decomposition of
alkoxyamines can occur via principally different mechanisms between the
unimeric and polymeric species.

6.5.2.3 Case Study 9: Computational Design of pH-switchable
Control Agents for Nitroxide-mediated
Polymerisation155,171–174

One of the disadvantages of nitroxide-mediated polymerisation is the relatively
high temperatures needed for sufficient alkoxyamine dissociation. Not only
does this render polymerisation susceptible to side reactions, as seen above,
but it also precludes alkoxyamines as a convenient source of carbon-centred
radicals in natural product synthesis. Thus, if one could trigger alkoxyamine
decomposition under mild conditions in a controlled manner this would be
very attractive. One approach is using light and this is outlined below; another
is using electrostatic effects. The basic principle behind this latter approach is
to take advantage of the dipole associated with the N–O� functionality:

(6.23)

Thus a remote negative charge at the nitrogen side of the nitroxide should
stabilise this dipole and in doing so stabilise the radical. Initial computa-
tional and experimental studies showed that indeed deprotonation of the
carboxylic acid group in 4-carboxy-TEMPO lowered the gas-phase bond dis-
sociation energies of its corresponding alkoxyamines by around 20 kJmol�1,
irrespective of the leaving group.171,172 Follow-up experimental studies in
dichloromethane showed that this ‘‘pH-switch’’ decreased ca. 8.5 kJmol�1

due to the increased dielectric constant of the reaction medium and asso-
ciated decrease in the electrostatic interactions.174 At that level, while sig-
nificant, the pH-switch was not large enough to allow 4-carboxy-TEMPO to
facilitate NMP at room temperature.173 Computational studies were thus
undertaken to test other nitroxides, known and novel, to see if any would be
suitable for room-temperature NMP when charged and would be stable when
neutral.173 Design principles used in choosing the test set included synthetic
accessibility, increasing the inherent stability of the nitroxide when un-
charged, and placing the charge closer to the nitroxide (but without conju-
gation). Among the successful designs was a carboxy-TIPNO derivative which
is indeed predicted to toggle between stability and radical release at room
temperature (Figure 6.22). In this study, computational chemistry provided
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the initial insights behind electrostatic stabilisation and its dependence on
chemical structure,171,172 and subsequently allowed for a large number of
molecules to be screened prior to undertaking laborious synthetic work.173

6.6 Studying Photoactive Nitroxides
Photoactive nitroxides remain an active area of interest, with potential uses
as sensors, probes and as nitroxide-mediated polymerisation agents that can
be activated under mild conditions.175–177 Despite the reasonable amount of
literature on photoactive nitroxides, and the well-established quenching of
fluorescence upon formation of the nitroxide radical species, there is limited
literature on exploring their excited states with computational methods.178

Photoactive nitroxides do, however, exhibit several properties that can guide
our approach to how we might explore their excited states. In this section,
the different properties, how these properties can lead to different types of
reactivity, and how we can model them, will be described.

6.6.1 Methodological Aspects

6.6.1.1 UV–vis Spectra

Nitroxides like, for example, TEMPO exhibit thermal reactivity in which a
stable nitroxide radical is formed, however its s-bond framework does not
lend itself to photoactivity. A widely used approach to increasing light ab-
sorption is to introduce highly conjugated chromophore substituents

Figure 6.22 Change in equilibrium constant (in bulk styrene at 120 1C and 25 1C)
upon deprotonation of 4-carboxy-TEMPO and a TIPNO derivative bear-
ing a remote carboxylic acid group. The green line shows the equi-
librium constant of neutral 4-carboxy-TEMPO, which functions well at
120 1C and represents a target value for the deprotonated species at
room temperature. Above this line the alkoxyamine is too stable to
sustain a polymerisation; below it too many radicals are released for
control.
Data taken from ref. 173.
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(Figure 6.23).179–181 These extended p-systems introduce relatively low en-
ergy, bright pp* excited states as well as, provided nitrogen and/or oxygen are
present, potentially reactive, spectroscopically dark, np* states. The in-
creased size of the potential molecules of interest can, however, prevent the
application of ab initio excited-state methods like, for example, Equation-
of-Motion Coupled Cluster (EOM-CCSD)182 or Algebraic Diagrammatic
Construction [ADC(n)] methods.183 The extensive conjugation can also give
rise to significant correlation effects, for example, doubly excited states or
multiple low-lying excited states. These states are often difficult, or in the
case of a doubly excited state impossible, to capture using single-
determinant excited-state methods, for example, time-dependent density
functional theory (TD-DFT),184 or time-dependent Hartree–Fock (TD-HF).185

Ideally, multireference methods (CASSCF, CASPT2)186 would be employed,
which would be capable of capturing the nature of each excited state and any
correlation effects. As with most multireference calculations, however, issues
will remain with respect to the size of the active space required to accurately
model the excited states, as the significant scaling issues will quickly prevent
large molecules/large active spaces from being computationally tractable.

Often, the first test of suitability for a particular method is to compute the
vertical excitation energies and oscillator intensities for a molecule at its
ground-state equilibrium geometry. Comparison of the computed spectrum
against its experimental counterpart serves as a benchmark against which

Figure 6.23 Examples of TEMPO-derived, photoactive nitroxide compounds, using
naphthalene179 (1), benzoyloxy180 (2), quinoline181 (3), xanthenone181

(4), and diphenyl-methanone181 (5) based chromophores.
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the accuracy of the method can be determined, and can immediately provide
insight into the nature of the excited states of interest. When using wave-
function excited-state methods, for example, EOM-CCSD or CASSCF, it is
important to ensure a large enough basis set is employed, as such methods
exhibit a significant dependence between the calculated vertical excitation
energy and basis set.187,188 At a minimum, a triple-zeta basis set ought to be
employed augmented, if possible, with diffuse functions so as to more ac-
curately model the less tightly bound excited-state electrons and charge-
transfer states. TD-DFT is found to exhibit a smaller basis set dependence,
however its accuracy will also benefit from using a large basis set, if
possible.187

6.6.1.2 Excited-state Charge Transfer

The introduction of chromophores does not necessarily result in the desired
photoreactivity. Sometimes, this can be attributed to the separation of the
conjugated chromophore and the reactive species by the nitroxide
s-framework, and can result in orbital localisation, which in turn gives rise
to charge-transfer states (Figure 6.24). To fully model these states, any
multireference calculations should include the orbitals on each of the
moieties, however this can be difficult if the active space becomes too large.
If wavefunction calculations are too expensive to run, it is often necessary
to turn to TD-DFT, which is much cheaper. In order to assess the best DFT
functional to employ for the best accuracy and performance it may be

Figure 6.24 Orbital localisation of p-system across the naphthalene moiety (left),
and localisation of p*-system across the styrene moiety (right).

Computational Tools for Nitroxide Design 251

https://www.twirpx.org & http://chemistry-chemists.com



necessary to consult existing benchmarking literature,189 which can provide
information about functional accuracy relative to the type of property being
investigated. An important issue with TD-DFT is, however, its well-
documented failure when attempting to describe charge-transfer states,
which precludes the use of traditional, uncorrected functionals (for example
BLYP, B3LYP or SVWN).190 It is necessary instead to employ long-range
corrected functionals; for example, LC-oHPBE or oB97X-D.191 These func-
tionals include parameters that mitigate self-interaction error in DFT and
TD-DFT, and should correctly predict the 1/R asymptotic interaction between
the localised charges of the charge-transfer states.

6.6.1.3 Non-adiabatic Excited-state Behaviour

Finally, upon excitation it is possible for the nitroxide molecule to undergo
complex internal transfer processes like, for example, intersystem crossing
(ISC) between different spin states to surfaces that may be highly reactive.192

An example could be naphthalene TEMPO, which can be used as a
photonitroxide-mediated polymerisation agent.179 Exciting the molecule
could result in efficient ISC to a triplet surface; with the electrons unpaired,
it is now easier to form the required reactive radical species.

The phenomena that give rise to efficient population of reactive states,
for example, conical intersections, can be difficult to model with single-
determinant methods; the convergence of two excited-state wavefunctions
makes the corresponding regions of molecular geometry inherently multi-
determinant, and are best captured with multireference methods such as
CASSCF and CASPT2. As mentioned earlier, however, if such methods are
inappropriate for a given system it is often necessary to turn again to
TD-DFT. Unfortunately, TD-DFT is unable to correctly describe the 3N-8
dimensionality (where N is the number of atoms) of conical intersections.193

Despite this, recent work suggests that CAM-B3LYP, M06-2X and BH & HLYP
are capable of qualitatively reproducing the geometries at which conical
intersections are found.194 As well as this, M06-2X and BMK are two func-
tionals found to best reproduce singlet–triplet gaps of the excited states of a
range of organic molecules,19 suggesting that the M06-2X functional at least
should be applicable to nitroxide excited states and capable of capturing key
aspects of nitroxide photoreactivity.

6.6.2 Selected Applications

6.6.2.1 Case Study 10: Theoretical Study of the Photochemical
Initiation in Nitroxide-mediated Photopolymerisation178

In their 2014 paper, Huix-Rotllant et al.178 employed computational methods
to explore the photoinitiation mechanism of nitroxide-mediated photo-
polymerisation. The molecule of interest, shown in Figure 6.25, is expected
to exhibit several of the photochemical features described above;
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charge-transfer from the acetophenone to the tert-butyl moieties, and excited
states of different symmetries, i.e., pp* and np* states originating from the
nitrogen and acyl oxygen groups. It is therefore important to select a method
capable of at least qualitatively capturing potential states of interest. To that
end, Huix-Rotllant et al.178 used two methods, (unrestricted) DFT and the
second-order extended multireference quasi-degenerate perturbation theory
(XMCQDPT2),195 to give a balanced description of the most likely photo-
chemical processes taking place. The benefit of this approach is the bulk of
the computational work can be performed with relatively cheap DFT, and
(qualitative) accuracy is ensured by comparison with multireference meth-
ods. The active space employed for the multireference calculations con-
tained the p/p* and s/s* of interest.

The study examined the changes in several properties: bond dissociation
energies, ground- and excited-state equilibrium geometries, and their re-
spective N–O and C–O bond lengths. The study was able to identify the key
steps taking place in the photochemical dissociation reaction:

1. Absorption of photon and excitation to nOp* state, localised on
acetophenone moiety

2. Singlet–triplet intersystem crossing, localised still on acetophenone
3. Triplet energy delocalisation across alkoxyamine moiety
4. Bond dissociation of three bonds: sO–C (desirable), and sN–O and sN–C

6.6.3 Concluding Remarks

To conclude, due to their size and complicated photochemical processes,
photoactive alkoxyamines present a challenge to current excited-state
computational methods. However, appropriate application of single- and
multideterminant methods should allow for a reliable, qualitative de-
scription of their key features. Single-determinant, ‘‘black-box’’ methods
should either be correlated wavefunction methods (if possible), or TD-DFT
using long-range corrected functionals with some portion of exact exchange.
If necessary multireference methods can also be employed, with active
spaces consisting of relevant p-, s- and n-orbitals.

6.7 Further Applications
The applications of computational chemistry described in this chapter are by
no means exhaustive. For instance, computational chemistry has played an
important role in clarifying the mechanism of the Denisov cycle by which

Figure 6.25 Photodissociation mechanism investigated by Huix-Rotllant et al.178
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hindered amine light stabilisers protect polymers from oxidative
damage,196,197 and identified a number of key side reactions in this
process.198,199 These calculations were carried out using high-level single-
reference procedures, analogous to those used in studies of nitroxide-
mediated polymerisation and similar procedures. More recently, computa-
tional chemistry supported by experiment has been used to study the oxi-
dative cleavage of alkoxyamines to produce nitroxide radicals and
carbocations, both directly and promoted via SN2 reactions with nucleo-
philes.151,152,155 These studies used analogous procedures to those used in
studies of nitroxide redox chemistry. On the basis of the mechanistic
understanding provided by computational chemistry, a new in situ methyl-
ation procedure was designed and experimentally demonstrated.200 This
procedure, involving the bench- and air-stable TEMPO-Me reagent, offers
major advantages over existing procedures which typically involve reagents
with acute toxicity and high volatility. These are just some of the applications
of quantum chemistry in studying nitroxide radical chemistry.

As seen in this chapter, the computational methods for studying nitr-
oxides are many and various, and the different types of system and property
raise distinct methodological challenges. For instance, high-spin systems
and many excited states are invariably multireference in nature, redox
potentials and bond energies while single reference usually require high
levels of theory, moreover solvation effects are a potentially large source of
error in redox systems, while EPR properties have their set of methods and
require accurate treatments of core electrons, normally unnecessary in other
systems. Nonetheless, in all cases, provided appropriate precautions are
taken, methods exist to make chemically useful predictions.
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Chem. Rev., 2014, 114, 429–492.
28. P. Pulay, Int. J. Quantum Chem., 2011, 111, 3273–3279.
29. J. P. Zobel, J. J. Nogueira and L. González, Chem. Sci., 2017, 8, 1482–
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7.1 Introduction
Following the pioneering work of Szwarc in ‘‘living’’ anionic polymerization,1

plenty of effort has been devoted to overcoming the intolerances associated
with ionic processes by developing radical ‘‘living’’ polymerization techni-
ques able to yield macromolecules with predictable molar masses, relatively
narrow molar mass distributions (MMD), high end-group(s) fidelity and
controlled architectures from a broad range of monomers under mild con-
ditions.2 This has led to reversible deactivation radical polymerization
(RDRP) techniques based on either a reversible activation/deactivation or a
degenerative chain transfer process. The main techniques are nitroxide-
mediated polymerization (NMP) or stable radical-mediated polymerization
(SRMP, as recommended by the IUPAC, though NMP will be utilized
throughout this chapter for historical consistency),3–6 atom transfer
radical polymerization (ATRP and derivatives)7–13 and reversible addition-
fragmentation chain transfer (RAFT) polymerization.14–17 This chapter is
devoted to NMP.
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Published by the Royal Society of Chemistry, www.rsc.org

263

https://www.twirpx.org & http://chemistry-chemists.com



The 30-year history of NMP has created tremendous interest, with key
research groups working on the understanding of the kinetics and features
of NMP and the development of new regulators. This research prompted the
industrial use of NMP by several companies, such as Ciba (now part of
BASF), Xerox, Arkema and others, for applications such as pigment dis-
persants, pressure-sensitive adhesives, thermoplastic elastomers, nano-
structured acrylic glass and coatings.18–21

In this chapter, we will give an overview of the polymerization technique,
whilst focusing on the recent developments. In the first section, the fun-
damentals of NMP will be described in order to understand the basics of the
polymerization technique, with an overview of the most efficient regulators
(e.g., nitroxides/alkoxyamines), the range of monomers that can be poly-
merized and finally the architectures that can be attained. In the second
section, we will focus on the polymerization process and its variations, from
bulk/solution to dispersed media and from batch, semibatch to continuous
processes. In the last section, the focus will be on the industrial applications
of NMP.

7.2 Fundamentals of Nitroxide-mediated
Polymerization

7.2.1 Mechanism and Kinetics of Nitroxide-mediated
Polymerization

Scheme 7.1 summarizes the main mechanisms involved in NMP. This pro-
cess is relatively simple and involves initiation, propagation, reversible
coupling and termination. The initiation step can be unimolecular, which
occurs by decomposition of an alkoxyamine (Scheme 7.1B), or bimolecular,
which involves the decomposition of a radical initiator and the presence of a
nitroxide *O–N–(R1)R2 (Scheme 7.1A; or aminoxyl, as recommended by the
IUPAC, though nitroxide will be utilized throughout this chapter). For both
types of initiation, an initiating radical R* rapidly reacts with a monomer M,
thus yielding a propagating radical P*. The system relies on the presence of
nitroxides, acting as persistent radicals, namely they do not ideally terminate
and only react through cross-coupling. Under these conditions, the propa-
gating radicals (R* and particularly P* in Scheme 7.1) terminate, decreasing
their concentration, and the slight excess of nitroxide shifts the equilibrium
toward the dormant macroalkoxyamine. This phenomenon is commonly
referred to as the persistent radical effect.22–24 The decomposition of this
macroalkoxyamine can be triggered by moderate to high temperatures
(40–200 1C, typically 80–130 1C), UV-light or radiation, which provides suf-
ficient energy to break the labile C–ON bond.

The key aspect of the NMP process is this reversible coupling between a
propagating radical P* and a nitroxide *O–N–(R1)R2, which allows for the
formation of dormant and active polymer chains. For such a system, each
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growing polymer chain spends most of the time in a dormant state (i.e., as a
macroalkoxyamine), and when it becomes a radical (i.e., active), it only adds
a few (if any) monomer units before going back to the dormant state. This
process is repeated many times, and the statistical distribution of events
means that all of the chains have very close chain lengths.

A lot of effort has been dedicated to the understanding and modeling of
NMP under idealized conditions (assuming chain length-independent rate
coefficients and neglecting the propagation events prior to the equilibrium
and side reactions) by the groups of Fischer and Fukuda.25–27 They derived
equations giving the evolution of the monomer concentration over time, as
well as the approximation of the polydispersity index value.23,27–29

ln
M½ �0
M½ � ¼

3kp
2

kD R� ONR1R2½ �0
3ktkC

� �1=3

t2=3 (7:1)

PDI1 ¼ 1þ R� ONR1R2½ �0
M½ �0

þ
pk3p R� ONR1R2½ �0

kDkCkt

 !1=2

(7:2)

A look to Scheme 7.1 and eqn (7.1) and (7.2) show that the kinetics of NMP
and the extent of control are determined by the relative values of the rate
constants of combination kC, decomposition kD, termination kt and propa-
gation kp.

30–37

Scheme 7.1 General reaction scheme for nitroxide-mediated polymerization.
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From a practical point of view, it would be valuable to know the control
that can be achieved with a certain system (monomer and nitroxide) under
given reaction conditions (temperature). Those variables define the values of
the rate constant coefficients. Alternatively, it would be desirable to know
which nitroxide (this determines kC and kD, in part) or which temperature
(this affects all parameters) should be used to achieve a desired level of
control for a given monomer.31,38 In both cases, productivity, namely the
time needed to implement the polymerization is important. The group of
Fischer provided theoretical guidelines to achieve such a goal.39,40 The
control level was defined in terms of Flim, the maximum fraction of dead
chains (Flim-0 means that all chains are ‘‘living’’) and dlim, the maximum
residual polydispersity (dlim¼Ð� 1� [R–ONR1R2]0/[M]0; with Ð¼Mw/Mn).
On the other hand, the productivity was characterized by t90, which is the time
needed to reach a monomer conversion of 90%. Fischer demonstrated that in
order to have ‘‘livingness’’, polydispersity and process time lower than Flim,
dlim and t90, respectively, kC and kD should fulfill the following eqn (7.3)–(7.5).

kD
kC

	
kp R� ONR1R2½ �0

2 log 10ð Þkt
F2

lim (7:3)

kDkC 

pk3p R� ONR1R2½ �0

kt

1

d2lim
(7:4)

kD
kC


 2 log 10ð Þð Þ3kt
9 R� ONR1R2½ �0k3pt90

(7:5)

Figure 7.1 illustrates the implications of eqn (7.3)–(7.5) for a chosen case.
In order to have a fraction of dead chains lower than Flim, kD and kC should
have values below the line of eqn (7.3). Similarly, to have a narrow distri-
bution, i.e., polydispersity lower than dlim, kD and kC should have values
above the line for eqn (7.4). Finally, to achieve the desired production
(process timeo¼ t90), kD and kC should have values above the line for eqn
(7.5). All conditions can be met within the gray area, defined as the working
zone. It is clear that it may be impossible to achieve certain goals. For ex-
ample, for the system chosen in Figure 7.1, it would be impossible to achieve
90% of ‘‘living’’ chains and a monomer conversion of 90% in 10 h because
the line of eqn (7.5) will be above that of eqn (7.3).

The polymerization strategy can be modified in order to improve control.
Thus, an excess of free nitroxide has been used to achieve lower dispersity
values and better ‘‘livingness’’ when polymerizing high kp monomers such as
acrylates and acrylamides.41–43 This strategy is easier to implement in bimo-
lecular initiating systems (though it has also been applied to unimolecular
systems),6 wherein a slightly higher amount of nitroxide is introduced in
the reaction medium compared to that of the radical initiator.44,45
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This stoichiometric imbalance favors a shift of the equilibrium toward the
dormant state, thus improving control. It is important to note that the kinetics
of polymerization can also be improved by the presence of acids or mild re-
ducing agents, by favoring the polymerization to go toward a dormant
state.46–49 In some cases, extra radical initiators are added to increase prod-
uctivity,42,50 but this is at the expense of a decrease in ‘‘livingness’’ due to an
increase in radical–radical termination. Moreover, the observed molar masses
are below the sought ones, as more chains are being produced.34,44,51,52

Although eqn (7.1)–(7.5) and Figure 7.1 are valuable to understand
nitroxide-mediated polymerization and provide a first guide to achieve a
controlled process, they are only limited to rather idealized conditions; e.g.,
assuming chain length-independent termination, neglecting propagation
events prior to the equilibrium and neglecting the presence of side re-
actions.53 The importance of both chain length-dependent termination and
the initial propagation events has been demonstrated.32,54,55 Nevertheless,
these effects can be easily integrated into polymerization models.55

Side reactions can lead to strong deviations with respect to the predictions
of eqn (7.1)–(7.5) and control over the polymerization thereof, by disrupting
the fine equilibrium between dormant and active chains.53 Thus, a possible
side reaction is the creation of additional propagating radicals due to the
thermal self-initiation of monomers such as styrene and n-butyl acrylate (BA)
at high temperatures.25,56–58 As discussed above for the case in which the
radicals are intentionally generated, this decreases ‘‘livingness’’ and reduces
the molar masses.34,44,51,52 The most obvious way of avoiding this problem is

Figure 7.1 Equations and phase diagram for a system with t90¼ 20 h,
kp¼ (2.673�106)�exp(�22.360�103/RT) M�1 s�1; kt¼ (1.984�108)�
exp(�5890/RT) M�1 s�1; [R–ONR1R2]0¼ 2.175�10�2 M; Flim¼ 0.2;
dlim¼ 0.5.39,40
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to work at lower temperatures, if adequate nitroxides are available. Never-
theless, this reduction in temperature may strongly increase the polymer-
ization time.

Scheme 7.2 highlights the side reactions associated with the nitroxide it-
self.59,60 The loss of a certain quantity of the persistent species shifts the
equilibrium toward the active state of the polymerization, thus increasing
the rates of polymerization and radical self-termination.47 A nitroxide can
undesirably react with an alkene, leading to a lower level of control, which is
the case for 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) during the poly-
merization of styrene (Scheme 7.2A).61,62 The persistent radical can also
degrade; a process that is favored by the high temperatures typically em-
ployed.63 The mechanism of degradation is specific for each nitroxide, with
TEMPO and TIPNO (2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl) being
prone to oxidation.64 The nitroxides bearing hydrogen atoms on the Ca

bound to the N–O bond that can suffer abstraction of this hydrogen can be
abstracted by either a propagating radical (though this is unlikely due to a
very low [P*]) or another persistent radical.60,65 In the latter case, the reaction
is referred to as self-disproportionation and yields an hydroxylamine and a
nitrone (Scheme 7.2B).60,66,67 It should be stressed that this reaction can be

Scheme 7.2 (A) Undesired addition of TEMPO to styrene at high temperatures.
(B) Self-disproportionation between two nitroxides. (C) b-H transfer in
the NMP of methacrylates.
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accelerated in aqueous media. Self-disproportionation occurs with TEMPO
and TIPNO, but not with D007 (the nitroxide associated with Disploreg
007; 3-(((2-cyanopropan-2-yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-phenylpro-
panenitrile),55 SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)-
N-oxyl) and some other nitroxides.68–72 Undesired decomposition of the
alkoxyamine has also been evidenced, with the degradation of the CO–N bond
being in competition with the desired C–ON in DPAIO (2,2-diphenyl-3-phe-
nylimino-2,3-dihydro-indol-1-yloxyl) and derivatives, thus reducing the control
over the polymerization.73

In the polymerization of methacrylates, undesired b-hydrogen transfer,
also referred to as disproportionation, is usually observed.74 Dis-
proportionation can either be intramolecular (from the macro-alkoxyamine,
with an associated rate constant kTND) or intermolecular between the
propagating and persistent radical (with an associated rate constant kTNC), as
depicted in Scheme 7.2C, and the relative importance of these reactions
cannot be distinguished by chemical analysis.75 Nevertheless, the nature of
the propagating radical and the substituents around the C–O bond have
been shown to influence which pathway is more favorable.76,77 The fraction
of disproportionation fD¼ kTNC/(kCþ kTNC) has been introduced to theoreti-
cally predict the evolution of nitroxide concentration and the maximum
monomer conversion attainable (Cmax).

75 Typically, a value of fD below 5% is
necessary to retain sufficient control over the polymerization and high
‘‘livingness’’ for various targeted DPns.

33 Nevertheless, it should be stressed
that the values of fD and Cmax are estimated using chain length-independent
rate constants and therefore are only approximate indications of the be-
havior of the system.55 We recommend that such values are treated with
great caution.

Even in the presence of side reactions, control depends on the balance
between active and dormant states of the polymerization, which is regulated
by the individual values of the rate constants kD (10�10–10 s�1 in between
20 1C and 120 1C) and kC (104–108 M�1 s�1) and their ratio.6,33,78 The values
of these rate constants are influenced by the nature of the substituents
around the breakable C–O bond, i.e., the nature of the initiating (and/or
propagating) radical, the nitroxide and its surrounding functional groups.78

Many manuscripts have been dedicated to studying the influence of sub-
stituents on kD and kC,

32,63,78–87 hence they will not be described at length
herein. Nevertheless, some general trends can be given and are summarized
in Figure 7.2. Stabilizations of both the alkyl radical and the nitroxide favor
the C–ON bond homolysis (thus increasing kD).

63,88 Similarly, steric strain on
both nitroxide and alkyl fragment tends to increase the value of kD.

79,89,90

Polarity can have the opposite effects with a more polar alkyl fragment of the
alkoxyamine increasing kD, whilst an increasing polarity in the nitroxide
fragment disfavors the C–ON bond cleavage (hence lowers kD).

83,91–93 Finally,
there can be a chain length effect to the value of kD, which depends on the
nature of the propagating radical, with tertiary radicals showing extensive
penultimate and antepenultimate effects.31,79,94–96
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The effects of the substituents around the N–O bond and the nature of the
alkyl radical on the recombination rate constant kC have been investigated to a
lesser extent than those on kD.

82,84,85 Nevertheless, steric effects tend to de-
crease the value of kC, whilst polarity around the N–O bond favors an increase
in the rate constant.97–101 Other parameters may influence the value of kC, such
as enthalpic effect of the alkyl fragment, effects of pH and solvents.31,95,102,103

The determination of both rate constants kD and kC has been thoroughly
investigated, due to their relative importance in the NMP process.6,85 The rate
constant of decomposition kD can be determined through the decomposition of
an alkoxyamine in the presence of a radical scavenger.63 This can be achieved
via UV–vis or fluorescence detection,104 EPR analysis,63 SEC105,106 and
NMR.107–109 Estimation of the values of kD can also be achieved through an-
alysis of the C–ON bond dissociation energy (BDE)110 utilizing quantum
chemical calculations.55,83,111 The level of quantum calculation can influence
the value of the BDE, which will greatly influence the value of kD.

112,113 Finally, a
multiparameter approach relying on high-level ab initio calculations has been
developed by Coote et al.81 In this method, quantitative linear free-energy re-
lationships are constructed between the structures and properties of the al-
koxyamine/nitroxides in order to predict the value of kD with good accuracy.79,91

The experimental determination of kC can be more arduous,84 with the
necessity to use techniques being able to monitor the rapid reaction between
two radicals, such as laser flash photolysis-kinetic absorption spectroscopy
(LFP-KAS)80,97,98 and radical nitroxide recombination-pulsed lamp pho-
tolysis size exclusion chromatography (RNR-PLP-SEC).114 The first technique
is more suited to determine the kC,a of an alkoxyamine (small molecules),
whilst the second technique is more suited for polymeric species, i.e., for
determination of the kC of the (macro)alkoxyamine. Finally, multiparameter
analysis based on stabilization, polarity and steric effects can also be em-
ployed to determine the value of kC.

84,85

Figure 7.2 Substituents effects on the value of kD and kC.
*Those effects affect both nitroxide and radical fragments.82,84,85
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7.2.2 Development of Nitroxides and Alkoxyamines

The development of nitroxides and alkoxyamines has been driven by the
need to achieve better control with a larger number of monomers,6,18,115 as
well as a reduction in the occurrence of side reactions.

In the aftermath of numerous investigations on radical trapping, the first
patent dealing with NMP emerged in CSIRO.3 Therein, acylic, five-membered
and six-membered ring nitroxides were employed to mediate the NMP of styr-
ene, methyl acrylate (MA) and methyl methacrylate (MMA). Among those nitr-
oxides, TEMPO was later employed to show the viability of the NMP of styrene
at high temperatures (4125 1C).4 In order to reduce both the reaction tem-
perature (to avoid thermal initiation and other side reactions) and the reaction
time (24–72 h in the latter case), researchers first investigated TEMPO deriva-
tives (i.e., six-membered ring nitroxides) and their associated alkoxyamines,
with various level of success.86,116–121 The development of many five-, seven- and
eight-membered ring nitroxides is worth mentioning, with the size of the ring
influencing the decomposition of the resulting alkoxyamine.96,116,122,123

A revolutionary stage has been the development of acyclic nitroxides, as
depicted in Figure 7.3.116,124 Some nitroxides bearing hydrogen atoms on the
Ca bound to the N–O bond showed good stability,70–72 which prompted the
introduction of TIPNO and its derivatives as good mediators for the poly-
merization of acrylates and styrene.44,65,125–128 The next breakthrough was
the introduction of heteroatoms in the nitroxide substituents, thus yielding
the SG1 nitroxide (and the later BlocBuilder alkoxyamine).45 These com-
pounds allowed for the well-controlled polymerization of styrene, dienes and
acrylates at moderate to high temperatures (40–120 1C).6 From the last two
nitroxides (and derivatives) emerged an extensive amount of alkoxyamines,
in order to enhance the polymerization kinetics.78,79,129 This was achieved by
playing with the nature of the initiating radical (the alkyl fragment of the
alkoxyamine) in order to increase the value of kD,a, thereby improving the
kinetics of polymerization.32,33,96

The further development of nitroxides and alkoxyamines is closely related
to the attempt of many research groups to solve one major issue, the con-
trolled polymerization of methacrylates, which for a long time was a major
issue in NMP.74,130–132 Typically, b-H transfer is observed, resulting in the
formation of an o-unsaturated polymer chain and a hydroxylamine; thus low
monomer conversions and steady values of molar masses are observed. To
overcome these issues, new nitroxides/alkoxyamines were designed to obtain
an optimum dormant/active equilibrium and to avoid an undesired dis-
proportionation events.31,133 Hence bulky indolinic nitroxides emerged,
such as DPAIO (Figure 7.3),134,135 which was the first nitroxide able to
regulate the polymerization of MMA (but not polymerization of styrene at
this stage, see Section 7.2.3).38 The introduction of N-phenylalkoxyamines,
such as N-(1-methyl-(1-(4-nitrophenoxy)carbonyl)ethoxy)-N-(1-methyl-(1-(4-
nitrophenoxy)carbonyl)ethyl)benzenamine presented a great advance in the
field, as they could regulate the polymerization of MMA and styrene partially,
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whilst their synthesis was less arduous.136,137 An additional noteworthy
advance has been the use of nitrones as precursors for the ‘‘in situ’’ NMP of
styrene, methacrylates, acrylates and dienes.138,139

Recently, Dispolreg 007 has emerged as a robust regulator for the con-
trolled polymerization of methacrylates,55,104,140–143 styrene and acry-
lates;52,144 though to a lesser extent for the latter. During the polymerization
of methacrylates, Dispolreg 007 shows a low fraction of disproportionation
( fD¼ 0.22% at 90 1C), which is not the case for SG1 ( fD¼ 7.8% at 70 1C).55,145

In addition to the good level of control obtained during polymerization, this
alkoxyamine became attractive due to the facile three-step synthetic route of
amidation, formation of the nitrone and formation of the alkoxyamine, with
minimum purification required (through crystallization).

Figure 7.3 Most notable development of nitroxides and alkoxyamines.
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One advance in the development of nitroxides/alkoxyamines lies in the use
of UV light to trigger the reversible decomposition/recombination of a
(macro)alkoxyamine;146–150 thus paving the way to nitroxide-mediated pho-
topolymerization (NMP2).151,152 In order to selectively control the breakage
of the C–O bond (instead of the labile N–O bond for instance), chromo-
phores have been introduced as substituents of the alkyl fragment or the
nitroxide fragments.148,153 It should be stressed that for an optimum NMP2
process, the chromophore should be on the nitroxide fragment.154 This
process becomes an elegant tool for surface modifications and/or photo
patterning with reactive copolymers.155–157

7.2.3 Monomers and Monomers/Regulators Compatibilities

Monomers that can be polymerized by NMP can be segregated into two
categories. More activated monomers (MAMs) include vinyl aromatics
(namely styrene and derivatives),3,5,44,45,51,119,158 acrylates,44,45,159 N-substi-
tuted and N,N-substituted acrylamides,160–163 methacrylates,38,104 and
acrylonitrile.44,164 Less activated monomers (LAMs) include dienes,48,165,166

cyclic ketene acetals167 or vinyl acetate,168 N-vinylpyrrolidone,169,170

N-vinylcarbazole,171 vinyl chloride,172 vinyl ferrocene173 and azlactones.174

The choice of the regulator (e.g., nitroxide or alkoxyamine) is of utmost
importance to mediate the polymerization of MAMs and LAMs with good
control and good retention of the chain ends (key to the formation of block
copolymers, see Section 7.2.4).5,6 Herein, the focus will be on how to match
the reactivity of the monomer to a specific nitroxide or alkoxyamine for an
optimum control of the polymerization thereafter (Chart 7.1). The reader
should refer to several manuscripts for more details on the breadth of
monomers that can be polymerized by NMP.6

For instance, TEMPO, TIPNO and BlocBuilder/SG1 can regulate the poly-
merization of LAMs,48,166,172 acrylates and styrene but cannot polymerize
methacrylates with good control.44,45,130 In the case of BlocBuilder, this is
ascribed to a strong penultimate effect which undesirably affects the values
of kC and kD, thus favoring undesired b-H transfer.31,133 The loss of control
and ‘‘livingness’’ can be overcome by the random copolymerization of me-
thacrylates with a slight amount of a comonomer to modify the value of
K¼ kD/kC.

175–179 The same strategy has recently been applied to the co-
polymerization of terpene derivatives.180–182 More complex alkoxyamine
structures can be also utilized at higher temperatures (up to 200 1C) for the
polymerization of acrylates and styrene, with relatively good control.183,184

New nitroxides/alkoxyamines such as DPAIO or N-(1-methyl-(1-(4-ni-
trophenoxy)carbonyl)ethoxy)-N-(1-methyl-(1-(4-nitrophenoxy)carbonyl)ethyl)-
benzenamine can homopolymerize methyl methacrylate, although
with limited monomer conversion and broad molar mass distributions.38,137

In addition, limited versatility toward other monomers (e.g., acrylates
and styrene) is usually observed with these systems, though further modi-
fications of the alkoxyamine structure were shown to improve control in the
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case of styrene (Chart 7.1.4).185 This situation has been recently rectified with
the development of a new generation of alkoxyamines.104,138,139 Specifically,
Dispolreg 007 has emerged as a robust mediator for the polymerization of
MMA and styrene, both in solution and in aqueous dispersion.52,140–142

Some control over the polymerization of BA was achieved.144 Good control
over the molar mass distributions and good chain end fidelity are obtained
with disproportionation being minimal within the time scale of
polymerization for MMA.55

What emerges from Chart 7.1 is that nitroxides/alkoxyamines capable of
regulating the polymerization of methacrylates cannot (in most cases, as
described above) control the polymerization of other MAMs and LAMs. This
is due to the combination of radical stability, the side reactions inherent to
each type of radical (e.g., disproportionation) and the values of kC and kD,

Chart 7.1 Nitroxides/alkoxyamines and monomer compatibility chart. 3Good con-
trol can be achieved.BPartial control can be achieved.
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which cannot be tuned to a range which can give sufficient control for each
monomer. Consequently, the quest for a universal alkoxyamine may be
successful if those values of kD and kC can be appropriately tuned by means
of external stimuli (e.g., pH) and if side reactions are avoided.

7.2.4 Architectures

One of the interests of RDRP lies in the retention of the reactive chain ends,
which allows for the formation of a wide range of architectures and func-
tional macrostructures.186,187 Most of the architectures are summarized in
Scheme 7.3. First, functional groups such as –OH,188–190 –COOH,32,191 -NHS
(N-hydroxysuccinimide),192,193 -SH,194 -X (X an halogen),195 H-bonding
moieties (e.g., uracil, ureidopyrimidinone),196,197 chromophores (e.g., pyr-
ene),148,198,199 alkyne and azide groups can be introduced on the alkyl
fragment (a-end) and/or the nitroxide fragment (o-end) of an alkoxy-
amine.195,200 Thus, heterotelechelics and a,o-telechelic polymers can be
produced, paving the way to a myriad of reactive macrostructures, which
include (but are not limited to) bioconjugates and organic/inorganic hy-
brids.201,202 Some functional groups (e.g., –OH, –COOH, –X) can further
initiate polyaddition, polycondensation or step-growth polymerization such
as ring-opening polymerization (ROP), RAFT and ATRP.6,201

Grafted polymers can be synthesized by NMP,203,204 through ‘‘grafting
from’’,205,206 ‘‘grafting to’’ (or ‘‘grafting onto’’)207,208 and ‘‘grafting through’’
methods,209 each leading to different levels of control. Branched or comb
copolymers can also be produced by exploiting a side-reaction typically as-
sociated with the polymerization of acrylates,210,211 namely intramolecular
chain transfer to polymer (also referred to as backbiting).212 It is important
to stress that backbiting is usually reduced in the presence of a
nitroxide.144,213–215 This effect is also observed in other reversible de-
activation radical polymerizations and it has been attributed to the effect of
the fast reversible process created by the control agent, which reduces the
relative rates of the slowest of the processes involved in parallel competitive

Scheme 7.3 Schematic representation of the architectures attainable by NMP.
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reactions (in this case the relative rate of backbiting with respect to propa-
gation is reduced).215–218 Hyperbranched or dendritic polymers can be syn-
thesized by NMP219 through the use of inimers [monomers able to
(re)initiate polymerization], i.e., bearing a vinyl bond and a pendant nitr-
oxide.220 A combination of mono- and difunctional monomers can also be
utilized.221 Star polymers have interesting viscosity behaviors and can be
synthesized through an ‘‘arm first’’ or a ‘‘core first’’ approach.222 An ‘‘out-
side-in’’ strategy utilizing a tris-nitroxide can also be exploited, though
moderate control over the desired structure is usually observed.223 It should
be stressed that a ‘‘core first’’ approach is preferred to obtain a
desired n-arm star structure. In addition, fine tuning of the reaction con-
ditions is required to avoid star–star coupling as a result of radical–radical
termination. NMP allows for the formation of cyclic polymers through al-
kyne/azide coupling post-polymerization (under diluted conditions), though
a mixture of cyclic and linear polymer is usually obtained.224

The retention of the alkoxyamine chain end(s) can be exploited to syn-
thesize block copolymers. These can be produced from the same monomer
families (e.g., styrene–styrene derivatives) or with cross families (e.g.,
styrene–acrylates or styrene–methacrylates).225–228 Block copolymers with
dienes, such as isoprene (PS-b-PI), can also be produced,229,230 whilst the
combination of NMP with other polymerization methods can be useful to
yield PE-b-PS block copolymers.231,232 In NMP, the choice of regulators,
among other parameters (see below), is crucial to achieve good control over
the chain end fidelity and optimum compatibility between monomers.6 In
Chart 7.2, the alkoxyamines/nitroxides able to achieve block copolymers of
acrylates, methacrylates and styrene (and derivatives) are listed.

The ability to produce block copolymers depends on several factors. First
the structure of the alkoxyamine/nitroxide should promote the control over
the polymerization of the monomers (Chart 7.1). In addition, sufficient
‘‘livingness’’, i.e., the fraction of chains bearing the alkoxyamine end groups,
is needed. This ‘‘livingness’’ depends on the combination of monomer and
alkoxyamine/nitroxide selected to produce the first block and on the reaction
conditions (temperature, time, bulk, semicontinuous). The concentration of
‘‘living’’ chains can decrease at high conversions due to the side reactions
discussed in Section 7.2.1. Finally, the nature of the monomer will influence
the re-initiation step to produce a block copolymer. More specifically, a more
stable radical should be preferred for the first block with a less stable radical
being utilized for the second block.

This combination explains, in part, the inability of most of the nitroxides/
alkoxyamines to produce all types of block copolymers.6 For instance, the
original DPAIO is an efficient regulator for the homopolymerization of me-
thacrylate, though the production of block copolymers from poly(methyl
methacrylate) (PMMA) such as PMMA-b-PS and PMMA-b-PBA is more dif-
ficult.38,130,185 This is due, in part, to undesired CO–N dissociation with
acrylates and styrene.38 A modified DPAIO structure (structure 4 in Chart 7.2)
could overcome this issue for styrene.185 In the case of TIPNO, block
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copolymers containing butyl acrylate and styrene could only be obtained if
the poly(butyl acrylate) (PBA) was prepared first.44 This result was not
intuitive, as in terms of radical stability styrene is more stable than butyl
acrylate, hence the preparation of PS-b-PBA block copolymer should have
been preferred. Nonetheless, this was not successful without modification of
the nitroxide structure, necessary to enhance the polarity of the nitroxide
fragment and change the value of K.127 Pleasingly, Dispolreg 007 allows for
the formation of a wide range of block copolymers, including PS-b-PMMA,
PMMA-b-PBMA, PMMA-b-PS and PBA-b-PS (up to some control of the PBA
block).52,104,142,144

7.3 Polymerization Processes
A major stumbling block in the commercial development of NMP has been
the scaling of the polymerization from the lab scale. As alluded to in the

Chart 7.2 Examples of block copolymers produced by nitroxide-mediated polymer-
ization. B1 and B2 correspond to the first and second blocks, respectively.
*Modifications on the original alkoxyamine/nitroxide structure were
performed.
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previous section, this is partly due to the historic difficulty in the synthesis of
low-cost nitroxides/alkoxyamines. However, of equal importance is the dif-
ficulty in making the transition from batch bulk or solution processes, which
are overwhelmingly used in academic literature, to processes that can be
conducted at the multi-ton scale.233 In this section, we will detail the pro-
gress that has been made with respect to polymerization processes in the
field of NMP.

7.3.1 Bulk/Solution Polymerization

Polymerization in bulk and solution remains the most practical and fre-
quently used method to conduct NMP at the lab scale. In this type of
reaction, monomer and alkoxyamine/nitroxide (and optionally solvent) are
simply charged to the reaction vessel and heated to the reaction tempera-
ture. Since low molecular weights (Mno100 000 gmol�1) are typically
targeted in NMP, solids contents of 70 wt% are easily achievable before there
are significant viscosity issues. It may be noted that higher monomer con-
centrations are more desirable as, at the same target chain length, the rate is
faster whilst minimizing effects of side reactions.234,235 The use of such
batch processes in bulk and solution has provided the vital academic studies
that are necessary in order to understand the NMP process as presented in
the previous section. However solution/bulk polymerizations in batch are
unsuitable for scale up, as they lead to highly viscous/solid reaction mixtures
at high conversion which are challenging to use practically and, further-
more, run a serious risk of thermal runaway and explosion.236 As a result,
NMP processes that take place in aqueous dispersed media, as well as in
semibatch/continuous processes have been developed, as will be described
in the next sections.

7.3.2 Dispersed-phase Polymerization

In conventional free radical polymerization, there are numerous advantages
to conducting the polymerization in dispersed media.237,238 On the one
hand, the compartmentalized nature of the reaction media leads to low rates
of termination, which allows for faster rates of polymerization and higher
molecular weights. The dispersed nature of the reaction also permits high
solids contents to be reached before significant changes in the viscosity are
observed. Furthermore, in the case of conducting the reaction in water, the
low viscosity and the high heat capacity allow for efficient removal of heat
generated during the polymerization (and a small effect on the reactor
temperature), which is vital in the case of reactions conducted on the in-
dustrial scale. In fact, on the industrial scale heat removal is typically a
limiting factor in reducing the timescale of the process. Finally, the use of
water as the continuous phase omits the use of toxic solvents and improves
the sustainability of the process.
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For NMP, the ‘‘livingness’’ of the polymerization is dependent on limiting
termination of growing chains. Therefore, as detailed in Section 7.1, there is
a limit on the rate of reaction that can be obtained whilst maintaining
control of the polymerization. As a result, the relatively low rate of poly-
merization required for well-controlled NMP reactions means that many of
the beneficial aspects of conducting radical polymerizations in dispersed
systems are lost for NMP. Furthermore, as many NMP systems are reliant on
temperatures in excess of 100 1C, they must be conducted under pressure
when aqueous systems are employed.6 Although conducting emulsion
polymerizations in pressurized vessels is not an issue industrially [large
tonnage poly(vinyl chloride) and poly(styrene-co-butadiene) are produced
under pressure], this has limited the extent of academic research in the area.
Despite these drawbacks, the positive aspects of conducting dispersed phase
polymerizations have made them the subject of continued interest.239–241

Much of the attraction of conducting conventional radical polymerization
in dispersed media arises from the compartmentalization of the radical
species. This allows for a relatively high radical concentration whilst min-
imizing termination by effectively segregating two propagating radicals in
distinct particles. In NMP, an additional effect of the confined nature of the
radicals is observed upon dissociation of the C–ON bond. In this case, both
the propagating polymer chain and the nitroxide are generated within the
confined space of the polymerizing particle, and this results in a relative
increase in recombination.242–245 This can lower the rate of polymerization
(the total radical concentration is lowered) and can also improve the dis-
persity of the polymer (decrease in number of units added per open
cycle).246–248 On the other hand, in the case of exit of the nitroxide radical
from the particle, a significant increase in the rate of polymerization can
occur at the cost of some control of the reaction.249,250 In both cases, the
effects of compartmentalization in NMP are typically only observed for
particles that are sizeo100 nm and in many cases the kinetics of NMP
conducted in dispersed media are identical to those conducted in bulk.244

The confined nature of heterogeneous systems is also attractive in the
preparation of novel nanostructured particle morphologies from block co-
polymers made by NMP due to the effects of nanoconfinement on phase
separation.251,252

In addition to compartmentalization effects, partitioning of the nitroxide
into the aqueous phase can also influence the reaction kinetics in aqueous
dispersed polymerizations. In most cases, partitioning has a limited effect
on the rate of polymerization as the nitroxide depleted by partitioning into
the aqueous phase is regenerated by additional termination reactions until
the steady-state concentration of propagating radicals and nitroxide in the
particle is reached.253 For example, comparison of the NMP of styrene in
miniemulsion using TEMPO, a hydrophobic nitroxide, and TEMPO-OH, a
comparative hydrophilic nitroxide, showed effectively no difference in the
rate of polymerization, molecular weight or dispersity value despite
the vastly different partitioning behavior.254 Nitroxide partitioning into the
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aqueous phase can however cause significant complications when the
nitroxide is unstable in aqueous media. Many nitroxides that contain
a-hydrogen atoms, such as SG1, are unstable and undergo disproportiona-
tion, particularly at acidic pH.255 In this case, buffering can be required
in order to prevent loss of control of the reaction. It may be noted that
decomposition of the nitroxide may in some instances be desirable in order
to maintain a relatively high rate of polymerization, and nitroxide scavengers
can be added to aid this process.256–258

Polymerization reactions in dispersed media can be divided into a number
of distinct categories as highlighted in Table 7.1. These include suspension,
emulsion, microemulsion and miniemulsion. Dispersion polymerization is
also a viable process,259–263 though it will not be discussed herein. The dif-
ferences between them give distinct advantages (and disadvantages) when
conducting NMP, and therefore in the following section we will detail the
different types of dispersed phase polymerizations and how they can be
applied in NMP.

Table 7.1 Different polymerization processes used in NMP in dispersed media and
their distinguishing features.

Polymerization
process Schematic representation Notes

Suspension Droplet nucleation
Very large particles obtained
(not suitable for practical use as
a dispersion)

No compartmentalization

Miniemulsion Droplet nucleation
Miniemulsion process hard
to scale

Can be initiated from aqueous
or organic phase

Microemulsion Micellar nucleation
High surfactant concentrations,
low solids

Highly compartmentalized

Emulsion Complications associated with
particle nucleation and aqueous
phase transport
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7.3.2.1 Suspension Polymerization

Suspension polymerization is a technique in which droplets of monomer in
the range of 10–100 mm are generated by mechanical agitation in an aqueous
surfactant solution, and the reaction occurs with each droplet acting as a
miniature reaction mixture.264 Due to the large particle size, there are no
effects of compartmentalization, and the kinetics are typically identical to
that of a bulk polymerization but have the advantage of maintaining a low
viscosity throughout the process. At the end of the reaction, the polymer can
be isolated simply by filtration. Suspension polymerization is particularly
advantageous in NMP, as the alkoxyamines that have been designed for
bulk/solution systems can be easily translated to the suspension case with-
out the worries of aqueous phase transport or particle nucleation that apply
to most dispersed phase techniques.141 Typical solid content in these poly-
merizations is up to around 40 wt%.

Most literature reports of NMP in suspension focus on the use of TEMPO-
based systems for the polymerization of styrenic monomers at high
temperatures (ca. 130 1C).4,265–267 Due to the high cost of TEMPO-based
alkoxyamines, in most cases bimolecular initiator systems have been used
involving an oil-soluble peroxide and TEMPO.265–267 In the first step, a
TEMPO terminated macroinitiator is formed by bulk polymerization and then
subsequently used as a macroinitiator in the suspension polymerization
process. This two-step procedure has the advantage that batch-to-batch re-
producibility problems in the synthesis of the initial macroalkoxyamine can
be avoided.

More recently, the polymerization of methacrylic monomers by suspen-
sion polymerization at reduced temperatures (T¼ 90 1C) has also been re-
ported using Dispolreg 007 as alkoxyamine in a unimolecular initiating
system leading to spherical particles in the order of 100 mm (see
Figure 7.4).141 When compared to a bulk polymerization under the same
conditions, it was noted that significantly faster reaction rates were ob-
served, and high conversions could be reached in the suspension case. This
was related to the aqueous phase decomposition of nitroxide. Formation of
block copolymers in these reactions can be conducted by simple addition
of a second shot of monomer or by isolation of the polymer and redispersion
of the microparticles in the presence of the second monomer and sub-
sequent polymerization to form block copolymers.

7.3.2.2 Miniemulsion

Next to suspension polymerization, miniemulsion polymerization offers one
of the easiest routes to dispersed systems for NMP.268 Similar to suspension
polymerization, the alkoxyamine/nitroxide is generally dissolved in the or-
ganic phase, but in this case high shear is applied to generate droplets in the
range of 100 nm. As droplet nucleation is the predominant nucleation
mechanism, a final particle size similar to that of the initial miniemulsion is
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typically obtained leading to particles with size in the range of 100 nm (see
Figure 7.5). A costabilizer, e.g., a low-molecular-weight water-insoluble
compound (typically hexadecane but more preferably a polymerizable
hydrophobic monomer such as stearyl acrylate), is added to prevent Ostwald
ripening of the miniemulsion droplets. Unlike suspension polymerization,
the significantly reduced droplet size allows for the use of water-soluble
initiators in bimolecular systems and water-soluble alkoxyamines (such as
BlocBuilder) in unimolecular systems as the higher surface area allows
for entry of the radicals from the aqueous phase into the monomer
droplets.269–271

Figure 7.4 Suspension polymerization of methyl methacrylate mediated by Dispol-
reg 007 leading to spherical particles. The right panel shows the differ-
ences in polymerization rate between the reaction in suspension (stars)
and the equivalent reaction in bulk (triangles).
Reprinted from ref. 141 with permission from Elsevier, Copyright
2017.

Figure 7.5 Transmission electron microscopy (TEM) image of particles obtained
from SG1-mediated miniemulsion polymerization of styrene at 90 1C
initiated by azobisisobutyronitrile (AIBN).
Reprinted from ref. 272 with permission from Elsevier, Copyright
2007.
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Similar to the case of suspension polymerization above, most work has
been done using TEMPO as a control agent for the miniemulsion polymer-
ization of styrene,246,257,258,269,273–276 although there are also a number of
reports of SG1-based systems for polymerization of both styrene and
acrylates.255,272,277–279 More recently, the polymerization of methacrylic
monomers by NMP in miniemulsion using Dispolreg 007 as initiating al-
koxyamine has been reported.142 In the case of TEMPO-based systems and
unimolecular SG1-based systems, higher temperatures are typically used and
necessitate the use of pressurized reaction vessels. However, in bimolecular
SG1-based initiating systems, significantly lower temperatures (T¼ 90 1C)
have been used and allowed the reaction to be performed at ambient pres-
sure.255,272 A downside is that with the use of the bimolecular system at
lower temperatures, typically broader molecular weight distributions are
observed.255

One of the major issues with miniemulsion polymerization is the dis-
persion step, which requires large amounts of energy and makes scale-up to
an industrial scale difficult.280,281 One potential way to avoid this high energy
step has been reported for NMP using surfactants generated in situ to
spontaneously generate the initial miniemulsion. This miniemulsion can be
subsequently polymerized to yield a latex with low particle size (see
Figure 7.6).282,283 These in situ surfactants are typically generated by addition
of the oil phase containing a long-chain carboxylic acid to the aqueous
phase-containing base. Upon contact with the oil and aqueous phase, the
carboxylic acid groups are neutralized at the interface to form a surfactant
which emulsifies the mixture to form nanometer-sized droplets. While this
offers a route around the emulsification step and shows some promise for
use in miniemulsion polymerizations,284,285 typically high volumes of sur-
factant are required, and there is a limit to the solid content, beyond which a
conventional emulsion is formed.286

Figure 7.6 Latex produced by miniemulsion polymerization of styrene using an
SG1-based macroalkoxyamine. The miniemulsion was produced by
in situ generation of potassium oleate under low shear.
Reprinted from ref. 282 with permission from American Chemical
Society, Copyright 2010.
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7.3.2.3 Emulsion Polymerization

Currently, almost all commercial free-radical processes conducted in dis-
persed media are based on emulsion polymerization.287 In a conventional
emulsion polymerization, the initial reaction mixture consists of an aqueous
phase containing monomer swollen surfactant micelles and a dispersed
phase of monomer droplets, as in suspension polymerization. However,
unlike suspension and miniemulsion polymerization, particles are usually
generated either by entry of oligomeric radicals into surfactant micelles via a
heterogeneous nucleation process or by precipitation of the oligomeric
radicals in the aqueous phase (homogeneous nucleation). The large mono-
mer droplets serve as reservoirs of monomer, which is transported through
the aqueous phase to the polymer particles where it is consumed. When
attempting to translate this to NMP, the complex nucleation process and the
need for transport through the aqueous phase severely complicate matters
and make emulsion polymerization in NMP far more challenging than
miniemulsion or suspension processes.

In an effort to avoid the problems associated with particle nucleation,
early experiments focused on the use of seeded polymerizations in which
nitroxide and monomer were used to swell a preformed latex and sub-
sequently polymerized.288 Such a procedure has the obvious disadvantage in
the need for a swelling stage as well as the final product containing a sig-
nificant amount of noncontrolled polymer.

Alternative ab initio approaches for NMP in emulsion systems in which no
seed is utilized have been adopted using different initiating systems. In the
case of both TEMPO- and SG1-based systems, bimolecular ab initio emulsion
polymerization systems have been developed using persulfates as initi-
ators.272,289 In addition, unimolecular ab initio systems using the deprotonated
form of BlocBuilder as well as a difunctional analog of SG1 have been similarly
employed to generate radicals in the aqueous phase.290,291 In general, these
systems lead to polymers with broadmolecular weight distributions. Moreover,
in many cases the dispersions are colloidally unstable due to partitioning of
oligomeric alkoxyamines into the large monomer droplets, resulting in un-
desired droplet nucleation and formation of micron-sized particles (see
Figure 7.7). An additional problem is that the high temperatures required for
NMP in many cases can result in autoinitiation and the generation of high-
molecular-weight polymer in monomer droplets. The polymerization in
droplets can be minimized by inclusion of a highly hydrophobic inhibitor in
the initial monomer mixture. In this way, the hydrophobicity ensures that
transport of the inhibitor is minimized, and only polymerization in the
droplets is inhibited.292 Alternatively, another way to avoid droplet nucleation
is to synthesize the macroalkoxyamine at low solids content and subsequently
feed monomer to the system to generate a stable latex.293,294

An alternative route to ab initio emulsion polymerization in NMP systems
is through the use of self-assembly of block-copolymers formed during the
polymerization process itself. This so-called polymerization-induced self
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assembly (PISA) is a technique that takes advantage of the living nature of
NMP to direct the formation of dispersed phase structures.295 In the case of
NMP, PISA is typically conducted using a hydrophilic macroalkoxyamine
such as an SG1-terminated poly(acrylic acid) that is initially soluble in the
aqueous phase.296–302 Thus radicals are generated within the aqueous phase
(as a conventional emulsion polymerization) and are extended with the more
hydrophobic monomer that makes up the second block. As the second block
grows the block copolymer self-assembles in solution to form spherical
particles (see Figure 7.8). A major advantage of this technique is that the

Figure 7.7 SEM image of particles obtained from emulsion polymerization of styr-
ene using TEMPO/KPS initiating system showing both heterogeneous
nucleation (small particles) and droplet nucleation (large particles).
Reproduced from ref. 292 with permission from John Wiley & Sons,
Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 7.8 TEM image of spherical particles of poly(acrylic acid-b-styrene) formed
by emulsion polymerization of styrene using a poly(acrylic acid) macro-
alkoxyamine as initiator.
Reproduced from ref. 296 with permission from the Royal Society of
Chemistry.
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particles are self-stabilizing and do not require additional surfactant, al-
though the presence of a hydrophilic block can be undesirable in many
applications of emulsion polymers, such as coatings. A further advantage of
the PISA-type systems is that more complex colloidal structures can be ob-
tained.295 Working on the basis of the framework developed by Isrealachvilli
for the self-assembly of amphiphilic molecules,303 by controlling the relative
block length of amphiphilic block copolymers, structures ranging from
spheres to worm-like micelles to vesicles can be formed directly in aqueous
dispersions (see Figure 7.9).304–306

7.3.2.4 Microemulsion

Microemulsion polymerization differs from most dispersed-phase poly-
merizations because the initial dispersion is in a thermodynamically stable
state of monomer swollen micelles dispersed in water. In the case of NMP,
this allows the use of hydrophobic biomolecular initiating systems (i.e.,
AIBN/TEMPO) as well as the use of water-insoluble alkoxyamines, which
partition directly into the micelles allowing for micellar nucleation.307 Ty-
pically, microemulsion reactions involve very small particle sizes wherein
rapid recombination of the nitroxide and propagating radicals occurs.

Figure 7.9 TEM images of the final particle morphology obtained from different
hydrophobic block molar masses for the same macroinitiator
poly(methacrylic acid41-co-sodium styrene sulfonate10)-SG1 (5600 gmol�1).
Reprinted from ref. 304 with permission from American Chemical Society,
Copyright 2012.
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Thus a significant reduction in the rate of reaction has been observed
compared to the bulk case.307,308 While such an enhanced rate of re-
combination can result in slower rates, it can also lead to improvement in
the dispersity of the polymer due to a reduced number of monomer add-
itions per open cycle.248,309 However, the small particle size can also result in
differences in the local monomer/alkoxyamine ratio which results in a
broadening of the molecular weight distribution.307

Oil-in-water microemulsion polymerizations are conducted with low so-
lids content (o5 wt%), and surfactant concentration is high (410 wt% based
on total formulation) making them unattractive from a commercial point of
view. In order to overcome this, many microemulsion polymerizations are
performed in two stages with a first reaction in batch to produce the mac-
roalkoxymine in discreet polymer particles and subsequent addition of
monomer to grow the polymer chains and to increase the solid con-
tent.290,296,310,311 This second stage effectively proceeds as a seeded emulsion
polymerization whereby the initial microemulsion polymerization avoids the
complications of particle nucleation that have made ab initio NMP in
emulsion so difficult.

7.3.3 Continuous/Semicontinuous Processes

To date, almost all NMP processes in the open literature have been con-
ducted under batch conditions. However, batch processes are typically dif-
ficult to scale-up due to the large enthalpy of polymerization that renders
radical polymerizations subject to thermal runaways. An exception is sus-
pension polymerization, which is carried out in batches in large scales. In
order to prevent this issue, many conventional commercial radical poly-
merization processes are done under semibatch or continuous conditions as
shown schematically in Table 7.2.

In a semibatch reaction, monomer is continuously fed to the reactor at a
certain rate, so that a relatively high instantaneous conversion is main-
tained, and the concentration of monomer in the reactor at any given time is
low. In free-radical polymerizations, this poses little issue, but in NMP it
results in a significant increase in the rate of termination relative to
propagation, thus leading to relatively low ‘‘livingness’’ and high dispersity in
semibatch polymerizations when compared to a batch-type system.140,312,313

Furthermore, low monomer concentrations result in a reduced rate of
polymerization, which poses serious issues with regard to commercial via-
bility. As mentioned in previous sections, the use of seeded semibatch re-
actions in dispersed-phase polymerizations can provide additional
advantages as they minimize the challenges in the nucleation step.252,314

Similar to semicontinuous processes, while continuous reactors are used
commercially for radical emulsion polymerization processes, they provide
significant challenges when applied to NMP. Continuous-stirred tank re-
actors (CSTRs) have been applied to NMP, and while good chain end fidelity
can be achieved with such reactors, the distribution of residence times
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results in a dispersity approaching 2.184 Only in the event that a train of
CSTRs is used can the dispersity be significantly reduced with Ð¼ 1þ 1/n in
the best case scenario, where n is the number of reactors in the train.315,316

An alternative to the use of CSTRs is the use of continuous tubular re-
actors. The high surface area to volume ratio of such tubular systems allows
heat to be removed efficiently and allows better control of the polymerization
process.317,318 In the ideal case, such tubular reactors operate with plug-flow,
and thus the reaction behaves as in a regular batch polymerization, avoiding
the continually high instantaneous monomer conversion that makes semi-
batch reactions challenging. For example, in miniemulsion NMP conducted
in a tubular reactor, it has been shown that there are negligible differences
between batch and tubular reactions.319,320 Block-copolymers can also be
synthesized by connecting two tubular reactors in series.318 Unfortunately,
while they provide good control of the polymerization compared to other
continuous/semicontinuous techniques, tubular reactors require fairly long

Table 7.2 Different polymerization processes used in NMP.

Process Schematic

Batch

Semibatch

(Series of)
Continuous-
stirred tank
reactor

Continuous
tubular
reactors

Tubular reactor Continuous loop tubular reactor

Monomer 
+ alkoxyamine 
+ solvent
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residence times and are hard to implement commercially in solution pro-
cesses, as the viscosity of the reaction mixture leads to many operational
difficulties. Similarly, in dispersed-phase systems clogging of the reactor
walls is often a major issue.

7.4 Industrial Applications
Since the first report on NMP in the CSIRO 1983 patent, there has been a
tremendous interest in implementing the polymerization technique in an
industrial set-up.3 Several major companies have been involved in the de-
velopment of NMP and regulators thereof in an industrial context, to
introduce novel materials and/or additives in the market. IBM, CIBA (now
part of BASF), Xerox, Arkema, Symyx, Elf Atochem (now Arkema), Atofina and
Bayer were amongst the major patent applicants regarding the use of NMP in
an industrial context. The applications are diverse, ranging from pigments
dispersing agents in coatings, oil dispersant in cosmetic formulations,
additives in thermoset resins, additives in laundry detergents, additives for
lubricant modifications and others.19,20

Moad and coworkers have recently regrouped all 76 patent applications in
NMP since 1983 until the year 2000 (listed in priority dates), whilst elegantly
describing the innovations within.18 The reader is kindly referred to this
book chapter for further information. From 2000 onwards, the main actor in
the industrial development of NMP has been Arkema. The company first
focused on the commercialization of regulators, namely the SG1 nitroxide
and the BlocBuilders alkoxyamine.321,322 Derivatives from those regulators
were also developed.323 Then, they exploited the versatility of the alkoxy-
amine/nitroxide to synthesize acrylic block copolymers, later formulated in
the commercial products Nanostrengths and Flexiblocs.21 The company
demonstrated the scalability of their innovative polymers by producing block
copolymers on the ton scale in Mont (France). The various types of Nanos-
trengths products that were developed differ in ‘‘hard’’ and ‘‘soft’’ fractions,
molar mass and functionality. This allows multiple usages, such as pressure-
sensitive adhesives, thermoplastic elastomers, toughened thermoset resins
and nanostructured PMMA.324–328 The BlocBuilders regulator was recently
utilized to improve the mechanical properties and chemical resistance of
a nanostructured PMMA glass.329,330 This was later commercialized as
Altuglass ShieldUp grade, to be applied in automotive and aeronautic
glazing.330,331

BlocBuilders was also utilized in a joined patent between Arkema and
Daikin Industries to synthesize block copolymers for applications as water
and oil repellent resins.332 The acrylic block copolymers contained fluori-
nated and non-fluorinated blocks.

Lubrizol has taken advantage of the NMP process to design star polymers,
which were later employed as viscosity modifier in lubricating oils.333

They utilized TEMPO to mediate the polymerization of acrylics to yield the
star ‘‘arms’’.
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BASF has patented the synthesis of various alkoxyamines (NOR regulators)
which could mediate the NMP of acrylates and styrene.20 Subsequently, they
utilized those regulators to prepare amphiphilic block copolymers and comb
copolymers for applications as soil antiredeposition and soil release agents
in laundry detergent formulations.334,335 The NOR regulators were also
employed in the synthesis of block copolymers that were later applied as
additives to improve the flow of polymer melts.336 The company also de-
signed functional alkoxyamines, bearing isocyanate groups, in order to
prepare poly(acrylates) which can be further reacted with a,o-hydroxy
poly(dimethylsiloxanes).337 The resulting block copolymers were later em-
ployed as additives in ink and/or paints aqueous formulations.

In spite of these developments, it seems that there is a dichotomy between
the rich academic research and the relatively modest industrial develop-
ments. In two recent manuscripts, Destarac discussed the difficulties of
successfully implementing RDRP techniques in an industrial set-up.19,20

One reason for the poor translation from academic research to industrial
applications is the overall cost of a final product made by NMP. Industrial
implementation requires the cost-effective and consistent production of
high-quality products under safe, environmentally friendly conditions. The
cost of the regulators (nitroxides and/or alkoxyamines) is particularly im-
portant because most of the aimed products are additives made out of block
copolymers of relatively low molecular weight. Besides, as at least a molecule
of alkoxyamine/nitroxide is needed per polymer chain, the amount of
regulator needed is substantial. Therefore, there is a need for cheaper con-
trol agents (nitroxides/alkoxyamines), and in this regard the development of
cheap and robust alkoxyamines such as Dispolreg 007 offers a step in the
right direction. Another aspect that increases the production cost of high-
purity polymers is the need for post-polymerization purifications. Industrial
implementation will require a balance to be reached between purity and
performance, so that post-polymerization purifications are avoided.

7.5 Conclusions
The need for synthetic procedures able to yield polymers with well-controlled
microstructures under mild reaction conditions has been the driving force
for the development of reversible deactivation radical polymerization (RDRP)
techniques. Among these, nitroxide-mediated polymerization (NMP) is ap-
pealing because it is not affected by some of the drawbacks of the main
competing techniques (presence of copper in ATRP, odor due to the presence
of sulfur in RAFT and residual coloring in both).

The intensive research in academia and industry has led to a good
understanding of the fundamental mechanisms of NMP. As a result,
nitroxides/alkoxyamines have emerged that are able to regulate the poly-
merization of most monomer families including acrylates, acrylamides,
methacrylates, styrene, and dienes among others. However, no general-
purpose control agent, namely an agent able to control all monomer
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families, is yet available. A wide range of architectures (including but not
limited to block copolymers) can be produced, but some combinations of
monomers are difficult if not impossible to obtain, due to the lack of a
universal nitroxide/alkoxyamine.

NMP can be implemented in homogeneous (bulk, solution) and dispersed
(suspension, emulsion, miniemulsion and microemulsion) media, the latter
being more suitable for industrial implementation. Among the different
polymerizations in dispersed media, suspensions and miniemulsions are
easier to implement because they do not require extensive mass transport
through the aqueous phase due to the formation of particles by droplet
nucleation. In principle, NMP is not limited to any type of reactor (stirred
tank and tubular) or operation mode (batch, semibatch and continuous), but
stirred tank reactors operating under batch conditions for suspension and
semibatch conditions for other dispersion processes are likely the most
promising for industrial implementation.

Products produced by NMP are slowly but steadily entering the market.
One of the reasons for the slow industrialization is the cost of nitroxides/
alkoxyamines required. This is particularly an issue as most target products
are low-molecular-weight additives and, as at least one molecule of control
agent per polymer chain is needed, this requires large amounts of nitroxide
(or alkoxyamine). In this regard, the development of cheap and robust
alkoxyamines such as Dispolreg 007 offers a step toward scalable NMP-based
polymerization processes.
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173. M. Baumert, J. Fröhlich, M. Stieger, H. Frey, R. Mülhaupt and H. Plenio,
Styrene-vinylferrocene random and block copolymers by TEMPO-
mediated radical polymerization, Macromol. Rapid Commun., 1999,
20(4), 203–209.

174. D. C. Tully, M. J. Roberts, B. H. Geierstanger and R. B. Grubbs, Synthesis
of Reactive Poly(vinyl oxazolones) via Nitroxide-Mediated ‘‘Living’’ Free
Radical Polymerization, Macromolecules, 2003, 36(12), 4302–4308.

175. B. Charleux, J. Nicolas and O. Guerret, Theoretical Expression of the
Average Activation–Deactivation Equilibrium Constant in Controlled/
Living Free-Radical Copolymerization Operating via Reversible Termi-
nation. Application to a Strongly Improved Control in Nitroxide-
Mediated Polymerization of Methyl Methacrylate, Macromolecules,
2005, 38(13), 5485–5492.

176. W. Mei and M. Maric, Nitroxide-Mediated Polymerization of 2-
Hydroxyethyl Methacrylate (HEMA) Controlled with Low Concen-
trations of Acrylonitrile and Styrene, Macromol. React. Eng., 2017,
11(3), 1600067.

177. J. Nicolas, C. Dire, L. Mueller, J. Belleney, B. Charleux and
S. R. A. Marque, et al., Living Character of Polymer Chains Prepared via
Nitroxide-Mediated Controlled Free-Radical Polymerization of Methyl
Methacrylate in the Presence of a Small Amount of Styrene at Low
Temperature, Macromolecules, 2006, 39(24), 8274–8282.

304 Chapter 7

https://www.twirpx.org & http://chemistry-chemists.com



178. J. Nicolas, L. Mueller, C. Dire, K. Matyjaszewski and B. Charleux,
Comprehensive Modeling Study of Nitroxide-Mediated Controlled/
Living Radical Copolymerization of Methyl Methacrylate with a Small
Amount of Styrene, Macromolecules, 2009, 42(13), 4470–4478.

179. X. G. Qiao, Z. Zhou, X. C. Pang, M. Lansalot and E. Bourgeat-Lami,
Nitroxide-mediated polymerization of methacrylates in the presence
of 4-vinyl pyridine as controlling comonomer, Polymer, 2019, 172,
330–338.
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182. A. Métafiot, L. Gagnon, S. Pruvost, P. Hubert, J.-F. Gérard and
B. Defoort, et al., b-Myrcene/isobornyl methacrylate SG1 nitroxide-
mediated controlled radical polymerization: synthesis and character-
ization of gradient, diblock and triblock copolymers, RSC Adv., 2019,
9(6), 3377–3395.

183. K. A. Payne, P. Nesvadba, J. Debling, M. F. Cunningham and
R. A. Hutchinson, Nitroxide-Mediated Polymerization at Elevated
Temperatures, ACS Macro Lett., 2015, 4(3), 280–283.

184. K. A. Payne, J. Debling, P. Nesvadba, M. F. Cunningham and
R. A. Hutchinson, NMP of styrene in batch and CSTR at elevated tem-
peratures: Modeling experimental trends, Eur. Polym. J., 2016, 80, 186–199.

185. P. Astolfi, L. Greci, P. Stipa, C. Rizzoli, C. Ysacco and M. Rollet, et al.,
Indolinic nitroxides: evaluation of their potential as universal control
agents for nitroxide mediated polymerization, Polym. Chem., 2013,
4(13), 3694–3704.

186. R. K. Iha, K. L. Wooley, A. M. Nyström, D. J. Burke, M. J. Kade and
C. J. Hawker, Applications of Orthogonal ‘‘Click’’ Chemistries in the Syn-
thesis of Functional Soft Materials, Chem. Rev., 2009, 109(11), 5620–5686.

187. D. J. Lunn, E. H. Discekici, J. Read de Alaniz, W. R. Gutekunst and
C. J. Hawker, Established and emerging strategies for polymer chain-
end modification, J. Polym. Sci., Part A: Polym. Chem., 2017, 55(18),
2903–2914.

188. P.-E. Dufils, N. Chagneux, D. Gigmes, T. Trimaille, S. R. A. Marque and
D. Bertin, et al., Intermolecular radical addition of alkoxyamines onto
olefins: An easy access to advanced macromolecular architectures
precursors, Polymer, 2007, 48(18), 5219–5225.

189. M. Bothe and G. Schmidt-Naake, An Improved Catalytic Method for
Alkoxyamine Synthesis – Functionalized and Biradical Initiators for
Nitroxide-Mediated Radical Polymerization,Macromol. Rapid Commun.,
2003, 24(10), 609–613.

Nitroxide-mediated Polymerization 305

https://www.twirpx.org & http://chemistry-chemists.com



190. V. Poirier, M. Duc, J.-F. Carpentier and Y. Sarazin, One-Pot Synthesis of
Lactide–Styrene Diblock Copolymers via Catalytic Immortal Ring-
Opening Polymerization of Lactide and Nitroxide-Mediated Polymer-
ization of Styrene, ChemSusChem, 2010, 3(5), 579–590.

191. Y. Miura, K. Hirota, H. Moto and B. Yamada, High-Yield Synthesis of
Alkoxyamine Initiators Carrying a Functional Group by Reaction of
Ethylbenzenes with Di-tert-butyl Diperoxalate in the Presence of Nitr-
oxides, Macromolecules, 1998, 31(14), 4659–4661.

192. M. Chenal, C. Boursier, Y. Guillaneuf, M. Taverna, P. Couvreur and
J. Nicolas, First peptide/protein PEGylation with functional polymers
designed by nitroxide-mediated polymerization, Polym. Chem., 2011,
2(7), 1523–1530.

193. J. Vinas, N. Chagneux, D. Gigmes, T. Trimaille, A. Favier and D. Bertin,
SG1-based alkoxyamine bearing a N-succinimidyl ester: A versatile tool
for advanced polymer synthesis, Polymer, 2008, 49(17), 3639–3647.

194. N. L. Hill, J. L. Jarvis, F. Pettersson and R. Braslau, Synthesis of thiol-
derivatized initiators for nitroxide-mediated radical polymerization: Re-
versible disulfide formation, React. Funct. Polym., 2008, 68(1), 361–368.

195. J. Dao, D. Benoit and C. J. Hawker, A versatile and efficient synthesis
of alkoxyamine LFR initiators via manganese based asymmetric
epoxidation catalysts, J. Polym. Sci., Part A: Polym. Chem., 1998, 36(12),
2161–2167.

196. B. D. Mather, J. R. Lizotte and T. E. Long, Synthesis of Chain End
Functionalized Multiple Hydrogen Bonded Polystyrenes and Poly(alkyl
acrylates) Using Controlled Radical Polymerization, Macromolecules,
2004, 37(25), 9331–9337.

197. U. Mansfeld, A. Winter, M. D. Hager, R. Hoogenboom, W. Gunther and
U. S. Schubert, Orthogonal self-assembly of stimuli-responsive supra-
molecular polymers using one-step prepared heterotelechelic building
blocks, Polym. Chem., 2013, 4(1), 113–123.

198. E. E. Malmström and C. J. Hawker, Macromolecular engineering via
‘living’ free radical polymerizations, Macromol. Chem. Phys., 1998,
199(6), 923–935.

199. J. Su, X. Liu, J. Hu, Q. You, Y. Cui and Y. Chen, Photo-induced con-
trolled radical polymerization of methyl methacrylate mediated by
photosensitive nitroxides, Polym. Int., 2015, 64(7), 867–874.
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CHAPTER 8

Nitroxides in Supramolecular
Chemistry

ELISABETTA MEZZINA* AND MARCO LUCARINI*
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8.1 Introduction
With the advance of supramolecular chemistry, the need for diverse ana-
lytical methodologies as a tool to exploit basic principles for the rational
design of the building blocks used to assembly supramolecular aggregates is
continuously increasing. In this respect, electron paramagnetic resonance
(EPR)1 and related methods offer particular opportunities to study supra-
molecular systems. The main advantages of EPR are the sensitivity of the
method; the possibility of obtaining kinetic information in the sub-
microsecond time range; the ability to measure tumbling rates on the
nanosecond timescale and distances between spin labels in the 0–100 Å
range. The strength of EPR lies also in its possible application to hetero-
geneous and solid samples.

Because of these EPR favourable features, in recent years spin probing and
labelling methodologies have largely expanded beyond the classical context
of biology and structural biochemistry and are now commonly used in the
characterization of supramolecular assemblies.2

Both spin probe and spin label terminology refer to the methodology in
which one (or more) paramagnetic species (in most cases a nitroxide radical)
is used to report EPR information on the chemical environment experienced
by the radical itself. Generally speaking, nitroxides are considered spin
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probes when they are introduced noncovalently in the sample under in-
vestigation, while they act as a spin label when covalently bound to the
chemical entity.

The use of nitroxide radicals as spin probes in supramolecular chemistry
has been reviewed regularly in recent years.2–7 Here, we shall review selected
examples to show the main features in using nitroxide radicals in supra-
molecular chemistry. Most of this chapter will be devoted to the description
of spin-labelled building blocks used to assemble mechanically interlocked
molecules (MIMs),8 which represents a very promising field of application of
nitroxide probes.

8.2 Nitroxide Spin Probes in Host–guest Chemistry
The complexation of organic radicals by host systems has been studied from
time to time by EPR spectroscopy during the last 40 years. Different types of
host families have been investigated (see Figure 8.1) the mostly used being
cyclodextrins (CD),9 cucurbiturils (CB),10,11 calixarenes (CX),12 molecular
capsules (MC)13 and monolayer-protected nanoparticles (MPN).14

8.2.1 Sterically Hindered Nitroxides

Most of these reports have been concerned with sterically protected nitr-
oxides, and some selected structures are reported in Figure 8.2.

The use of the nitroxide spin probe in host–guest chemistry derives from
the responsiveness of isotropic nitrogen hyperfine splitting constant (aN,
comprised between 13.5 G and 18 G) to the nature of the environment
surrounding the nitroxide probe. In particular, the greater the polarity and/
or the hydrogen-bonding capability of the medium surrounding the radical
centre, the more important is the dipolar structure (Structure B, Figure 8.3)
having both a larger spin density on the nitrogen and a larger value of the
nitrogen hyperfine coupling. Thus, the partitioning of nitroxide probes in
the hydrophobic environment of the water-soluble host container is ex-
pected to give rise to a reduction in the value of nitrogen splitting. As an
example (Figure 8.3), inclusion of the TEMPO radical by cryptophane mo-
lecular capsule or cucurbituril hosts reduces aN (17.3 G in water) to 15.9 G or
16.2 G, respectively, with the result that the resonance fields for the included
probes are significantly different from those for the free nitroxide.

As clearly evident in the EPR spectra reported in Figure 8.3, a helpful as-
pect in using nitroxide spin probe relies on the relatively short time scale of
EPR compared to NMR, which in many cases allows to detect separate sig-
nals for the complexed and uncomplexed radicals. When differences in the
resonance fields of the EPR lines of the complexed and free nitroxide are
sufficiently large, the determination of their relative concentrations, and
therefore of the equilibrium constants for the formation of the paramagnetic
complex, can be done easily by simulating the corresponding EPR spectrum.
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8.2.2 Nitroxide Probes with Non-zero Spin Atom at
b-position

When a non-zero spin atom X is present at the b-position of dialkyl nitroxide,
further information on the nature of the paramagnetic complex can be ob-
tained by measurement of the X coupling constant.

According to the Heller–McConnell relationship, the coupling of
b-position in dialkyl nitroxides strongly depends on the dihedral angle y
between the SOMO on the nitrogen atom and the C–X bond (see Figure 8.4
with XQH).31 Thus, any variation of the conformation adopted by the
nitroxide when complexed will be reflected in a significant change to the
b-coupling constants.

As an example, by using both unsubstituted32 and substituted33 diphe-
nylmethyl tert-butyl nitroxides it was possible to detect bimodal inclusion
complex of cyclodextrins from the tert-butyl or phenyl side. In this case the
probe experiences both different polarities and conformational influences
depending on the direction of the inclusion, and these differences are large
enough to be detected by EPR spectroscopy (see Figure 8.4).

Examples when XQP have also been reported in the literature (see
Scheme 8.1). However the phosphorus splitting constants, aP, do not

Figure 8.2 Some representative nitroxide spin probes.15–30
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significantly change upon inclusion as reported for the DEPMPO adduct
of superoxide34 or the capsular inclusion complex of para-hexanoyl
calix[4]arene with stable nitroxyl radical DEPN.35

When a b-methylene group is present, the conformational behaviour of
the dialkyl nitroxide is more complicated. Different conformations having a
large value for aH are possible, and even small variation in the averaged
geometry adopted by the radical probe could result in a significant variation
of b-coupling.

This was actually the case of the benzyl tert-butyl nitroxide family, con-
taining two H-atoms at the b-position (see Scheme 8.2).

Because of their ability to disproportionate into the corresponding hy-
droxylamine and nitrone (see Scheme 8.2), these nitroxide probes are

Figure 8.3 Resonance structures of nitroxides and EPR spectra of TEMPO recorded
in the presence of cryptophane and CB7 in water.
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characterized by a reduced lifetime when compared to sterically hindered
nitroxides and must be generated in situ by reaction of the corresponding
amine with a proper oxidant. A steady-state concentration of nitroxide is,
thus, observed inside the EPR tube when the rates of formation and de-
struction are approximately equal. This condition is reached a few minutes
after mixing the reagents in the oxidation step, allowing the easy recording
of several EPR spectra before the complete loss of the EPR signal.

If the presence of the oxidant (commonly an organic peracid) is tolerated
by the supramolecular assembly under investigation, the use of BTBN has
several advantages compared to sterically hindered nitroxide: (i) different
recognition units can be introduced in the aromatic ring by relatively simple
synthetic procedure; (ii) the EPR spectrum of the complexed nitroxide

Figure 8.4 Dependence of b-coupling on the conformation adopted by nitroxide
radicals and schematic representation of bimodal inclusion of diphe-
nylmethyl tert-butyl nitroxide.

Scheme 8.1 Some representative phosphorylated nitroxide radicals.
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generally shows much larger differences in the resonance fields of the
spectral lines compared to the uncomplexed radical in solution; (iii) because
of these significant differences in the resonance field of the wing lines of
each beta-proton triplet of the included and free species, with several host
systems investigated the EPR spectra of BTBN family show strong linewidth
dependence on temperature, indicating that the lifetime, t, of formation and
dissociation of the supramolecular complexes is in the range characteristic
of the EPR spectroscopy.46,47 This favourable feature allows the measure-
ment of the rate constants for the exchange process (kin and kout, see
Figure 8.5) by analysing line shape variations.

A weak noncovalent interaction can also be monitored by the BTBN nitr-
oxide family. As an example, the formation of a halogen bond (XB) complex48

between nitroxide 21 and several XB acceptors was recently evidenced by a
sizeable change in the value of the benzylic hyperfine splitting upon com-
plexation (see Scheme 8.3).44 In this case, the rate of formation and breaking
of the halogen bond is very large on the time scale of EPR, and the experi-
mental spectrum represents the concentration-weighted average of the
spectra due to the free and halogen-bonded species. Thermodynamic par-
ameters for the formation of XB complex with quinuclidine were obtained by
recording EPR spectra at different temperatures. In addition, competitive

Scheme 8.2 Spin probes of the BTBN family.17,36–45
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experiments allowed for the measurement of the equilibrium constant of the
XB complex with a chloride anion. The proposed procedure constitutes
the first direct EPR methodology, providing a reliable determination of the
strength of the XB bond in solution.

8.2.3 Nitroxide Probes Showing Spin–spin Interaction

Structures containing two or more nitroxide radicals relatively close in space
are particularly interesting because their continuous-wave EPR spectra
contain information on the degree of through-space spin exchange coupling
( J) between the two nitroxides.49 Because through-space spin exchange
interaction is distance dependent, variations of the conformation of the
polynitroxide (and thus a change in the distance between the spin centres)
upon the binding event can be revealed by EPR. Actually, modulation of
exchange interaction in di- or polynitroxides was observed by adding CD50–52

or CB52–56 hosts to the solution containing the spin probe (see Figure 8.6).

Figure 8.5 Schematic representation of the equilibrium taking place in the presence of
b-CD and EPR spectrum of BTBN recorded in water at 70 1C in the presence
of b-CD with the corresponding theoretical simulation (dotted line).

Scheme 8.3 EPR parameters of the free and the halogen-bonded probe 21 in CHCl3.
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In all examples reported, when the nitroxide guest fits into the hydro-
phobic cavity of the host, the addition of a macrocycle is able to suppress the
spin–spin exchange interaction, and the EPR spectra shift from a multiline
pattern (43) to the conventional three-line pattern.

8.2.4 Mechanically Interlocked Nitroxide Probes

The concept of host–guest chemistry was further developed with the idea of
kinetically trapped guests inside the cavity of macrocyclic molecules. This
means that the inclusion complex cannot be separated without breaking any
covalent bond, while no covalent bond is present between the components,
and this can be achieved by mechanically interlocking the molecular com-
ponents (MIMs) of the inclusion complex by using sterically hindered groups
or by exploiting the topology of the complex itself.8 The two main examples of
MIMs are represented by rotaxanes and catenanes (see Figure 8.7).8 A rotaxane
consists of a linear molecule which is threaded through a ring with the ends of
the thread, or axle, capped in such a manner that the ring cannot slip off.
Another example of topologically connected species is represented by cate-
nanes that are mechanically interlocked macrocycles akin to links in a chain.

The first example of nitroxide spin-labelled [2]catenane was reported in
2003,57 while the preparation of a spin-labelled dumbbell-shaped [2]rotax-
ane containing a-CD as the wheel (Rot-1, Figure 8.8) was reported in 2006.58

The latter example represented the first paramagnetic mechanically inter-
locked molecule (MIM) in which the entrapment of the incorporated alkyl
chain axle was realized using persistent nitroxide radicals as stoppers. This
was possible by reacting in water sebacoyl chloride in the presence of a-CD
with 4-amino-TEMPO.

In this MIM the effect of rotaxanation was highlighted comparing the EPR
spectrum of the bis-TEMPO axle with that of its interlocked rotaxane Rot-1
(Figure 8.8). Actually, the five-line signals of the dumbbell, typical of a
flexible, magnetically coupled diradical, change to a three-line spectrum as
expected for a noninteracting biradical in the extended conformation with
TEMPO fragments behaving as two single nitroxides.49,59

Similarly, the synthesis and characterization of a [2]rotaxane based on
cyclobis(paraquat-p-phenylene) tetracation, CBPQT41, containing a spir-
ocyclic nitroxide spin label as stopper (Rot-2) have been described
(see Figure 8.9).60

Figure 8.7 Graphical representations of a catenane (left) and a rotaxane (right),
which comprise the two main classes of mechanomolecules (MIMs).
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Rot-2 was prepared following the threading-and-stoppering approach de-
veloped by Stoddard and coworkers.61 An alkyne azide copper-catalysed cy-
cloaddition was performed in situ after the complexation of CBPQT41 with
1,5-dioxynaphtalene (DNP) axial derivatives carrying at both ends an azide
group (Figure 8.9). Because the TEMPO unit is not large enough to be used as
the end-cap group in CBPQT-based rotaxanes, a sterically hindered nitroxide
(29) containing spirocyclohexyl substituents at the 2 and 6 positions of the
piperidine-N-oxyl ring was used as a terminal radical unit.

Once again, EPR was used to provide evidence of the formation of the
interlocked structure. Because of the exchange interaction between the
paramagnetic fragments linked by the polyether chain, the EPR spectrum of
the dumbbell Dumb-2 is characterized by five lines (Figure 8.9a). On the
contrary, that obtained from rotaxane Rot-2 (Figure 8.9b) consists of only
three lines as expected for a nitroxide biradical in which single radical units
do not interact with each other. This implies that rotaxanation by the
aromatic wheel CBPQT41 significantly reduces the probability of having
conformations where the nitroxide stoppers are close to each other. Similar
EPR results were also observed for a similar rotaxane containing a tetra-
thiafulvalene (TTF) unit in place of DNP (Rot-3, Scheme 8.4).60

Scheme 8.4 Spin-labelled dumbbell and rotaxanes containing a TTF unit.
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Rotaxane threads can be designed in such a manner that they contain two
different binding sites for the macrocycle. The preference for the macrocycle
to bind to one site or the other can then be influenced by external factors,
either chemically, electrochemically or photochemically.8 The ring can
therefore be moved back-and-forth along the axle, and such functional as-
semblies are known as a molecular shuttle.8

Owing to the well-known redox properties of the TTF (TTF moiety can be
easily oxidized reversibly to the TTF�1 radical cation and then subsequently
to the TTF21 dication), the rotaxane Rot-4 (Scheme 8.4) containing simul-
taneously the TTF and DNP binding sites was the object of a more detailed
study.62 The oxidation of TTF station in Dumb-3 determined the formation
of a heterotriradical derivative characterized by spin exchanges between the
three unpaired electrons (see Figure 8.10a). Because of the high number of s
bonds in the linker between the spin labels, the predominant exchange
mechanism between the radical centres must have through-space character.
Actually, spin-exchange is completely suppressed by rotaxanation in Rot-3 as
indicated by the corresponding EPR spectrum (Figure 8.10b), which shows
superimposed signals of a nonexchanging dinitroxide (1 : 1 : 1 triplet) and

Figure 8.10 EPR spectra recorded in ACN at 298 K at a concentration of 0.2 mM:
(a) the free thread Dumb-3; (b) the [2]rotaxane Rot-3 in the presence
of 0.5 equiv. of Fe(ClO4)3; (c) the [2]rotaxane Rot-4 in the presence of
0.5 equiv of Fe(ClO4)3.
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the TTF radical cation (1 : 2 : 1 triplet). The loss of interactions between the
different radical units suggests that the CBPQT41 ring is acting as an ‘‘at-
tenuator’’ of spin exchange.

EPR investigation on the bistable spin-labelled [2]rotaxane Rot-4, in-
corporating the TTF and DNP moieties as recognition sites and only one
nitroxide spin label as terminal unit (Scheme 8.4) indicated that CBPQT41

preferentially encircled the DNP unit as expected on the basis of the greater
affinity of the host for this station.61 When TTF�1 radical cation is formed,
the corresponding EPR spectrum (Figure 8.10c) shows a strong spin–
exchange interaction between the nitroxide stopper unit and TTF�1, sug-
gesting that the macrocycle position was preserved also after the TTF
oxidation.62

The synthesis and characterization of a dinitroxide cucurbit[6]uril-based
[3]rotaxane (Rot-5) having the structure reported in Scheme 8.5 have also
been reported.53 This bis-spin-labelled mechanically interlocked molecule
allowed for the first time measurement of the end-to-end distance in a
rotaxane by PELDOR experiments and to extract information on the intrinsic
flexibility of the thread.63a As expected, the rotaxane is characterized by a
very narrow distribution of the end–end distance between the two TEMPO
groups because of the presence of two CB6.

More recently pulsed EPR spectroscopy was also used to measure the
interaction between two inequivalent spins in a hybrid rotaxane molecule
containing a nitroxide unit and a {Cr7Ni} ring.

63b

8.2.5 Supramolecular Polynitroxides

While modulation of spin–spin coupling between nitroxide fragments co-
valently bonded in supramolecular assemblies has been thoroughly in-
vestigated, examples of strong through-space spin interactions between
nitroxide radicals ordered by a supramolecular architecture have been sel-
dom reported.

The formation of a supratriradical based on protonated 4-amino-TEMPO
(2),64 4-methoxy-TEMPO (3),65 NMe3

1-TEMPO66 and CB8 was demonstrated
to occur in a water solution. The EPR seven-line pattern observed in all three
cases corresponded to a triangular assembly of a 1 : 1 CB@nitroxide complex
whose structure has been determined by X-ray analysis (Figure 8.11).65

Scheme 8.5 Structure of [3]rotaxane Rot-5.
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More recently a new supramolecular hexaradical based on the trimeriza-
tion of Isodoxa�CB8 1 : 1 complexes was reported (Scheme 8.6).67 The pres-
ence of two sodium ions was systematically observed in the trimer
structures, and the presence of Na1 triggered or strengthened the triangu-
lation of CB[8]:guest 1 : 1 complexes in solution.

A different example of nitroxide moieties ordered by a supramolecular
architecture based on lipophilic guanosines has also been reported.68 In this
example, the guanosine derivative 30 containing 4-carbonyl-2,2,6,6-tetra-
methylpiperidine-1-oxyl unit forms an octameric polynitroxide by its K1-
templated self-assembly (see Scheme 8.7).

Figure 8.11 Structure of the 3�CB8 inclusion complex showing a three-spin-system
interaction.

Scheme 8.6 Structure of the Isodoxa spin probe.

Scheme 8.7 Schematic representation of the octamer formed from paramagnetic
guanosine 30.
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8.2.6 Fluorescent Nitroxide Spin Probes

The complexation by b-CD of a series of dual molecular probes bearing
fluorescent (pyrene or dansyl fluorophores) and nitroxide moieties linked by
flexible short polyether chains was described in the literature (see
Scheme 8.8).69,70 These molecular probes offer the possibility to investigate
host–guest systems, by using EPR and fluorescence spectroscopies
concertedly.

8.3 Nitroxide Spin Labelling of Macrocycles for the
Investigation of Supramolecular Assemblies

As mentioned in the Introduction, the spin-labelling approach consists in
covalently linking a specific nitroxide label to a supramolecular aggregate
whose EPR paramagnetic spectral properties make it possible to collect new
information on the system under investigation. Specifically this section will
be focused on the synthesis of selected organic hosts grafted to a nitroxide
radical centre and on the use of the corresponding paramagnetic macro-
cycles in host–guest recognition or in mechanical bonded assemblies to
explore new properties by EPR analysis.

8.3.1 Spin-labelled Cyclodextrins

In 1970, Paton and Kaiser71 reported the first example of spin-labelled
cyclodextrin containing a nitroxide arm covalently bound to the macro-
cycle rim. However, only 35 years later a systematic EPR study of the prop-
erties of paramagnetic CDs was realized by Ionita and Chechik.72 CDs were
tagged with commercially available substituted 4-Y-TEMPO derivatives
(YQNH2, NHCOCH2Br, maleimide unit) by forming a covalent link at the
edge of a suitably monofunctionalized ring. In particular the 6-position of
the b-cyclodextrin (b-CD) was spin functionalized by treating monotosylated
b-CD (6-OTs-b-CD) with 4-amino-TEMPO.72 (b-CD-1) Alternatively, 4-(2-
bromoacetamido)-TEMPO or 4-maleimido-TEMPO undergo nucleophilic
substitution with 6-mercapto-b-cyclodextrin in alkaline water to afford
the corresponding monosubstituted cyclodextrins b-CD-2 and b-CD-3,

Scheme 8.8 Structure of fluorescent spin probes.
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respectively (Figure 8.12).72 In a similar manner, a nitronylnitroxide
containing a phenolic functionality was also introduced in a permethylated-
monotosylated b-CD in alkaline medium (b-CD-4).73

The ability of b-CD-1–3 to recognize dendrimers,72 polymers74 or hydro-
gels75 was demonstrated by observing a significant decrease in the tumbling
rate of the assemblies through the broadening of EPR high field spectral line
of the nitroxide involved in the complexation with these large guest
molecules.

Later, the same authors described the EPR data of a bis-nitroxide CDs76

having close or far distances between TEMPO radicals. By monitoring the
different degree of spin–spin interaction between the two nitroxides it was
possible to observe different conformations adopted by the hosts in
dichloromethane and in water solutions. These results were exploited to
study the recognition process of these macrocycles with adamantane-capped
diethylene glycol by EPR.76

In 2006, Tordo’s group reported the attachment of a persistent nitroxide
(1,1-dimethylethyl-2-methyl-1-phenylpropyl nitroxide, TIPNO) on permethyl-
b-cyclodextrin (b-CD-5, Figure 8.13).77 The interest in the synthesis of such
derivatives was related to the fact that they represent a good model for an
improved class of nitrone spin traps conjugated with cyclodextrin cavity.77

This promising spin trap strategy relies on the selective inclusion of the
generated spin adducts inside the CD cavity such as to physically protect
nitroxide moiety from bioreductants. Simulation of the EPR spectrum of
b-CD-5 recorded in aqueous solution evidenced the co-existence of two fast-
exchanging species, one having the nitroxide moiety outside, and the other
displaying a weak self-inclusion of the aromatic group inside the cavity.

Figure 8.12 Spin-labelled cyclodextrins at the 6-position.
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Other groups described the synthesis of b-CD–cyclic nitrone conjugate
5-N-b-cyclodextrin-carboxamide-5-methyl-1-pyrroline N-oxide (b-CD-6) and a
nitrone spin trap, b-CD-7, that is tethered via amide bonds to b-CD and
dodecyl chain.78 In both cases, their superoxide adducts showed improved
resistance to reduction and were characterized by EPR spectroscopy.

Different examples of b-CD–nitrone conjugates containing a phosphorus
atom at b-position have also been reported.79 These new DEPMPO-based
spin traps have been designed and synthesized for improved superoxide
detection, each carrying a CD moiety but with a different alkyl chain on the
phosphorus atom or with a long spacer arm (Figure 8.13).

Pulsed EPR has been employed to study a series of new complexes based
on fully methylated cyclodextrin (Figure 8.13) covalently bound to the
piperidine, pyrroline, pyrrolidine and pH-sensitive imidazoline type nitr-
oxides.80 Using the electron spin echo envelope modulation technique
(ESEEM), the accessibility of the nitroxide unit to solvent molecules in dif-
ferent complexes was investigated as a function of the structure and length
of the linkers connecting the radical centre to the macrocycle.

Strong spin–spin interactions were observed in a b-CD connected to seven
TEMPO units at the secondary hydroxylic unit of the smaller rim (b-CD-10).81

Combining EPR, DC-SQUID magnetometry and relaxivity measurements was
possible to show that the spin–spin interaction in b-CD-10 cannot be described
by the symmetrical arrangement of the seven nitroxide units on the CD rim.

8.3.2 Mechanically Interlocked Spin-labelled Cyclodextrins

In 2008, the first example of a self-included [1]rotaxane-type82 nitroxide-
appended b-cyclodextrin was synthesized. In the molecule, the aminoxyl
functionality was mechanically trapped inside the cavity of CD by a covalent
link occurring on one of the CD rims. To date, this remains the only example
of a ‘‘genuine’’ [1]rotaxane containing a nitroxide unit included in the cavity
of the macrocycle. The synthesis outlined in Scheme 8.9 showed distinct
behaviours upon treatment of nitroxide 31a and 31b with 6-mercapto-b-
cyclodextrin in alkaline water. The self-included species was isolated only
using the bromo ester TEMPO 31b as the reactant.

The noncomplexed TEMPO fragment was characterized by aN¼ 17.00 G in
water, and when involved in the interlocked lasso-type complex the value
decreased to aN¼ 16.55 G (Figure 8.14). By this method it was also possible
to distinguish the intermolecular complexation with a second b-CD ring
(aN¼ 16.48) and the partial self-complexation of the radical through the
upper rim of the CD (aN¼ 16.80). In competitive experiments, addition of
sodium dodecyl sulphate (SDS) to [1]-rotaxane did not cause any variation of
the spectrum of b-CD-12, thus confirming the irreversible nitroxide trapping
inside the CD cavity.

In 2012, a double spin-labelled a-CD-based [2]rotaxane characterized by the
presence of two nitroxidic fragments both at the wheel and at the dumbbell was
reported.83 The CD wheel was labelled by employing Cu(I)-catalysed click
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azide–alkyne reaction (CuAAC).84 TEMPO-monofunctionalized a-CDs, both
at the primary rim (a-CD-1, Scheme 8.10) or at the larger secondary one
(3 position, a-CD-2, Scheme 8.10),83 were prepared starting from mono-
azidodeoxy-a-cyclodextrin (6-N3-a-CD, 3-N3-a-CD), obtained by the corres-
ponding tosylated a-CD after tosyl displacement with sodium azide,85 with
4-propargyloxy-TEMPO.86

Then the bis-labelled MIM, prepared following the approach reported by
Fort and coworkers,85 was obtained treating an a-CD pseudorotaxane
(pseudo-Rot-6a, Scheme 8.11) consisting of a lactose-blocked C-10 half
thread carrying an azido group with an alkyne-TEMPO stopper.

Scheme 8.9 Synthesis and structure of b-CD-11 and b-CD-12.

Figure 8.14 Schematic representation of equilibria involving b-CD-11 and b-CD-12.
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Because of the unsymmetrical structure of both the ring and the axle, a
mixture of isomers could be predicted on the base of the orientation of the
CD along the thread. By combining the information extracted from the EPR
spectrum (characterized by the presence of spin exchange) and molecular
dynamic calculations it was possible to identify the isolated isomer as the
‘‘close isomer’’ (Rot-6a, Figure 8.15).

Scheme 8.11 Synthesis and structure of bis-labelled rotaxanes Rot-6a and Rot-6b.
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8.3.3 Spin-labelled CBPQT Tetracation

In all examples illustrated before, the spin label was inserted in a
pre-established macrocyclic structure. An alternative scheme consists in
the synthesis of a spin label fragment that successively undergoes a
cyclization reaction to form the ring structure. This was the case of mono-
and bis-spin-labelled p-electron-deficient tetracationic cyclophane ring,
cyclobis(paraquat-p-phenylene) (CBPQT41), one of the most versatile hosts
involved in the preparation of artificial molecular machines (AMM) pro-
posed by Stoddart’s group.87 To realize this, the bis-pyridinium precursors
salts, either in the unsubstituted (pre-CBPQT-1) or in the one-armed
(pre-CBPQT-2) form, have been reacted with a TEMPO-substituted benzyl
dibromide (Scheme 8.12).88

In a recent work,89 the electrochemical behaviour of a bis spin-labelled
‘‘Stoddart–Heath type’’ bistable [2]rotaxane, Rot-72�41 (Figure 8.16)
exploiting oxidation of the TTF to its EPR active radical cation TTF�1 was
investigated. The molecular machine consisted of a double-station (1,5-
dioxynaphthalene) DNP/TTF dumbbell (Dumb-7�) and the macrocycle
(CBPQT-1, Scheme 8.12) both labelled with nitroxide radicals. The bulky
spirocyclohexyl piperidine-N-oxyl was used as a stoppering unit for the axle.
The single-station rotaxanes as well as the corresponding dumbbells were
synthesized (Figure 8.16) for comparison studies.

The EPR spectra of Rot-92�41 and Rot-102�41 (Figure 8.17a and b) were
composed by five spectral lines due to strong spin exchange JNO�–NO� be-
tween the nitroxide units (through space spin exchange mechanism). Con-
versely, the bistable rotaxane Rot-72�41 presents only a three-line spectrum
with a nonsymmetrical shape due to the superimposition of the signals of
both the wheel and the dumbbell radical labels, that contributes to the
overall spectra in a 1 : 1 ratio (Figure 8.17c). The two radicals do not display
spin exchange so confirming that CBPQT-1 encircles preferentially the TTF
station which is expected to be far from the paramagnetic stopper unit.

Figure 8.15 EPR spectrum of Rot-6a recorded in water at 328 K.
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Due to the flexibility of the glycolic chains, one-electron oxidation with
Fe(ClO4)3 of Rot-72�41 produces EPR exchange signals between N–O� and
TTF�1. This result was the proof of the movement of the wheel onto the
DMP station after addition of Fe(ClO4)3. Actually, the formation of the TTF
radical cation is expected to destabilize the mechanically interlocked
molecule and to lower the effective barrier for the shuttling of the CBPQT41

ring onto the DNP recognition unit producing exchange signals between
N–O� and TTF�1. If the oxidation is performed in an electrochemical EPR
cell, the inversion of the sign of the current reduced TTF�1 to its neutral
form and the starting EPR spectra of Rot-72�41 was restored. These ex-
periments were repeated in many cycles confirming the reversible nature of
the switching process.

8.3.4 Spin-labelled Pillarenes

Click conditions were employed also to introduce spin labels in a pillar[5]-
arene macrocycle,90 a member of a family of electron rich pillar-shaped
symmetrical hosts.91 Following the synthetic approach reported by Stoddart
et al.92 (Scheme 8.13) a pillar[5]arene monofunctionalized with an azide

Scheme 8.12 Synthesis and structures of the paramagnetic macrocycles CBPQBT-1
and -2.
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group (N3-P5A) was reacted through CuAAC by reaction with alkyne nitroxide
to afford the first example of spin-labelled pilla[5]arene (P5A-1).93

Pillar[n]arenes show an electron-donating cavity and interesting host–guest
properties with electron-accepting molecules such as viologen and pyridinium
derivatives,90,94 imidazolium cations95 and bis(imidazolium) dications96 in
organic media. The inclusion complexes of such compounds with pillar[5]-
arene are characterized by relatively high binding constants (ca. 103–104 M�1).

To test the host properties of paramagnetic P5A-1 (Scheme 8.13), the
complexation of 4-methyl-N-butylpiridinum–PF6 salt as a model guest was
investigated by 1H NMR titration in CDCl3. The experiment could be easily

Figure 8.17 EPR spectra of the spin-labelled rotaxanes: (a) Rot-92�41, (b) Rot-102�41

and Rot-72�41 before (c) and after (d) oxidation with 1 equivalent of
Fe(ClO4)3, at 328 K in ACN.
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performed in the presence of the paramagnetic centre by following the re-
markable upfield shifts of both the aromatic protons and the methylene
protons of the guest after the complexation process.

An association constant of 2572 M�1 in CDCl3 was calculated from a
curve-fitting analysis of the data. These values, compared with the value of
2197 M�1 measured in CDCl3 with the unfunctionalized pillar[5]arene under
the same experimental conditions show that the paramagnetic arm does not
hinder complexation processes.93

8.3.5 Spin-labelled Crown Ethers and Cryptands

Several examples of spin-labelled crown ethers and cryptands have been
reported in the past (Figure 8.18).97–102 They were used to monitor the

Scheme 8.13 Synthesis of the spin-labelled pillar[5]arene P5A-1.
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formation of complexes with cations by EPR spectroscopy in an organic
solvent. As a selected example, diazacrown Crown-4 showed a remarkable
sensitivity to the presence of alkali metal cations as a consequence of the
change in the degree of spin exchange between the two aminoxyl units after
metal complexation.

More recently, the first example of a [2]rotaxane incorporating a spin-
labelled crown ether has been reported.103 The paramagnetic crown ether
DB24C8-2 was prepared in good yield by using 4-carboxy-TEMPO and
dibenzo[24]crown-8 ring alcohol derivative (DB24C8-1) in the presence of
N,N0-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP)
as the condensing reagents (Scheme 8.14).

The spin-labelled crown ether DB24C8-2 was then rotaxanated by in-
corporating a dumbbell containing a terminal TEMPO unit (Rot-11H31,
Figure 8.19).103 The dumbbell component possesses a dialkylammonium
and a 4,40-bipyridinium (BPY21) recognition site.

Deprotonation of the rotaxane NH2
1 groups results in a quantitative dis-

placement of the DB24C8 ring to the BPY21 recognition site, a process that
can be reversed by acid treatment. Interaction between TEMPO radicals
connected to the ring and dumbbell components could be switched re-
versibly several times between noncoupled (three-line ESR spectrum) and
coupled (five-line ESR spectrum) upon displacement of the spin-labelled
DB24C8-2 macrocycle, without an appreciable loss of ESR signal, indicating
that this molecular machine is capable of switching on/off magnetic inter-
actions by chemically driven reversible mechanical effects.

In order to limit conformational changes, which can interfere with the
primary motion of the molecular machine (the ring shuttling),104 a meth-
ylene unit connecting the aromatic ring and the probe was removed from
DB24C8-2 affording the DB24C8-3 macrocycle (Figure 8.20).105

By using BDC24C8-3 as a more rigid labelled wheel, the novel rotaxane
Rot-12H31 was prepared (Figure 8.21). In this case, conformational changes
on the crown ether induced by the shuttling process were demonstrated by
performing PELDOR experiments supported by molecular dynamics (MD)
calculations.105

In particular, the PELDOR constrains to the MD calculations allowed to
have a reliable picture of the structural changes promoted by the chemical
switching between the Rot-12H31 and Rot-1221 molecules. The macrocycle
goes from a Z-shaped geometry in Rot-12H31 (ring on the ammonium site) to

Scheme 8.14 Synthesis and structure of the paramagnetic crown ether DB24C8-2.
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a V-shaped geometry in Rot-1221 (ring on the bipyridinium site). As a result,
the distance between the nitroxide labels (Figure 8.22) is not significantly
affected by ring shuttling and remains quite large (22.6 Å and 24.2 Å for

Figure 8.19 Acid–base controlled shuttling in the rotaxane Rot-11H31 and sche-
matic representation of the consequent change of distance between the
two TEMPO radicals.103

Figure 8.20 Structure of spin-labelled DB24C8-3.
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Rot-12H31 and Rot-1221, respectively), so that through-space electron ex-
change interactions are largely prevented as shown by continuous-wave EPR
spectra.105

The possibility to afford dialkyl nitroxide radicals bringing a DB24C8
group was recently investigated.106 These wheels (DB24C8-4, Scheme 8.15),
that can be easily generated by in situ oxidation of the corresponding amine
precursor with 3-chloroperbenzoic acid (MCPBA), provide favourable EPR
features as previously described for the related benzyl tert-butyl nitroxide. In
particular EPR coupling constants of benzylic protons are affected by cat-
ionic binding, which leads to distinguishing between different cationic
guests. The amount of cations in the order of mM concentrations can easily
be detected by this method.

The general good agreement with quantitative data previously determined
suggests that EPR can be usefully employed to study complexation by crown
ethers even in supramolecular systems of higher complexity when tradi-
tional methods based on NMR or fluorescence cannot be applied.

By adapting the original procedure proposed by Keana et al.107 a new crown-
ether wheel incorporating a dialkyl nitroxide functionality (34, Scheme 8.16)
inside a ring has been recently proposed as a novel paramagnetic macro-
cycle.108 An important step of this synthesis concerns the reaction of nitrone 32
with MeLi that provided hydroxylamine derivative 33 in quantitative yield as a
mixture of cis and trans isomers in 6.5 : 3.5molar ratio, as assessed by 1HNMR.
The prevalence of cis isomer was attributed to the less hindered attack of the
organometallic reagent to the nitrone 32 opposite to the bulky phenyl group.

Figure 8.22 Experimental (determined by PELDOR, grey) and theoretical (MD
calculations) label-to-label distance distributions of the [2]rotaxane
Rot-12H31 (when the ring is on NH2

1 station) in frozen ACN solution.
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Scheme 8.15 Reaction scheme for the preparation of the paramagnetic macrocycle
DB24C8-4.

Scheme 8.16 Reaction scheme for the preparation of the paramagnetic macrocycle
34.
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The subsequent oxidation of the cis/trans-33 gave mainly the cis crown
ether 34 that was used as the wheel in a novel paramagnetic bistable
[2]rotaxane containing dialkylammonium and 4,40-bipyridinium recognition
sites in the dumbbell component (Rot-13H31, see Scheme 8.17).

While in all previously reported examples the shuttling process was de-
tected by EPR because of switching between noncoupled (three-line EPR
spectrum) and coupled (five-line EPR spectrum) states of nitroxide radicals
connected to the ring and dumbbell,103 in Rot-13H31, for the first time, the
nitroxide unit acts not only as an EPR probe for the switching, but also
interacts with the bipyridinium recognition site of the thread by charge–
dipolar interaction. This allows to probe the movement of the macrocycle
between the two molecular stations of the [2]rotaxane after addition of a base
simply by measuring the nitrogen hyperfine splittings aN in the corres-
ponding EPR spectra.

8.3.6 Calixarenes and Resorcinarenes

Calixarene macrocycles containing two, four or six nitroxide labels have also
been described in the literature.109 Similar to crown ether, modulation of

Scheme 8.17 Reaction scheme for the preparation of the rotaxane Rot-13H31 and
the switching process between Rot-13H31 and Rot-1321.
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spin exchange between aminoxyl units was used to prove complexation of
alkali metal,109 Zn110 and Ag cations.111 The presence of spin labels was also
used to monitor the exchange process between different macrocycle
conformations.112–114

Finally, spin-labelled calixarenes were found to have accessible high-spin
states, this being an important property for the applications of these mac-
rocycles as molecular magnetic materials.115–118

Examples of condensation reactions to introduce nitroxide spin labels
were reported for resorcinares. As a selected example, when four equivalents
of 4-amino-TEMPO and eight equivalents of formaldehyde are used, com-
plete spin labelling of the four aromatic rings is observed with re-
sorcin[4]arene (Res-1, Scheme 8.18).119

8.4 Conclusion
The reported examples showed that nitroxides represent useful probes for
the investigation of noncovalent assemblies, and we expect that these open-
shell molecules, in conjunction with EPR spectroscopy, will continue to
represent a valuable tool in the field of supramolecular chemistry. In par-
ticular, the development of mechanically interlocked paramagnetic mol-
ecules in which the nitroxide moiety behaves as a recognition site for the
formation of supramolecular assembly, the development of sophisticated
spin traps based on the coupling of nitrones with macrocyclic compounds
and applications of host–guest chemistry to tune nitroxide properties (like in

Scheme 8.18 Structure of a representative spin-labelled calixarene and
resorcinarene.
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bioimaging or dynamic nuclear polarization/NMR) will be the subject of
significant improvements in the next few years. The combined use of nitr-
oxides and PELDOR or multifrequency EPR experiments (at the moment
rarely explored) can also be expected to be particularly useful for the char-
acterization of host–guest complexes.
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CHAPTER 9

Magnetism of Nitroxides

ANDRZEJ RAJCA

University of Nebraska, Department of Chemistry, Lincoln,
Nebraska 68588, USA
Email: arajca1@unl.edu

9.1 Introduction
Nitroxides are organic radicals with excellent stability that enable a wide
range of applications in polymer science, synthesis, catalysis, organic ma-
terials, biophysics and biomedicine. While the radicals are mostly stabilized
by steric shielding of the unpaired electron, nitroxide stability is imparted by
the resonance delocalization of the unpaired electron over the N–O bond. In
nitroxides, the paramagnetic N–O moiety is very much tolerant to various
conditions that enable the practical use of the radicals. Because their
structural and functional diversity can be achieved by organic synthesis,
nitroxides are attractive for studying molecular magnetism. Nitroxides are
perhaps the most investigated organic radicals in the development of
molecule-based magnets. This chapter provides an overview of the molecular
design and characterization of high-spin nitroxide radicals, with strong
through-bond ferromagnetic exchange couplings, in relation to organic
magnetism.

9.2 High-spin Diradicals and Polyradicals
Organic molecules with high-spin ground states (total spin quantum num-
ber SZ1) are of interest as basic building blocks for organic magnets1–5 and
for potential applications in spintronics,6–8 dynamic nuclear polarization
(DNP) NMR9 and organic paramagnetic relaxation reagents,10 including
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contrast agents in magnetic resonance imaging (MRI).11–14 These appli-
cations emanate from the enhanced paramagnetic properties, which scale
with the S(Sþ 1) factor, but to realize the potential of high-spin molecules,
the following two conditions must be fulfilled:

(1) the high-spin ground state is at least a couple of kcalmol�1

[c0.6 kcalmol�1Ethermal energy (RT) at room temperature] below
the nearest low-spin excited state,15,16

(2) the molecule should be persistent at room temperature or better, at
ambient conditions and at elevated temperature.

9.3 Design and Characterization of High-spin
Nitroxide Diradicals and Polyradicals

Organic radicals, which possess one unpaired electron, may be viewed as the
primary organic spin-bearing units or spin centers (SCs) with S¼ 1/2. For
nitroxides, the two-atom N–O moiety may be viewed as an SC, as the spin
densities at both O and N atoms are positive and about equal.17 In the
molecular design of high-spin organic molecules, the goal is to conjugate
multiple SCs, in such a way that the spins couple ferromagnetically, to
provide a high-spin (SZ1) ground state. This ferromagnetic interaction
should ideally be sufficiently strong to produce a large separation in energy
between the high-spin ground state and low-spin excited states. In a dir-
adical, the singlet triplet energy gap (DEST) is determined by the exchange
coupling constant ( J), which is given by a simplified Heisenberg–
Hamiltonian for two electrons,18,19 typically expressed as

H¼�2 JS1�S2 (9.1)

where the singlet–triplet energy gap, DEST¼ 2J.
In planar p-conjugated diradicals, the through-bond exchange couplings

between SCs are dominant. The coupling can be either ferromagnetic ( J40)
or antiferromagnetic ( Jo0). Ferromagnetic vs. antiferromagnetic exchange
coupling between SCs is a function of the p-connectivity and can be quali-
tatively predicted using Ovchinnikov parity models, where each spin in the
p-system is assumed to possess the opposite spin of its nearest neighbor
(Figure 9.1).20 (Similar parity models apply to polyradicals for prediction
of through-bond ferromagnetic vs. antiferromagnetic exchange coupling
between the nearest neighbor SCs.)

We consider non-Kekulé molecules, for which the simplest examples may
be illustrated using methyl radicals as SCs and ethylene as a coupling unit.
Trimethylenemethane (TMM), the molecule with 1,1-connection of ethylene
to methyl radicals, possesses a triplet (S¼ 1) ground state with relatively
large DESTE16 kcalmol�1.21 The nitroxide analogs of TMM, such as Okada’s
diradicals 1 and 2, have triplet ground states with smaller DESTE1.6
and 2.2 kcalmol�1, respectively.22 For non-Kekulé molecule such as
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tetramethylenethane (TME), the parity models predict a singlet ground state
(with a very small |DEST|), which is in agreement with the experimental
finding of DESTE�1 K¼�0.002 kcalmol�1 for its analogs 2,3-dimethyle-
necyclohexane-1,4-diyl (DMCHD).23

The best-known non-Kekulé molecule, m-xylylene, in which the methyl
radicals are connected to the m-phenylene coupling unit, possesses a
triplet ground state with relatively large DESTE10 kcalmol�1.24 However,
analogous nitroxide diradical 3 possesses a much smaller, very approximate
DESTE2 kcalmol�1.25,26 3,30-Dimethylenebiphenylene (3,30-DMBP) diradical,
in which two radicals are linked through a 3,30-biphenylene unit, possesses
a singlet ground state with a small |DEST|, as evidenced by the experimental
findings of DESTE�0.1 and �0.08 kcalmol�1 for 3,30-di[(diaryl)methylene]-
biphenylene (3,30-DDAMBP) and 4,40-di(tert-butylnitroxide)-2,20-bispyridilene
(4,40-DTBN-2,20-BP), respectively.27,28

In the parity model, the coupling units that mediated the ferromagnetic
coupling between SCs (e.g., m-phenylene and 1,1-connected ethylene) are
defined as ferromagnetic coupling units (FCUs) and those that mediated
antiferromagnetic coupling (e.g., 3.30-biphenyl, o-phenylene, p-phenylene)
are defined as antiferromagnetic coupling units (ACUs).29–31

The simple parity models are a convenient, effective approach for pre-
dicting the ground state qualitatively, but they do not address the strength
of the exchange coupling, especially in non-Kekulé molecules. The Pauli
exclusion principle dictates the electron exchange interactions in organic
molecules that lead to either ferromagnetic or antiferromagnetic coupling.
Very strong antiferromagnetic coupling is nearly ubiquitous in organic
molecules, as they mostly possess a large HOMO–LUMO energy gap. In the
case of Kekulé molecules in which the HOMO energy is significantly lower
than that of the LUMO, the electron spins of the two electrons that occupy
the HOMO must be antiparallel, as dictated by the Pauli exclusion principle.
For non-Kekulé diradicals, the energies of frontier MOs are approximately

Figure 9.1 Ferromagnetic and antiferromagnetic exchange coupling predicted
using parity models in planar p-conjugated non-Kekulé molecules;
DEST in kcalmol�1.
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equal (near-degenerate MOs), leading to two singly occupied MOs (SOMOs).
Borden and Davidson classified the SOMOs that are spatially coinciding at
some atoms as ‘‘non-disjoint’’ and those that are not spatially coinciding at
any atoms as ‘‘disjoint,’’ as illustrated for TMM (and m-xylylene) and TME
(and 3,30-DMBP) (Figure 9.2).32

Very weak exchange coupling is typical for the disjoint SOMOs, which
gives rise to a small |DEST|. Presumably, the small exchange coupling
through s-bonds is the origin of a singlet ground state.29,32 On the other
hand, exchange coupling is strong and ferromagnetic for non-disjoint
SOMOs. It is apparent that when the two electrons spins are aligned paral-
lel, they introduce a node in the spatial part of the wave function. As a
consequence, the Coulombic repulsion within the area of spatial coinci-
dence diminishes, as in the case of an extension of the Pauli exclusion
principle to multielectron wavefunctions.29–32

Electron paramagnetic resonance (EPR) spectroscopy and superconduct-
ing quantum interference device (SQUID) magnetometry are the two com-
mon techniques that are used to characterize high-spin organic diradicals.
It is essential that the samples are diluted in frozen glassy matrices, to
minimize the intermolecular interactions.

EPR spectroscopy provides important information concerning the un-
paired electrons in the S¼ 1 state. Among the valuable parameters are the
zero-field splitting (D and E), g-tensor and nuclear hyperfine coupling tensor.
To observe hyperfine coupling, nuclei must have a significant electron spin
density and at least one abundant isotope with nonzero nuclear spin (I),
such as 14N with an I¼ 1.30,33

SQUID magnetometry is a powerful technique for measuring magnet-
ization (or closely related paramagnetic susceptibility, w) as a function of
temperature and external magnetic field. These measurements require a
careful background correction for diamagnetism of the sample. It is im-
portant to keep in mind that the existing diamagnetism in the sample and
sample holder/matrix can dominate the magnetization (or susceptibility),
especially for dilute samples in matrices at high temperature (T) or at high
magnetic field (H). At low temperatures, the curvature of the normalized

Figure 9.2 Singly occupied MOs (SOMOs) of triplet states for nondisjoint and
disjoint non-Kekulé diradicals at the UB3LYP/6-311þG(d,p) level.
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magnetization (M/Msat) vs. H/T plot provides the ground-state spin multi-
plicity, based upon thermal population of mS-states.

30 This approach is
independent of sample concentration (or weight) (Figure 9.3). The value of
Msat (in Bohr magnetons, mB) provides a fraction of unpaired electrons
present in the sample, with Msat¼ 1 mB corresponding to a spin concen-
tration of 100%.

In special cases in which DEST is comparable to RT (where T corresponds
to the temperature range of the measurement), thermal population of the
low-spin excited states at a higher temperature diminishes the wT. The
amplitude of the decreased wT can be used to assess DEST.

30,31 In those cases
in which the DEST significantly exceeds RT (e.g., 0.6 kcalmol�1 at T¼ 298 K),
an experimental assessment of DEST becomes difficult, allowing only for
determination of a lower limit for DEST (Figure 9.4).

Variable-temperature EPR spectroscopy may analogously be used to assess
DESTBRT via the amplitude of the decreased IT at higher temperatures,
where I is the EPR intensity. (The NMR-based paramagnetic shift method
may also be utilized in a similar way.30,34) Quantitative EPR spectroscopy
provides a powerful method, where w or wT of the sample are determined by
comparison with the reference consisting of a stable S¼ 1/2 radical. In a
typical implementation, the sample and reference are prepared as solutions
(or glassy matrices) of a comparable concentration in an identical solvent
(matrix). Especially for the variable-temperature EPR experiments, it is

Figure 9.3 SQUID magnetometry of paramagnets: the normalized magnetization
(M/Msat) vs. H/T plots; inset: wT vs. T plots for infinite values of DEST.
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important to avoid microwave saturation at low temperatures – both for
the sample and the reference. Determination of w or wT by quantitative
EPR spectroscopy has an advantage over SQUID magnetometry, because the
diamagnetic background in an insulating solid or liquid sample is not
detected in EPR spectroscopy, i.e., paramagnetic w is measured directly
without a need for diamagnetic background correction.35–37

There are various theoretical approaches that aim at accurate prediction
of the DEST. The density functional theory, employing Noodleman’s broken
symmetry approach (BS-DFT),38–40 has found widespread use. However, the
relatively lower computational cost of BS-DFT, compared to other more
sophisticated approaches, is offset by lower accuracy; that is, the common
density functionals such as B3LYP or M06-2X typically overestimate the
DEST of high-spin diradicals.41,42 The more complex post Hartree–Fock
methods, such as the Difference Dedicated Configuration Interaction
(DDCI or DDCI2) and Complete Active Space Self-Consistent Field
(CASSCF) implemented with the Complete Active Space Second-order
Perturbation Theory (CASPT2), are much more accurate.42–45 The
CASSCF/CASPT2 method combines the Configuration Interaction (CI)
techniques with many-body perturbation theory (up to the second order) to
account for electron correlation.46,47 The DDCI approach is based on direct
computation of energy differences between the electronic states of interest
by CI techniques.48 In the DDCI approach, it is essential to select
judiciously only those determinants from the multireference wave function
by single and double replacements, that are likely to contribute to the
energy difference between the states.49 The DDCI can be considered as one
of the most reliable methods for estimating spin energy gaps in systems of
synthetic interest at reasonable expense.42,43,50

Figure 9.4 SQUID magnetometry and quantitative EPR spectroscopy: determination
of DEST in a triplet ground state diradical based on wT vs. T plots. For a
diradical, triplet occupancy (%) is equal to wT * 100%.
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9.4 m-Phenylene Alkyl–Aryl Nitroxide Diradicals
Numerous alkyl–aryl m-phenylene-based nitroxide diradicals have been
prepared and studied. The design of this class of diradical is directed at
promoting delocalization of spin density into the m-phenylene FCU to
maximize the spin density within the FCU. The design strategy evolved from
the evidence that the spin density of the m-phenylene diaryl diradicals sig-
nificantly delocalizes into the neighboring aryl substituents (see Section 9.5).
Examples of high spin, S¼ 1 ground state alkyl–aryl nitroxide diradicals 3–11
are shown in Figure 9.5.11,25,26,51–61 Magnetism of these radicals can be
elaborated using SQUID magnetometry and computations.

For diradical 3, a fit to SQUID wT vs. T data (up to T¼ 300 K) apparently
gives DESTE2 kcalmol�1 (Figure 9.6).25,26 However such an amazing result
must have a huge standard error, especially in the absence of exact cor-
rection for diamagnetism, and thus the reliability is low. One of the reasons
is that, because of the thermal population of the lowest excited singlet state,
such high DEST corresponds to minuscule lowering of the wT value. That is,
even at 300 K, wT decreases by 0.5% only and the diamagnetic contribution is
relatively large at this high temperature (Figure 9.4).

Themore reliable result would beDESTcRTB0.6 kcalmol�1 for nitroxides 3,
5 and 8.26,54,55 Similarly, DEST40.7 kcalmol�1 and DESTE1.3 kcalmol�1,
obtained from the fit to the SQUID wT vs. T data for 7 and 9,11,56 should be
reported asDESTcRTB0.6 kcalmol�1. Both nitroxides 4 and 6 have lower DEST
because their ortho-substituents (CF3 and tert-butyl phenyl) cause the NO
moieties to twist out-of-coplanarity with the m-phenylene coupling unit.52,54

These values of DEST may be compared with the upper bound estimates by
BS-DFT (UB3LYP/6-31G(d,p)):B3.0, 0.18, 3.4 and 1.5 kcalmol�1 for 3–6. Note
that the X-ray geometries for 4–6 were used in these computations.52,54 The
estimated DEST for 5 is the largest because of its constrained conformation
enforcing approximate co-planarity of nitroxides with m-phenylene FCU.
Barone and coworkers used the accurate DDCImethod to computeDEST¼ 0.84,
0.077, 0.86, 0.98 kcalmol�1 for 3, 4, 9 and themodel diradical 7a, respectively.59

Barone and coworkers also studied a simplified diradical 3a (Figure 9.5)
using both BS-DFT (UB3LYP) and a highly accurate DDCI2 method.60 The
computations provided the DEST¼ 1.58 kcalmol�1 (vs. 1.87 kcalmol�1 by
BS-DFT) for the global minimum corresponding to planar conformation of 3a.
For the twisted conformation with ONCC torsional angles y¼ 451 (and
y¼ 1351), DESTE0.51 kcalmol�1 was obtained. In addition, it was noticed that
DEST varied as cos2(y),60 i.e., revealing Karplus–Conroy-type relationship.

Barone and coworkers also carried out a conformational study of diradical
4 using DDCI and CAS(2,2) approaches.61 The goal of the study was ration-
alizing experimental results of slow increase of wT upon rapid freezing of 4 in
2-MeTHF, ultimately reaching the value consistent with the triplet ground
state. This goal was not attained, presumably because computations were
carried out in the gas phase,61 and the experimental results were highly
specific to 2-MeTHF.52
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Stability of the m-phenylene alkyl–aryl nitroxide diradicals depends on
their substitution pattern. Nitroxide diradical 3 decomposes in solution to
the corresponding aminoquinone imine N-oxide within a few hours,51

however diradicals 4–11 are relatively persistent at ambient conditions.
Diradical 5 is observed to be stable in the crystalline state for several months
and pure samples of 5 are stable in solution at room temperature for at least
two days.54 Despite the additional steric shielding of the ortho position in the
case of diradical 6, it slowly decomposes in solution at ambient conditions –
perhaps, not surprising in view of its strained structure as revealed by X-ray
crystallography.54

Water-soluble diradical 7 provides the first example of a high-spin dir-
adical studied in aqueous solutions and matrices.11 However, the measured
1H water relaxivities are a bit disappointing, most likely, because of
inadequate water access to the NO moieties within the hydrophobic moiety
of the diradical.11,13 A similar phenomenon is observed for aminyl-based
radicals.62,63

Conformationally restrained nitroxide diradical 8 is an example of a high-
spin diradical that is soluble in biologically friendly matrices. Electron spin
relaxation times of 8 are comprehensively studied in the temperature range
T¼ 10–300 K. Both electron spin T1 and Tm are strongly affected by modu-
lation of anisotropic magnetic dipole–dipole interactions in 8 and in
diradicals with similar interspin distances.55

Nitroxide diradicals 9–11 show interesting magnetic properties in the
solid state,56–58 with 9 crystallizing in two phases. The a-phase consists of
NO-dimers with short N–O¼ 2.321 and 2.359 Å contacts within one-
dimensional chain, thus leading to a diamagnetic state; the b-phase

Figure 9.6 Temperature dependencies of molar magnetic susceptibility (w) and
effective magnetic moment (meff/mB). Solid lines are theoretical curves
with J/k¼ 500 K, computed analogously as shown in Figure 9.4. Please
note that meff/mBE2.83(wT)1/2.
Adapted from ref. 26 with permission from American Chemical Society,
Copyright 1991.
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consists of much longer intermolecular N–O45.4 Å contacts, thus leading to
a strongly paramagnetic state of magnetically independent S¼ 1 diradicals.
Interestingly, the diamagnetic a-phase undergoes an irreversible phase
transition to the paramagnetic b-phase at about 350 K. In the a-phase at
To230 K, the crystalline structures of diradicals 10 and 11 with diamagnetic
properties resemble diradical 9 in the a-phase. At T4350 K, the structures of
10 and 11 with strong paramagnetic properties of S ¼1 diradical are
analogous to that of 9 in the b-phase. Interestingly, an intermediate phase
corresponding to magnetically isolated dimers of diradicals, in which only
one nitroxide in each diradical possesses short intermolecular N–O contacts,
is detected in the intermediate temperature range, 230oTo350 K. This
intermediate phase corresponds to two magnetically independent S¼ 1/2
nitroxide radicals per each dimer (Figure 9.7). The solid–solid phase
transitions in 10 and 11 are single-crystal-to-single-crystal type and associ-
ated with a change of color of crystals. However, there is no hysteresis for the
wT vs. T (or w vs. T) data.

The solid–solid phase transition in nitroxides is quite an appealing
phenomenon, especially when it associates with magnetism. Some inter-
esting phase transition phenomena of nitroxides are illustrated in AZADO
radical and NN2–DTmBDT diradical.64,65 Photochromic behavior, with the
hysteresis in the w vs. T data between 280 and 305 K, is observed for
AZADO nitroxide radical (Figure 9.7) in the solid state. The low-temperature
(To280 K) phase crystal has a yellow color and corresponds to the
diamagnetic S¼ 0 NO p-dimers with short N–OE2.3 Å contacts. The
high-temperature (T4305 K) phase, reddish-brown color solid, for which a
single-crystal X-ray structure could not be obtained, displays paramagnetic
S¼ 1/2 behavior.64 Similar results were obtained for the methyl derivative of
AZADO (1-methyl-2-azaadamantane N-oxyl).66

For NN2–DTmBDT diradical,65 the differential scanning calorimetry (DSC)
and integration of selected IR bands (vs. temperature) show a reversible
phase transition with hysteresis in the temperature range 275–284 K and an

Figure 9.7 Selected nitroxide radicals exhibiting solid–solid phase transitions: S¼ 1
diradicals 9 – 11, S¼ 1/2 AZADO radical and NN2–DTmBDT diradical.

368 Chapter 9

https://www.twirpx.org & http://chemistry-chemists.com



irreversible phase transition near 408 K. However, no single-crystal X-ray
structure could be obtained for the high-temperature phase (at T¼ 303 K).
At low temperatures, the X-ray structure shows moderately short
O–O¼ 3.5–3.6 Å contacts between nitronyl nitroxide moieties, which the
BS-DFT computation predicts to be relatively weak antiferromagnetic coup-
lings of | J|o25 K. These antiferromagnetic J values are similar to those
computed for intramolecular exchange coupling; the DEST is not determined
experimentally.65

9.5 m-Phenylene Diaryl Nitroxide Diradicals
Polyradicals with alternating connectivity of radicals and m-phenylene are
potential building blocks for high-spin polyradicals that could be useful in
the development of organic magnetic materials.2,3,30 However, there are only
a few known diaryl nitroxide radicals, and most of them are monoradicals.67

Some attempts have been made to prepare diaryl nitroxide polymer and
oligomers, including our work on diaryl nitroxide diradicals 12–14
(Figure 9.8),68–71 which reveals why these trials were destined to be failures.

Preparations of diradicals 12 and 13 are enabled by the development of
the low-temperature method for oxidation of secondary diaryl amines by
dimethyldioxirane (DMDO) in dichloromethane. The progress of the oxi-
dation is monitored by magnetic resonance spectroscopy (EPR and 1H NMR)
and by magnetic studies in solution using SQUID magnetometry, with the
reaction mixture strictly maintained at low temperature (�80 1C or below).68

Oxidation of a simple 4,40-di-tert-butyl-diphenylamine provides the well-
known 4,40-di-tert-butyl-diphenylnitroxide (DTBDPN) radical67,68 in 40–60%
isolated yields. (These yields are significantly lower than the nearly quanti-
tative yields reported for oxidation of sterically hindered secondary dialky-
lamines with DMDO to the corresponding dialkylnitroxide radicals such as
TEMPO.72) Interestingly, polycrystalline DTBDPN, crystallized from ethanol,

Figure 9.8 Diaryl m-phenylene-based high-spin nitroxide diradicals 12–14 and
diaryl nitroxide radical DTBDPN.
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shows intermolecular ferromagnetic interactions as evidenced by the
increasing curvatures (S41/2) of the M/Msat vs. H/T plots at 5, 3 and 1.8 K,
corresponding to S¼ 0.67, 0.80 and 0.85, respectively. The wT vs. T
plot shows an upward turn, from wTE0.35 emuKmol�1 at T¼ 50 K to
wTE0.42 emuKmol�1 at T¼ 1.8 K. On the other hand, SQUID magnetometry
for 0.1 M DTBDPN in 2-methyltetrahydrofuran (2-MeTHF) gives the data
consistent with a perfect S¼ 1/2 paramagnet (Figure 9.9).

Diaryl nitroxide diradicals 12 and 13 are prepared by the low-temperature
oxidation of the corresponding diaryl diamine and aza[14]metacyclophane69

using DMDO as oxidant. Two conformers of 12 are detected by EPR spec-
troscopy. EPR spectra of the reaction mixture at 140 K show side bands that
represent the dipolar coupling patterns of two S¼ 1 dinitroxide conformers
with smaller and larger spectral widths (|2D/hc|). The major conformer with
smaller |2D/hc| corresponds to the structure with longer interspin distances
between nitroxides. The relative intensities of the side bands (for triplet
state) and the center peaks (for an S¼ 1/2 radical impurity) in the EPR
spectra, taken before and after the SQUID magnetometry, are in qualitative
agreement with the average values 14S41/2 obtained from the curvature of
the M/Msat vs H/T Brillouin plots. In particular, the spin-average S-value,
SsE0.7,73 indicates a triplet ground state for 12. For diradical 13, the re-
action mixture shows a rather weak EPR spectrum such that the spectral
intensity is too low to permit determination of its ground state. In addition,
neither triradical nor tetraradical is detected.

Diradical 14 is designed with increased steric shielding of the para-
positions of the m-phenylene FCU, and the nitroxide moieties are annelated
with the FCU ring structure to enforce coplanarity.70 As a result, diradical 14
is more stable and could be isolated as polycrystalline solid at ambient

Figure 9.9 SQUID magnetometry of S¼ 1/2 monoradical DTBDPN in the solid state
(left panel) and in 2-MeTHF (right panel).
Adapted from ref. 68 with permission from American Chemical Society,
Copyright 2008.
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conditions, though, in concentrated solutions, it undergoes slow
decomposition at room temperature. Because of the enforced coplanarity
of nitroxide moieties with m-phenylene FCU, 14 is expected to possess
a larger DEST compared to 12. BS-DFT estimates of DEST for 12 and 14 are
1.8 and 2.0 kcalmol�1, respectively.68,70 The accurate DDCI computation
by Barone and coworkers provides DESTE0.6 kcalmol�1 for 14,74,75 in
good agreement with the experimental value. The SQUID magnetometry of
polycrystalline 14 provides the wT vs. T plot that corresponded to a lower
bound DESTZ0.6 kcalmol�1.70 Notably, the hydrocarbon (polyarylmethyl)
analog of 14 is also stable at room temperature (under inert atmosphere) and
is a triplet ground state;76 its DESTE6 kcalmol�1, as estimated by BS-DFT, is
much higher than that for 14.

Although 14 is sufficiently stable to be isolated as solid, crystals of
sufficient quality for an X-ray crystallography could not be obtained.
Therefore, the structure of 14 is largely established by correlation between
the experimental and DFT-computed EPR spectra as illustrated in
Figure 9.10.71 Experimental EPR spectrum for diradical 14 in glassy toluene
at 140 K shows six symmetrically positioned side bands associated with a
triplet state with the following values of zero-field splitting (zfs) parameters,
|D|¼ 12.25�10�3 cm�1 and |E|¼ 1.40�10�3 cm�1. The DFT computations
(UB3LYP/EPR-II), based upon spin–spin only approximation (magnetic
dipole–dipole interaction between unpaired electrons), somewhat over-
estimate the spacing of the outer Z-bands (2|D|) and the spacings of the
inner X- and Y-bands (approximately 3|E|) by giving D¼�17.7�10�3 cm�1

and E¼�4.22�10�3 cm�1 (Figure 9.10).77–79 As expected for the planar

Figure 9.10 EPR spectra for nitroxide diradical 14. Top: DFT-computed spectrum at
the UB3LYP/EPR-II level of theory. Bottom: experimental spectrum in
toluene at 140 K and spectral simulation.
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nitroxide–m-phenylene–nitroxide p-system in 14, 14N hyperfine coupling of
two nitrogens splits the Y-bands into quintets, analogously to those for
nitroxide diradicals 5 and 8.53–55 The spacings within the quintet should
correspond to |AYY|/2, where AYY is the largest principal value of the
14N A-tensor oriented parallel to the direction of the 2pp orbital on the
nitrogens (Y-axis). The DFT-computed values of AYY/2¼ 0.837�10�3 cm�1

and 0.892�10�3 cm�1 at the UB3LYP/EPR-II and UB3LYP/EPR-III levels
slightly underestimate the experimental value of 1.06�10�3 cm�1. The
positions of ‘‘centers of gravity’’ for each pair of the bands, labeled by X, Y
and Z, are determined by the corresponding principal values of the g-tensor:
gXX, gYY, gZZ. The DFT-computed values of gXX¼ 2.0083, gYY¼ 2.0022,
gZZ¼ 2.0055, using coupled-perturbed Kohn–Sham (CP-KS) theory at the
UB3LYP/EPR-II level,80 are in good agreement with the corresponding
experimental values, gXX¼ 2.0076, gYY¼ 2.0020, gZZ¼ 2.0047.

9.6 TMM Nitroxide Diradicals
Numerous diradicals with 1,1-connection of ethylene to nitroxides have been
prepared and studied. The TMM-based nitroxide diradical 17 was reported
by Iwamura and coworkers in 1992.81 Polycrystalline diradical 17 was char-
acterized by SQUID magnetometry, for which triplet ground state with a
small DEST¼ 0.030 kcalmol�1 was determined (Figure 9.11).81 Diradicals 15
and 16 were subsequently reported; their DEST¼ 1.28 kcalmol�1 (15) and
DEST¼ 0.43 kcalmol�1 (16) were quite substantial.82,83 In 2010, Okada and
coworkers reported the synthesis and characterization of the triplet ground-
state diradicals 1 and 2 with relatively larger DESTE1.6 and 2.2 kcalmol�1,
respectively, as determined by SQUID magnetometry of polycrystalline
diradicals.22 These DEST values are of a similar magnitude to those of the
‘‘planarized’’ m-phenylene-based nitroxide diradicals 5 and 8. Notably, both
diradicals are sterically encumbered, as indicated by the values of torsion
angles (y) between the NO moiety and C¼N FCU: y¼ 761 and 401 in 1 and 2,
respectively.22 This may explain the phenomenon that the DEST for 1 is
smaller than that for 2, whilst the DEST for 15 is larger than that for 16.
Both diradicals 1 and 2 are stable at ambient conditions and they may be
sublimed at 55–70 1C without decomposition.22

Shultz and coworkers reported a series of TMM-based nitroxide
diradicals,84–86 including diradicals with singlet (18, 19 and 22) and triplet
(20 and 21) ground states; their values of DEST were measured for the sam-
ples in polyvinyl chloride (PVC)-matrices (and in polycrystalline solids) by
SQUID magnetometry. For nitroxides 18–21, the DEST value is correlated with
the average torsion angle (y) between the phenyl rings and TMM moiety, as
determined by X-ray crystallography, using a simple Karplus–Conroy-type
relation: DEST¼ 0.25 cos2(y)�0.097 (kcalmol�1).86 This correlation estab-
lishes through-bond ferromagnetic exchange coupling for nearly coplanar
diradicals with small y and through-space antiferromagnetic exchange
coupling for sterically encumbered diradicals with large y.
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Nitroxide 22 could not be included in the Karplus–Conroy correlation
because it exhibits structural phase transition in the crystal, associated with
magnetic hysteresis in wT vs. T data between 60 and 85 K (Figure 9.12).85

The low-temperature X-ray structure at 25 K shows the NO p-dimer of the
diradical molecules that formed between one of the nitroxides with the N–O
contacts of 2.450 Å. The nitroxide moieties within the NO dimer are in the
singlet (S¼ 0) ground state with a large |DEST| (strong antiferromagnetic
coupling), while the other two nitroxides are magnetically independent

Figure 9.11 TMM nitroxide diradicals.

Figure 9.12 Solid–solid phase transition for diradical 22.
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S¼ 1/2 radicals. In the high temperature phase, the N–O contacts within the
NO dimer increase to 5.37 Å, based on the X-ray structure obtained at 158 K,
thus weakening the antiferromagnetic coupling to be practically negligible,
especially at the elevated temperatures. This observation provides the
rationale for the magnetic phase transition observed for polycrystalline 22.86

It should be noted that the low-temperature S¼ 1/2 phase for diradical 22
is both structurally and magnetically equivalent to the intermediate S¼ 1/2
phase for diradicals 10 and 11 (Figures 9.5 and 9.7).

Another example of notable TMM-based nitroxide diradical is the ‘‘quinoidal-
TMM’’ nitroxide diradical 23, which was reported by Iwamura and coworkers in
1996.87,88 Diradical 23 possesses a modest DEST¼ 0.82 kcalmol�1.87,88 The
hydrocarbon (polyarylmethyl) analog of 23 also possesses triplet ground state
and is stable at room temperature (under inert atmosphere).89

9.7 High-spin Nitroxide Triradicals
Because of the highly challenging design and synthesis, there are only a few
examples of high-spin nitroxide triradicals. Triradicals 24–27 (Figure 9.13)
were prepared and studied by Iwamura and coworkers.26,90 Notably, 24 is the
only example of a high-spin nitroxide triradical based on m-phenylene FCUs.
The nature of the problem in preparation of this class of high-spin polyradical
is discussed in Section 9.5 (m-Phenylene diaryl nitroxide diradicals), though

Figure 9.13 High-spin (S¼ 3/2) nitroxide triradicals.
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24 consists of only a single diaryl mononitroxide moiety. The other examples
are TMM-based nitroxides, in which the more stable nitroxides, e.g., nitronyl
nitroxides, are adopted as SCs to enhance overall stability. Polycrystalline
triradicals are characterized by SQUID magnetometry, for which the wT vs. T
data provide the values of doublet–quartet energy gap, DEDQ. Them-phenylene
based triradical 24 has the highest values of DEDQ¼ 0.48 kcalmol�1.26 The
bis(nitronyl nitroxide) triradical 25 has a similar DEDQ¼ 0.46 kcalmol�1 to
that of 24. The fact that 26 and 27 have lower DEDQ¼ 0.35 and 0.25 kcalmol�1

is expected,90 based on the values of DEST¼ 1.28 and 0.43 kcalmol�1 for
TMM-type diradicals 15 and 16 (Figure 9.11).

m-Phenylene triradical 24 is stable under ambient conditions in solution
and as polycrystalline solid for weeks.26 Triradicals 25 and 26 are sufficiently
persistent to be purified by chromatography on neutral alumina.90

9.8 High-spin Nitroxide-based Hybrid Diradical
Cations and Triradical Cations

Organic radical cations with excellent stability are of interest in the design of
high-spin molecules. An intriguing case is the molecular designs derived
from the nitronyl nitroxides linked to the electron-rich p-conjugated system,
for which Sugawara and coworkers observed the notable phenomenon of
SOMO–HOMO energy level inversion (Figure 9.14).6 The energy level of the
SOMO is below that of the HOMO because the coefficients of the SOMO are
localized to the nitronyl nitroxide moiety, which consists of electronegative
heteroatoms such as oxygen and nitrogen. Furthermore, the on-site
Coulomb repulsion of the SOMO is large because the addition of an extra
electron to the spatially restricted SOMO requires a large amount of energy.
Therefore, the half-occupied SOMO is preserved even though the doubly
occupied HOMO is at the higher energy.6

Recently, it has been shown that the SOMO–HOMO energy level inversion
could also be found in radicals and radical cations delocalized within helical
and double-helical p-conjugated systems, which upon one-electron oxidation
would form triplet ground-state diradical cations and diradical dications with
a significant DEST.

37,91 This unique phenomenon of coinciding SOMO–HOMO
inversion and high-spin ground states is of general interest because it
demonstrates a violation of the Aufbau principle92,93 and it may be exploited
for preparation of materials with cooperative conductivity and magnetism.6

The cooperative conductivity and magnetism in a molecule have been
observed. For example, a giant negative magnetoresistance is detected for
nitronyl nitroxide-linked benzoTTF 28,94 for which the first (benzoTTF) and
second (nitronyl nitroxide) redox potentials are at 0.82 and 0.90 V in acetoni-
trile versus Ag/AgCl. At T¼ 2 K and external magnetic field of H¼ 5 Tesla, the
ratio of magnetoresistance, i.e., 100%�(RH � R0)/R0, where RH is the resist-
ance under the magnetic field and R0 is the resistance under an ambient field,
reaches �70%.94 The mechanism of the magnetoresistance phenomenon is
proposed based on the formation of triplet ground-state diradical cations when
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Figure 9.14 (Nitronyl) nitroxide-radical cation hybrid diradicals.
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the crystal of 28 is hole-doped through the positive electrode. In the proposed
mechanism, at H¼ 0 Tesla, conduction electrons, which move along the co-
lumnar donor stack, are scattered by the thermally fluctuating paramagnetic
spins of the radical sites. As theH increases, the localized spins align parallel to
the external field. Therefore, on the basis of the double-exchange mechanism,
only a conduction electron of the opposite spin could be transferred
(Figure 9.14A); in other words, the spin down (blue spin in Figure 9.14) would
readily transfer to the adjacent hole site if the antiparallel red spin is available.
Onset of magnetoresistance at 30 K provides an estimate for the strength of
exchange coupling between localized unpaired nitronyl nitroxide moieties and
delocalized (itinerant) conduction electrons in the crystal.94

For 28, S¼ 1 ground-state diradical cation is formed via hole doping upon
applied electric field. Alternatively, the hole doping can be achieved via
chemical oxidation of the p-system. In one of the earliest attempts, in 1994,
nitronyl nitroxide-linked TTF diradical cation 29 does not provide the
anticipated triplet ground state; that is, singlet ground state with negative
value of DEST¼�0.4 kcalmol�1 is determined by variable-temperature
EPR spectroscopy. The singlet ground state is obtained presumably
because of large out-of-plane twisting of nitronyl nitroxide with respect to
the TTF moiety.95 Diradical and triradical cations of nitronyl nitroxide-
linked phenanthrene 30 and 31 (as well as its regioisomer), with appar-
ently less susceptibility to out-of-plane twisting nitronyl nitroxide moieties,
were characterized as high-spin ground-state molecules by pulsed EPR
spectroscopy at low temperatures, but the energy gaps, DEST and DEDQ, were
not determined.96

Sugawara and coworkers investigated the diradical cation 32, an analog of 28.
The BS-DFT computations predict that diradical cation 32 is a triplet ground
state with DEST¼ 0.4 kcalmol�1.6,97 They find that the ion-radical salt 32a,
obtained by electrocrystallization of neutral 32, exhibits giant negative mag-
netoresistance. The ratio of magnetoresistance 100%�(RH�R0)/R0¼�70%
is obtained at T¼ 2 K and atH¼ 9 Tesla. The magnetic field dependence of the
ratio of the magnetoresistance is correlated with H (0–9 or 9–0 Tesla), resulting
in a bell-shaped curve. The proposed mechanism for magnetoresistance is
identical to that for 28 (Figure 9.12), with the onset at a relatively lower
temperature of 20 K.97

Okada and coworkers98 designed a highly stable nitronyl nitroxide-linked
N,N-diphenylphenazine diradical cation 33, which they were able to isolate
as a tetrafluoroborate salt. Room-temperature stability of the diradical cat-
ion salt, enables determination of its DESTc0.6 kcalmol�1 using the SQUID
wT vs. T data of the polycrystalline 33. In addition, when tetrabromoferrate
(FeBr4

�) is used as a counter anion for diradical cation 33, they observe a
three-dimensional, long-range ferrimagnetic ordering at Tc¼ 6.7 K, based
upon measurements of dc and ac magnetic susceptibilities and heat cap-
acity.99 More recently, Okada and coworkers reported additional examples of
analogous stable nitronyl nitroxide-based diradical cations such as 34 and
35.100,101 Notably, 35 shows a weak ferromagnetic ordering with transition
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temperature of TN¼ 2.85 K, as determined by ac susceptibility and mag-
netization studies and heat capacity measurements.101

The electron-rich p-conjugated system also offers additional intriguing
observations. Oxidation of the electron donor in a system composed of
radicals and a p-donor could alter the p-conjugation network, affecting the
magnetic interaction. In 1999, Iwamura and coworkers synthesized
trinitroxide-substituted triphenylamine 36 and determined that it is a
doublet ground state with DEDQo�0.2 kcalmol�1.102 Its diradical cation
could be viewed as a TMM-type p-conjugated system with a triplet ground
state, analogous to the isoelectronic diradical 23 (Figure 9.11). Although
cyclic voltammetry of 36 shows a reversible one-electron oxidation wave, the
related diradical cation could not be isolated.102

In 2012, Okada and coworkers103 prepared an analogous radical cation 37,
by replacing triphenylamine with trioxytriphenylamine, a much easier way to
oxidize moiety (Figure 9.14). Both 37 and 37a could be readily isolated and
characterized by X-ray crystallography. Large energy gaps between the high-
and low-spin state for 37 and 37a were determined. This is a fascinating ex-
ample of a multiplicity redox switching that is effective at ambient conditions.

In 2005, Tanaka and coworkers104 reported the switchable ground-state
multiplicity system that is effective at low temperatures. Diradical 38
possesses singlet ground state with DEST¼�0.26 and �0.36 kcalmol�1

(depending on conformation). Upon two-electron oxidation, diradical dica-
tion 38a possessed two magnetically independent S¼ 1/2 nitroxide radicals
(DESTE0.0 kcalmol�1). More recently, they prepared the nitroxide- and
nitronyl nitroxide-linked phenyldiamine diradicals and the corresponding
triradical cations, but the energy gaps between the high- and low-spin states
were not reported.105,106

9.9 Thermally Robust High-spin Nitronyl
Nitroxide–Blatter Diradicals

In the search to enhance the thermal stability of high-spin diradicals, vari-
ous structural designs based on an exceptionally robust N-centered Blatter
radical have been explored. Feasible synthesis of the radicals is among the
chief considerations that dictate the design of diradicals to the hybrid
nitronyl nitroxide–Blatter radicals. The BS-DFT computational survey reveals
that only the diradicals derived from a nitronyl nitroxide-linked to Blatter
radical are likely to possess a significant DEST (Figure 9.15).36,107 It can be
recognized that these radicals are the TMM-based diradicals, and therefore
the relative values of computed DEST are as expected for the diradicals of this
type, e.g., 15 and 16 (Figure 9.11).

The synthesis of these diradicals relies on the resilience of the Blatter
radical toward chemical transformations. The starting materials, cyano-
substituted Blatter radicals 39a and 41a, are prepared by adopting litera-
ture procedures for Blatter monoradicals.108 The reduction of cyano group
with DIBAL-H at low temperature is followed by hydrolysis of the resultant
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imine to the aldehyde group, to provide Blatter radicals 39b and 41b. Sub-
sequently, reduction of Blatter radical, condensation with dihydroxylamine
and oxidation in air, in the presence of a base such as triethylamine,
give diradicals 39 and 41. Reduction of both nitronyl nitroxide and Blatter
radical using sodium dithionite provides intermediate 40–H2, which upon
re-oxidation with lead(IV) oxide furnishes diradical 40 (Figure 9.16).
Diradicals 39 and 41 are free of diamagnetic and paramagnetic impurities,
as determined by SQUID magnetometry and EPR spectroscopy.

All three diradicals 39–41 are very stable and can be purified on normal-
phase silica gel without taking special precautions. Especially, diradicals 39
and 41 are thermally robust, showing onsets of decomposition in thermal
gravimetry analyses (TGAs) at 175 and 160 1C, respectively. On the other
hand, diradical 40 decomposes much more readily, with a TGA onset of
decomposition at about 70 1C. Diradical 39 can be sublimed without
decomposition at 140 1C under medium vacuum (pE6�10�6 mbar).36

Diradical 41 crystallizes in space group P-1. The crystal consists of two
nonequivalent molecules, A and B, and one molecule of dichloromethane
(solvent of crystallization). In molecules A and B, the nitronyl nitroxide
radical moiety is nearly coplanar and out-of-plane twisted with the Blatter
radical p-system, respectively. The corresponding N–C8A–C1A–C torsions are
in the �13 to �151 range in molecule A, while in molecule B, the corres-
ponding torsions are in the 28–301 range. In the crystal, molecules A and B
pack in an alternating fashion into one-dimensional chains (along the
crystallographic a-axis) with close intermolecular N� � �N and O� � �N contacts.
Two types of short N2A� � �N3B¼ 3.509 Å and O4B� � �N1A¼ 3.335 contacts
between molecules A and B are identified. Because all nitrogens and oxygens

Figure 9.15 High-spin Blatter–nitroxide diradicals.

Figure 9.16 Synthesis of diradicals 39–41.
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in diradical 41 possess large positive-spin densities, such contacts are an-
ticipated to give rise to intermolecular antiferromagnetic coupling between
pairs of molecules A and B within the 1D chain, thus providing the 1D an-
tiferromagnetic chain of weakly coupled S¼ 1 diradicals (Figure 9.17). In
fact, the SQUID w vs. T data, which show a characteristic broad maximum at
about 20 K, give an excellent fit to 1D antiferromagnetic chain model with
J0 ¼�14 K. The 1D chain of 41 is the most isotropic, with very weak local
anisotropy, |D/2J0|E4�10�4,54,109 and thus could potentially be an excellent
system for studies of low-dimensional magnetism.110

SQUID magnetometry of polycrystalline 39 and 41 provides
DEST¼ 0.50� 0.02 and 1.74� 0.07 kcalmol�1, respectively.107 The value of

Figure 9.17 Top panel: Single crystal X-ray structure of diradical 41 with molecule A
shown only; thermal ellipsoids for C, N and O are set at the 50%
probability level. Bottom panel: Packing of molecules A and B into a
one-dimensional S¼ 1 antiferromagnetic chain; nitrogens and oxygens
with large positive-spin densities and close intermolecular contacts,
N2A� � �N3B¼ 3.509 Å and O4B� � �N1A¼ 3.335 Å, are displayed as ball-
and-stick.
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DEST¼ 0.47� 0.07 kcalmol�1 for 37 is similar to that obtained by quantitative
EPR spectroscopy in dilute solutions/matrices.36,107 The triplet, S¼ 1 ground
states of 39 and 41 are unequivocally established by SQUID magnetometry of
the dilute samples in glassy polystyrene matrices, based on the curvature of
normalized magnetization (M/Msat) vs. H/(T� y) plots, where |y|r0.05 K is a
mean-field correction for very weak antiferromagnetic interactions in dilute
matrix.107 The experimental values of DEST for 39 and 41 are well reproduced
by computations at the CAS(10,10) level of theory.111

Diradical 41 is evaporated intact under ultra-high vacuum (UHV) at about
100 1C to form thin films on a silicon, SiO2/Si(111), substrate, and it can be
kept at room temperature. The film nominal thickness is about 1.5 nm. High-
resolution C 1s and N 1s core-level XPS spectra provide evidence for structural
integrity of 41 on the silicon surface. In particular, the spectra show four types
of nitrogen atoms with relative intensities of 1 : 1: 1: 2, with the most intense
peak assigned to the nitronyl nitroxide moiety. In addition, the less resolved
XPS spectra of polycrystalline 41 show nearly identical spectral envelopes to
those of the films. AFM images (Figure 9.16) and the line profiles, obtained by
averaging the AFM signal, reveal islands of different lateral size.107

The molecular orientation of diradicals 41 with respect to the substrate is
determined by NEXAFS spectra, by using two different polarization dir-
ections of the incident light, giving rise to NEXAFS dichroism (Figure 9.19).
This dichroism clearly indicates that the island aggregation that is detected
by AFM (Figure 9.18) is crystalline (not amorphous). An average orientation
of the molecules in the film is comparable to the one adopted in the single
crystals, with the crystallographic a-axis of the unit cell almost perpendicular
to the substrate.107 One of the remaining questions to answer is whether the
films consist of 1-D antiferromagnetic chains as suggested by the orientation
of diradical molecules in the film.

Figure 9.18 A typical AFM image of a 1.4 nm nominally thick film of 41.
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9.10 Conclusion
Significant advances have been made in the field of high-spin nitroxide
radicals – primarily based upon the development of hybrid high-spin
diradicals (and triradicals). The ingenious molecular designs derived from
the nitroxide or nitronyl nitroxides linked to electron-rich p-conjugated
system have provided high-spin radicals with remarkable and novel prop-
erties. The hybrid radicals that consist of an electron-rich p-system that can
be readily oxidized to radical cation have provided the robust radicals with
SOMO–HOMO energy level inversion, which upon chemical oxidation or
in situ electrode doping, readily produce high-spin diradical cations with
relatively large singlet–triplet energy gaps. For selected diradical cations, a
giant magnetoresistance was observed. Such hybrid radicals have also pro-
vided redox-switchable high-spin diradical cations that are effective at am-
bient conditions. Lastly, the hybrid radical derived from nitronyl nitroxides
linked to a Blatter radical provided high-spin diradicals that are exceedingly
thermally robust, including the magnetically and thermally robust diradical,
for which thin films can be formed under ultra-high vacuum; the films
are stable under UHV and are well characterized structurally. Along with
the design of high-spin molecules, improvement of experimental and
computational methods for determination of the energy gaps between the
high-spin ground state and low-spin excited state is important for further
advances in organic magnetism.
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CHAPTER 10

Applications of Nitroxide Spin
Labels to Structural Biology

C. S. KLUG,* M. T. LERCH AND J. B. FEIX

Medical College of Wisconsin, Department of Biophysics, 8701 Watertown
Plank Road, Milwaukee, WI 53226, USA
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10.1 Introduction
Nitroxide spin labeling was introduced by McConnell and co-workers in the
mid-1960s with the goals of using electron paramagnetic resonance (EPR)
spectroscopy to investigate conformational changes in proteins1,2 and the
biophysical properties of lipid bilayer membranes.3–5 A nitroxide spin label
contains a paramagnetic aminoxyl radical that is stabilized by protecting
groups and is sensitive to motion and polarity, with the electron density
sufficiently localized to be useful as a point for distance measurements.
Early protein spin labeling relied on maleimide or iodoacetamide spin labels
to modify naturally occurring cysteine residues. A major advance in the
application of EPR spin labeling occurred when Hubbell and co-workers
developed the site-directed spin labeling (SDSL) methodology6–9 based on
the revolutionary advances inmolecular biology that followed the introduction
of polymerase chain reaction methods. SDSL and improvements in cloning
methodology allowed the introduction of a spin label at a position of choice
in virtually any protein, vastly expanding the scope of EPR spin labeling.
Themethanethiosulfonate (MTS) spin label was introduced in 198210 followed
by numerous derivatives, many of which were first synthesized by Hideg and
co-workers.11,12 Significant technological advances occurred concomitant with
the progress in biological and biochemical methods, notably the introduction
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of loop-gap resonators by Froncisz and Hyde13 and the development of pulse
EPR methods such as dead-time free double electron–electron resonance
(DEER, also known as pELDOR [pulsed electron–electron double resonance])14

and double quantum coherence (DQC) spectroscopy.15 Dozens of protein
structure and functional dynamics studies are published each year using the
SDSL EPR spectroscopy technique (also referred to as SDSL-EPR) with nitroxide
spin labels as the reporter molecules (e.g., ref. 16–206). An array of develop-
ments have been made in the synthesis and application of novel nitroxide-
based spin labels specific to the study of protein structure and functional
dynamics since their introduction. Future advances are likely to focus on
improved methods for the selective introduction of spin labels into proteins,
new spin labels with increased stability in intact cells and improved relaxation
properties, continued development of pulse and time-resolved instru-
mentation technologies and improvements in computational methods of an-
alysis and the integration of EPR data with molecular modeling and dynamics
calculations. In this chapter, we discuss the current state of the art of nitroxide-
based SDSL EPR spectroscopy, including the development and use of novel
nitroxide spin labels over the past five years, with a primary emphasis on their
application to protein structure and dynamics.

10.2 Nitroxide Spin Labels for Protein Structural
Biology Studies

A variety of nitroxide-based spin labels is used in EPR for structural biology
studies. The nitroxide is typically integrated into a five-membered pyrrolidine
or six-membered piperidine ring structure (e.g., Figure 10.1). The labels are
often attached to the free sulfhydryl group of a cysteine residue within a pro-
tein or peptide to form a disulfide bond by inclusion of an MTS leaving group
to the spin label; the resulting disulfide linkage is reversible through cleavage
by a reducing agent. Alternatively, the labels can be attached to the free
sulfhydryl group of a cysteine residue through a noncleavable covalent bond
by inclusion of a maleimide (e.g., MAL-6, MSL) or iodoacetamide (e.g., IASL,
IAP) leaving group to the spin label. Additionally, labels are available that
covalently attach to noncysteine residues, such as lysine (e.g., 1-oxyl-2,2,5,5-
tetramethylpyrroline-3-carboxylate N-hydroxysuccinimide ester), tyrosine (e.g.,
4-amino-2,2,5,5-tetramethyl-3-imidazoline-1-yloxy) or methionine [e.g., 3-(2-
iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy at low pH], to unnatural
amino acids through click chemistry (e.g., K1, Az-TEIO), to RNA or to DNA (e.g.,
aliphatic isocyanate nitroxides, R5p), or that integrate into the backbone of a
synthesized peptide (e.g., TOAC, TOPP) or lipid (e.g., 12-phosphatidylcholine
spin label [12-PCSL], cholesterol spin label [CSL]).

By far the most commonly used label for protein structural biology studies
is the sulfhydryl-specific MTSL spin label, which forms the R1 side chain
upon attaching to a cysteine amino acid (Figure 10.1). However, a number
of modifications of MTSL and other newly designed labels have been
specifically created for specialized uses and are becoming more mainstream.

Applications of Nitroxide Spin Labels to Structural Biology 393

https://www.twirpx.org & http://chemistry-chemists.com



In the subsequent sections, we describe many of the nitroxide-based labels
used for SDSL EPR spectroscopy studies of proteins and lipids, along with
their specific strengths, weaknesses, useful properties and limitations; this
is an extensive, but not exhaustive, list. The labels are commercially available
unless otherwise stated.

10.2.1 MTSL

The 1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl methanethiosulfonate
spin label (MTSL or MTSSL) has been the go-to spin label for decades.
The R1 group that is formed upon reaction of MTSL with the free sulfhydryl

Figure 10.1 Example nitroxide spin label and side chain structures. Structures of
side chains that are formed upon covalent attachment of a spin label to
a protein through the Ca or Cb atom (i.e., R1, RX, R1p, K1, T1, V1,
TOPP). Structures of spin labels (with reactive groups still attached; i.e.,
TOAC, spirocyclohexyl, MAL-6, M-TEIO, MAG).
Some elements reproduced from ref. 269 with permission from
Elsevier, Copyright 2013.
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of a cysteine residue (Figure 10.1) is comparatively small in that it has
approximately the same volume as one of the larger amino acids such as
tryptophan and thus does not typically disrupt the protein structure. MTSL
readily reacts with free sulfhydryl groups through its MTS moiety, which is
easily removed from the sample after the reaction. Its major strength is that
it very effectively reports motion on the nanosecond timescale, and thus it
remains the universal label for continuous-wave (CW) EPR spectroscopy
studies that rely on motional analysis of side chain motion. It has been very
well characterized, including numerous crystal structures of proteins con-
taining R1 (e.g., ref. 207), and extensive rotamer libraries and motional
analyses have been published. The motional states represented by the
spectra of this side chain are well recognized by EPR spectroscopists.
Disadvantages include the need for cryogenic temperatures for DEER
experiments due to the short spin–lattice relaxation (T1) and phase-memory
(Tm) times at room temperature (e.g., ref. 208) and the ready reduction of the
nitroxide under reducing conditions such as those inside cells (e.g., ref. 189).
In addition, its side chain flexibility due to the five rotatable bonds that
attach the nitroxide ring to the protein backbone can add to the width of
the distance distribution in DEER experiments. Also, it is cleavable under
reducing conditions or in the presence of other free sulfhydryls, which is
true for any label attached through a disulfide bond, yet this can also be an
advantage in cases where removal of the label is desirable. Addressing the
weaknesses of R1 has motivated the development of several new labels,
including many described in the following sections.

10.2.2 MTSL with 40 Modifications

An array of labels has been synthesized where the 40 hydrogen of the nitroxide
ring has been replaced with a larger molecule or group.12 For example,
substitutions include bromine (R7),209 methyl (R1b),12 phenyl (R1f)12 and
pyridyl (R1p; Figure 10.1)210 that are intended to slow down the motion of the
spin label side chain to either report on protein backbone motions without
contributions from spin label side chain motion or obtain narrower DEER
distance distributions. With the exception of Br-MTSL to create R7, most
modified labels are not commercially available.

10.2.3 Bifunctional Spin Labels

The bifunctional 3,4-bis-(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-1-yloxy spin label (BSL) (e.g., ref. 160) or HO-1944211 is
composed of MTSL with an additional linker such that the nitroxide ring
attaches to two cysteine residues simultaneously to create the RX side chain
(Figure 10.1).211 This spin label requires the introduction of two cysteine
residues at i and iþ 3 or iþ 4 on a helix or at i and iþ 2 within a b-strand.
The double attachment results in a highly constrained nitroxide, effectively
eliminating spin label side chain motion. The major advantage of this label
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is that DEER distance distributions are narrower (e.g., a 6.5 Å distribution
width for double R1 labels narrows to 2.8 Å with RX labels),211 as it effectively
represents the distance between two immobile points on the protein without
motion from spin label side chain flexibility; widths in the distance distri-
butions using RX represent the flexibility of the protein backbone rather
than spin label motion. In addition, the rigidity of the label allows micro-
second timescale motions of the protein or protein domains to be studied
using ELDOR (electron–electron double resonance) spectroscopy.211 The
disadvantages of this label include the need for prior structural information
to appropriately place the spin labels in a stable helix or b-strand and the
need for the introduction of two cysteine mutations per labeling site into the
protein of interest.

10.2.4 Imidazoline Spin Labels

Bis(2,2,5,5-tetramethyl-3-imidazoline-1-oxyl-4-il)-disulfide spin label (IDSL)
forms the V1 side chain upon reaction with a free sulfhydryl group212 and a
similar label (Rn) forms the same side chain.106 V1 contains one less bond
than MTSL in the linker between the nitroxide ring and the disulfide bond,
and the nitroxide ring contains an extra nitrogen (Figure 10.1). Spectral and
crystallographic evidence indicates the internal motion of the V1 side chain
is ordered, with only one or two preferred rotameric states, making it a
highly attractive choice for DEER spectroscopy.212 Computational analysis
suggests this side chain may be more sensitive to faster motion than R1 and
thus useful for monitoring high-amplitude protein backbone fluctuations
and motional studies on the low nanosecond timescale using CW EPR
spectroscopy.106,212 The main disadvantage of the V1 label is that it is prone
to dissociation, particularly for partially buried sites or where the label is
otherwise sterically constrained, which may limit its utility in CW and SR
EPR studies but has a negligible effect on DEER data analysis.

10.2.5 Maleimide Spin Labels

4-Maleimido-2,2,6,6-tetramethylpiperidine-1-oxyl spin label (4-maleimido
TEMPO [MAL-6, MSL or 4-MT]) contains a six-membered nitroxide ring;
thus, it has the nickname MAL-6 even though the maleimide group is
attached to the 40 carbon position of the ring (Figure 10.1). Similarly,
3-maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy spin label (3-maleimido
PROXYL or 5-MSL) contains a five-membered nitroxide ring. When attached
to a cysteine residue, MAL-6 has a longer linker than R1 but exhibits slower
motion, so it is not as useful as R1 for CW EPR spectroscopy motional
studies. An advantage of MAL-6 is that the maleimide group allows it to be
used in the presence of reducing agents such as dithiothreitol because it
forms a stable carbon–sulfur covalent bond. This is beneficial for increasing
the labeling efficiency of cysteine residues by keeping the sulfhydryl group in
the reduced state until spin labeled.
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10.2.6 Tetraethyl Spin Labels

The tetraethylpiperidinyloxy (TETPO), tetraethylisoindoline (TEIO) and
maleimide-functionalized gem-diethyl (MAG) spin labels contain geminyl
ethyl groups rather than the traditional methyl groups found on MTSL,
MAL-6 and MTSL derivatives. Maleimide-TETPO (M-TETPO), maleimide-
TEIO (M-TEIO), azide-TEIO (Az-TEIO) and MAG labels were recently de-
veloped to protect the stability of the nitroxide in the reducing environment
found within cells.137,161,164,213 Their intended use is for in vivo (or in-cell)
spin labeling of proteins for CW and DEER spectroscopy studies. These
labels are based on a similar strategy that was developed for labeling RNA for
DEER spectroscopy studies.214 The benefits include increased stability of the
nitroxide under reducing conditions (i.e., the TETPO and TEIO nitroxides are
stable in ascorbate or cell lysate or oocyte extract for hours compared with
minutes for methyl-protected pyrrolidine labels such as MTSL)137,164 and the
ability to label specific sites within the cell using Az-TEIO even in the pres-
ence of background cysteines. Disadvantages include the lack of specificity
to a particular cysteine in vivo, need for introduction of the Az-TEIO via click
chemistry through an unnatural amino acid and low labeling efficiency. The
slightly larger size of TEIO compared with TETPO or MTSL and their limited
modeling and simulation data are potential current limitations. These labels
were each custom synthesized and are not yet commercially available.

10.2.7 Spirocyclohexyl Iodoacetamide Spin Label

The nitroxide for the spirocyclohexyl iodoacetamide spin label is integrated
into a piperidine ring containing two six-membered rings on either side of
the nitroxide as protecting groups (Figure 10.1).44 The overall goal of this
design is to allow room-temperature DEER experiments by increasing the Tm
of the spin label at room temperature. The intent is to enable DEER spec-
troscopy on proteins at temperatures480 K. A significant benefit is that this
nitroxide is much smaller than triarylmethyl spin labels, which are non-
nitroxides developed for a similar goal. A disadvantage is that it is not yet
commercially available. Another design to increase the Tm resulted in the
aza-adamantyl spin label, which also eliminates the gem-methyl groups.215

10.2.8 Unnatural Amino Acid Spin Labels

Some spin labels can be selectively introduced into a protein (e.g., K1 or T1;
Figure 10.1) through reaction with an unnatural amino acid (noncanonical
amino acid), which is incorporated in vivo through a specialized tRNA, or by
direct incorporation of a spin-labeled amino acid in vivo.163 The major
advantage of this approach is that the spin label is targeted to a specific site
without the concern that other reactive groups are present in vivo or in vitro;
that is, proteins with a large number of native cysteines or functionally
required cysteines or cystines can be selectively labeled. Disadvantages
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currently include the need for specialized in vivo expression reagents; low
protein yields, inefficient unnatural amino acid incorporation and labeling
yields; and an increased flexibility of the spin label due to the long linkers
attaching the nitroxides to the protein backbone.

10.2.9 TOAC and TOPP Spin Labels

2,2,6,6-Tetramethyl-piperidine-1-oxy-4-amino-4-carboxylic acid (TOAC) and
4-(3,3,5,5-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenylglycine (TOPP)65,216

are amino acid replacements that are directly incorporated during
solid-phase peptide synthesis to introduce the nitroxide ring at a specific
location within a synthesized peptide. The nitroxide ring is integrated
into the peptide backbone for TOAC and semirigidly attached through
a planar phenyl ring for TOPP (Figure 10.1). Their rigid attachment to a
peptide backbone is advantageous for DEER spectroscopy studies of
peptides. TOPP is especially well suited for membrane peptide studies
by DEER, but it is not yet commercially available.65,200 The main dis-
advantage is that these spin labels are only applicable to synthesized
protein fragments and peptides because currently they cannot be in-
corporated into recombinantly expressed proteins.

10.2.10 Other Spin Labels

Covalent and noncovalent nitroxide-based labels for RNA and DNA have
been developed in parallel to those for SDSL of proteins (e.g., ref. 217–226).
A variety of spin-labeled lipids also exist for the study of lipid membranes
important in structural biology; for example, the classic 5-, 7-, 10-, 12-PCSLs
where a nitroxide is attached to the corresponding acyl chain carbon atom
of a phosphatidylcholine lipid, labeled cholesterol and other lipid-analog
labels (e.g., ref. 227–231). In addition, a number of spin labels that do not
contain a nitroxide moiety are being successfully developed and utilized
for protein structure and function studies (e.g., Cu(II),202,232,233 Fe(III)234

and Gd(III) complexes,195,235–237 and triarylmethyls [TAM, trityl]87,238–241)
using EPR spectroscopy techniques. Further, nitroxides are being utilized in
structural biology studies for non-EPR biophysical approaches such as
paramagnetic relaxation enhancement nuclear magnetic resonance
spectroscopy79,242–245 and dynamic nuclear polarization,173,246 and as mag-
netic resonance imaging contrast agents.247

10.3 Applications of Nitroxide Spin Labels in
Structural Biology

Examples of specific applications of nitroxide spin labels to protein struc-
tural biology studies can be found in hundreds of publications over the past
five years alone. The field continues to grow as EPR instrumentation
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technology evolves and new labels are created to enable additional systems
and biomedically relevant questions to be investigated by nitroxide-based
SDSL EPR spectroscopy. In addition to the hundreds of experiments using
nitroxide spin labels to study protein structure and functional dynamics
published in the last five years (i.e., 2014–2019; e.g., ref. 16–206), a variety of
how-to guides and reviews were published in this timeframe that aid in
selecting spin labels for specific experiments and showcasing examples of
their use in EPR spectroscopy experiments (e.g., ref. 18, 21, 24, 40, 48, 49, 51,
81, 101, 122, 148, 161, 163, 248). In this chapter, a small subset of nitroxide
spin-labeling experiments on membrane and soluble proteins is highlighted
to exemplify applications using various nitroxide spin labels in three major
classes of EPR experiments: DEER spectroscopy, saturation recovery (SR)
EPR and EPR spectroscopy of protein structures in intact cells.

10.3.1 DEER Applications

DEER spectroscopy is a large and actively growing field of EPR, with novel
labels being most commonly applied to this powerful experimental ap-
proach. An example of the evolution of labels for DEER spectroscopy can be
found in the much-studied field of G-protein-coupled receptors (GPCRs).
GPCRs are a large and important family of signal transduction proteins re-
sponsible for regulating nearly every aspect of human physiology.249 SDSL
EPR spectroscopy is particularly useful for characterizing structure and dy-
namics in large membrane-bound proteins and protein complexes,18,122,248

and the membrane-bound protein that has been studied most extensively by
SDSL EPR is the prototypical GPCR rhodopsin.49,250 Rhodopsin is a photo-
receptor found in the rod cells of the retina and is responsible for dim-light
vision.251 Early SDSL EPR studies of rhodopsin utilized CW-based methods
such as lineshape analysis, solvent accessibility and dipolar broadening.
More recently, as pulse EPR instrumentation and methods have advanced
and become more widely accessible, efforts have shifted to the use of DEER
spectroscopy to determine structural information about this receptor. SDSL
in combination with DEER spectroscopy provides high-resolution, long-
range (B20–80 Å) distance distributions between pairs of spin labels intro-
duced into a single protein or into different subunits of a protein–protein
complex.252 The ability of DEER to provide a distribution of distances, rather
than the average distance, means that each structure present in the con-
formational ensemble is reported along with its relative population.

In a recent DEER study of rhodopsin, intermolecular distance constraints
between rhodopsin and inhibitory G protein Gi generated a model of the
complex, revealing differences in the interactions of Gi and Gs that provided
insights into G protein specificity.156 A study of rhodopsin in nanodiscs
demonstrated that in a native-like lipid environment both the inactive and
light-activated receptor exist in a manifold of conformational substates in
equilibrium.114 The intramolecular structure and dynamics of GPCR inter-
action partners arrestin94,119 and G protein27,50 have also been characterized.
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DEER has proven to be a useful technique in studies of other GPCRs as well,
including providing insight into the structural basis for agonist-mediated
signaling in the b2 adrenergic receptor42 and resolving a dimerization equi-
librium and interface in the neurotensin receptor 1.126 The information pro-
vided by SDSL-EPR techniques such as DEER is highly complementary to the
structures solved by cryo-electron microscopy (cryo-EM) and X-ray crystal-
lography, and it is becoming increasingly common to use DEER experiments
to corroborate key features of new GPCR cryo-EM and crystal structures.253–257

A notable new study on the angiotensin II type 1 receptor benefited from
the use of a disulfide-linked imidazoline nitroxide side chain referred to as
V1.201 This spin label side chain exhibits highly constrained internal motion
resulting from an intra-side chain interaction of the sulfur atoms with both
the protein backbone and the 3-nitrogen of the imidazoline ring.212 The
reduced rotameric space of V1 decreases the contribution of spin label side
chain flexibility to the width of DEER distributions, allowing more precise
information about protein flexibility to be obtained.53 In the most detailed
mapping of the activation states of GPCRs by DEER reported to date, data
were collected for 10 V1-labeled angiotensin receptor mutants bound to a
panel of ligands including antagonists, balanced agonists, b-arrestin-biased
agonists and G protein-biased agonists, as well as for the unliganded
receptor. Individual receptors can signal through multiple G proteins and
arrestins, and the goal of this study was to uncover the molecular mech-
anisms underlying the ability of ligands to selectively activate a particular
signaling pathway over others (i.e., biased agonism). It is immediately ap-
parent from the DEER distance distributions that significant conformational
heterogeneity exists in all liganded and unliganded states, rather than a
single, well-defined conformation being adopted under each condition.
Additionally, distinct patterns of distance changes are populated by each
class of ligand (Figure 10.2), and an analysis of the complete DEER dataset
yielded models for four distinct conformations. In this study, the ability to
resolve multiple states was likely enhanced by the greater resolution afforded
by the V1 label. Functional roles for each conformation were assigned by
comparing the ligand-specific patterns of conformational changes with the
pathway-specific impact of the ligands on signaling. The data are consistent
with a model in which the G protein requires an open receptor conformation
(Figure 10.2E) for binding, whereas arrestin binding is more promiscuous
and can occur through either the open conformation or two different oc-
cluded conformations (Figure 10.2C–D). The V1 side chain enabled these
distinct populations to be identified, and this study showcases the power of
the SDSL EPR spectroscopy approach to identify biologically important
conformations of large membrane proteins using nitroxide spin labels.

In other applications, a number of different labeling strategies coupled
nitroxide-based spin labels with non-nitroxide labels for distance measure-
ments. For example, nitroxide–Cu(II)193,202 and nitroxide–Gd(III),204 as well as
triple labeling with two metals and a nitroxide,116 recently have been utilized
to determine distances between a spin-labeled site and a paramagnetic metal

400 Chapter 10

https://www.twirpx.org & http://chemistry-chemists.com



Figure 10.2 DEER distance mapping reveals conformational signatures of biased
agonism in the angiotensin II type 1 receptor. (A–D) Analysis of the data
identified four distinct conformations where the spin density of labels
placed at the cytoplasmic ends of transmembrane (TM) helices 1, 5, 6
and 7 as well as helix 8 (H8) and intracellular loop 2 (ICL2) are shown
using color-coded clouds. (E) Extensive knowledge of the signaling
impact of the ligands used in this study enabled functional assign-
ments to be made for each of the four conformations identified. (F) A
subset of the distance distributions from the study are shown, high-
lighting differences in distances populated in the unliganded receptor
(Apo, gray), angiotensin II-bound receptor (AngII, green) and receptor
bound to a panel of b-arrestin-biased ligands (orange).
Adapted from ref. 201 with permission from Elsevier, Copyright 2018.
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ion chelate by DEER spectroscopy, as well as 19F–nitroxide pairs for electron
nuclear double resonance (ENDOR)-determined distances up to 15 Å.258

10.3.2 SR EPR Applications

SR is conceptually the simplest of the pulsed EPR methods and a powerful
approach capable of providing room-temperature distance measurements,
accessibility of spin labels to relaxation agents, phase separations in mem-
branes and protein conformational equilibria. The theory and application
of SR EPR have been considered in a number of book chapters and
reviews,51,259,260 including a recent discussion on the application of SR to
spin labels.51 This section showcases how SR can be used to investigate
proteins labeled with R1 and how labels with reduced motion or intrinsically
longer T1 values are beneficial for room-temperature distance measurements.

Using nitroxide spin labels and SR, it is possible to determine the exchange
rate (e.g., in the 10 kHz–1MHz range) between spin-labeled protein
conformational populations with different rotational correlation times (i.e.,
observable as multicomponent X-band CW EPR spectra representing the
different motional states). The rate of exchange is determined by SR by
measuring the difference between the T1 values of each population. This was
explored for T4 lysozyme and fatty-acid-binding protein mutants labeled
with MTSL to quantify the equilibrium exchange rates between the two
conformational populations, which are related to the functional states of
the proteins.92,261 A single T1 results when the multicomponent spectrum is
due to R1 rotamer exchange rather than protein conformational exchange;
that is, SR can readily distinguish between two-component spectra arising
from a single protein conformation with two different rotamers of the
spin label side chain (which exchange rapidly on the T1e time scale and
give single-exponential recoveries) from two-component spectra arising
from an equilibrium between protein conformations (which exchange at
slow-to-intermediate rates on the T1e time scale and give multicomponent
recoveries).51,92,261 Thus, SR can be an important complimentary method
for CW studies where MTSL is often the label of choice due to its sensitivity to
the local environment. Using the uniform penalty (UPEN) method of data
analysis, it is possible to extract both relative populations and exchange rates
for proteins in conformational equilibria.92 SR studies to investigate
conformational equilibria using labels other than R1 remain to be explored.

Nitroxide T1 values are acutely sensitive to the presence of diffusible
paramagnetic relaxation agents. As an example, SR has been used to show
that a C-terminal amphipathic helix of the influenza A M2 protein labeled
with MTSL populates at least two conformations in POPC:POPG bilayers36

and was used to characterize membrane penetration of the wild-type
M2 protein and a budding defective mutant based on collision rates for
spin-labeled sites with O2.

100 SR measurements on O2 collision rates
with lipid-analog labels have been used extensively to study domain for-
mation in lipid bilayers (e.g., ref. 262–265). A recent study showcases the use
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of a stretched exponential function to analyze SR data that allowed
characterization of heterogeneity in membrane fluidity.265 This, and other
advanced methods of data analysis such as the UPEN approach,92 are
particularly valuable for complex biological samples.

Nitroxide T1 values are also influenced by the presence of nearby para-
magnetic metal ions, providing a basis for room-temperature distance
measurements.51,266 Although SR gives an average distance rather than a
distance distribution, measurement at room temperature makes it an at-
tractive complimentary approach to DEER and DQC, especially where there
is concern about the effects of sample freezing. Relaxation enhancement
depends on the T1e of the nitroxide, relaxation times (T1 and T2) of the fast-
relaxing metal ion and rotational correlation time of the nitroxide–metal
interspin vector.51,266 A number of recent advances have been reported for
site-specific introduction of Cu21 as the metal ion,233,266–268 with distance
measurements up to 36 Å reported in T4 lysozyme using a variety of nitroxide
spin labels with excellent agreement between the SR distances and the
average distances obtained by Cu21–nitroxide DEER.266 A key result of this
study is that the maximum measurable distance depends strongly on im-
mobilization of the nitroxide. Decreasing the rotational correlation time of
the spin label increases the intrinsic T1e of the nitroxide, making it possible
to measure longer distances. For example, R1p and RX have longer intrinsic
T1e values than R1 due to their greater immobilization, and thus enabled
measurement of longer distances than with R1 (Figure 10.3).51,266

Figure 10.3 (A) Correlation between the intrinsic T1e of the nitroxide and the
maximum distance measurable by SR EPR spectroscopy. (B) SR signals
fit to single exponentials with residuals demonstrating the relaxation
enhancement of the nitroxide due to the presence of Cu21. The T1e
values and mean distance measured at 298 K are shown.
Adapted from ref. 51 with permission from Elsevier, Copyright 2015
and from ref. 266 https://doi.org/10.1021/ja5083206 with permission
from American Chemical Society, Copyright 2014. Further permissions
related to the material excerpted should be directed to the American
Chemical Society.
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Even longer distances can be measured if T1e of the radical can be further
lengthened, such as with the non-nitroxide label TAM as the spin label
paired with Cu21; distances in T4 lysozyme up to 40 Å were measured using
TAM and Cu21.87 Additional novel labels with longer intrinsic T1e values will
further enhance the utility of SR for long-range distance measurements in
proteins at room temperature.

10.3.3 In Vivo EPR Applications

Novel labeling strategies have also continued to evolve for the application of
SDSL EPR spectroscopy in vivo. For example, a novel set of spin labels was
recently developed to protect the nitroxide against reduction in a cellular
environment.164 M-TEIO and Az-TEIO contain an isoindoline ring attached
to the nitroxide pyrrolidine ring, as well as the tetraethyl groups of the MAG
(TETPO) spin label to protect the nitroxide (Figure 10.1). Experimental
X-band CW EPR data for the in vitro TEIO-labeled thioredoxin protein,
introduced either through maleimide reaction with cysteine residues or
via click chemistry with the genetically encoded unnatural amino acid
para-ethynyl-L-phenylalanine, show that these modifications indeed increase
the stability of the radical from minutes to hours when in the presence of
ascorbate, E. coli lysate and HEK (human embryonic kidney) lysate compared
with a traditional tetramethyl proxyl group.164 Further, TEIO labels were
incorporated and tested for DEER distance distributions; the labeling effi-
ciency was less than stoichiometric for the click chemistry reaction (60%)
but was still sufficient for accurate analysis of distance distributions. The
longer linker for Az-TEIO compared with M-TEIO is evident in the slightly
longer distance observed in the distance distributions (42 Å vs. 40 Å), though
both distributions align fairly well with the predicted 40 Å mean distance
distribution.164 Coupled with the approach described below, where proteins
are labeled in vivo and not purified, this new label has high potential for
enabling in vivo experiments on proteins to study their native structure,
conformational changes and environment.

To date, in vivo spin labeling generally entailed labeling purified proteins
in vitro and then injecting them back into the cell or studying spin-labeled
proteins localized on the cell surface.28,35,68,137,164 An exciting new advance is
the use of nitroxide-based spin labels for true in vivo DEER spectroscopy.
A recent development shows successful in vivo spin labeling of overexpressed
proteins with traditional labels (i.e., MTSL) through the use of genetically
modified cells.189 Mutant strains of E. coli containing deletions of the genes
encoding the proteins DsbA or DsbB, which are members of the Dsb
(disulfide bond) family of enzymes, improve the spin-labeling efficiency with
MTSL of introduced cysteine pairs located on overexpressed proteins inside
cells (Figure 10.4). This in vivo labeling technique enabled periplasmic-
facing cysteine pairs on an outer-membrane protein, BtuB, to be labeled
with a nitroxide spin label in intact cells at a level sufficient for accurate
DEER analysis.189 BtuB was found to exhibit different structures and
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conformational changes within the cell than when studied in isolated outer
membranes or reconstituted into liposomes. This is an exciting advance that
allows proteins naturally expressed and folded in vivo to be studied in their
native environment. Further studies may showcase the combination of this
technique with more redox-stable labels to obtain even higher labeling ef-
ficiencies or specifically directed incorporation through unnatural amino
acids as described earlier.

Figure 10.4 (Top) Illustration of the Dsb system that cross-links pairs of cysteine
residues in proteins (such as BtuB) that are destined for the outer
membrane of Gram-negative bacteria. (Bottom) Single scan CW X-band
EPR spectra of in vivo labeled 65R1-188R1 BtuB in wild-type RK5016 and
RK5016 dsbA- cells. The dsbA knockout prevents cross-linking of the
introduced cysteines in BtuB, enabling effective in vivo spin labeling for
DEER studies.
Reproduced from ref. 189 with permission from Elsevier, Copyright
2019.
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10.4 Future Directions
The evolution of the design of nitroxide spin labels will undoubtedly con-
tinue to provide novel labels that expand the scope of SDSL EPR spec-
troscopy. We expect that major advances are likely to continue to occur for
DEER spectroscopy applications and in vivo spin-labeling studies. Rigid la-
bels that do not add width to the distance distributions in DEER data due to
spin label side chain motion, label efficiently and specifically and do not
disrupt the protein structure are still needed. Labels that can eliminate the
need for data acquisition at cryogenic temperatures are also of current and
future interest. Further, labels that can enter and survive in the cellular
environment to specifically label a protein in vivo and are resistant to re-
duction are still emerging. These labels will have a tremendous impact on
the ability to study the structure and function of proteins expressed, folded
and functioning in their native environment.
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CHAPTER 11

Nitroxides in Liquid Crystals
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11.1 Introduction
Thanks to the outstanding thermodynamic stability of nitroxide radicals
(NRs) that is ascribed to the delocalization of the unpaired electron over the
N–O bond and thereby no dimerization, sterically protected NR structures
have found various applications in the field of materials science, e.g., as the
spin source for metal-free organic magnetic materials1 and spintronic de-
vices2 and as the redox species for catalytic chemical oxidation reactions3

and polymer buttery devices.4 The landmark with respect to the former spin
source was the discovery of the first purely organic ferromagnet (Tc¼ 0.6 K)
for one of several polymorphs of a nitronyl nitroxide, 2-(4-nitrophenyl)-
4,4,5,5-tetramethylimidazoline-1-3-oxide (1) in 1991 (Figure 11.1).5 Since
then, more than 20 NR-based organic ferromagnets were documented by the
end of twentieth century.1 However, the Tc of 1.48 K recorded for one of the
polymorphs of 1,3,5,7-tetramethyl-2,6-diazaadamane-N,N0-dioxyl (2) in 1993
is still a champion data of organic radical crystals examined (Figure 11.1).6

In other words, these ferromagnet crystals exhibit an ordinary paramagnetic
behaviour at temperatures above these low Tc’s.

In order to develop unique NR-based magnetic materials that can show
strong magnetic interactions even at room temperature or higher, we paid
attention to liquid crystalline (LC) phases which are defined as a thermal
mesophase between crystalline and isotropic phases and have various layer

Nitroxides
Edited by Olivier Ouari and Didier Gigmes
r The Royal Society of Chemistry 2021
Published by the Royal Society of Chemistry, www.rsc.org

420

https://www.twirpx.org & http://chemistry-chemists.com



and domain structures.7 From a different viewpoint, LC phases can be
considered to be a sort of ‘complexity’ system consisting of non-equilibrium
dynamic states due to the molecular motion (rotation and translation)
and the coherent collective properties of molecules in the LC domains.8

Accordingly, they are so sensitive to external stimuli, such as temperature,
light, pressure, electric or magnetic field, or added chiral dopants, that the
molecular orientation and LC superstructure can be easily controlled.9

Magnetic LC materials had attracted great interest as soft materials to
enhance the effect of magnetic fields on the electric and optical properties of
liquid crystals; they were anticipated to exhibit unique magnetic interactions
and thereby unconventional magneto-electric10–13 or magneto-optical prop-
erties in the LC state.14–16 However, there had been no prominent study on
this interesting topic, because the majority of magnetic LCs were highly
viscous transition (d-block) or lanthanide (f-block) metal-containing
metallomesogens (Figure 11.2),17,18 which were not appropriate for investi-
gating the swift molecular motion and reorientation in the LC phases under
low magnetic fields. At present, no appreciable intermolecular ferro-
magnetic nor superparamagnetic interaction has been observed in the LC
state of d- or f-block metallomesogens. Meanwhile, only a few all-organic
radical LC compounds were prepared until 2003 (Figure 11.3),19–24 because

Figure 11.1 Representative NR-based organic ferromagnets.

Figure 11.2 Representative metallomesogens and their LC temperatures.
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the geometry and bulkiness of the radical-stabilizing substituents had been
considered to be detrimental to the stability of liquid crystals, which re-
quires molecular linearity or planarity.25 Neither did they show appreciable
intermolecular ferromagnetic nor superparamagnetic interaction.

With this situation in mind, in 2003 we designed and prepared novel metal-
free magnetic LC compounds with low viscosity which were expected to afford
the following two possibilities; (i) formation ofmagnetic domains (or order) in
applied magnetic fields and (ii) occurrence of coupling between magnetic
dipole and electric dipole moments (magneto-electric effect) in the ferro-
electric LC phase.26–28 Consequently, we discovered that all-organic rod-like
LC compounds (3 and the derivatives) with a stable NR unit in the central core
position and thereby a negative dielectric anisotropy (Deo0) exhibit a unique
superparamagnetic behaviour under low magnetic fields in the various chiral
and achiral LC phases (Figure 11.4).29–31 This observation was interpreted in
terms of the generation of spin glass (SG)-like inhomogeneous super-
paramagnetic interactions (the average spin–spin exchange interaction con-
stant J̄40) induced by low magnetic fields at high temperatures, since it was
proved that this phenomenonwas independent of themolecular reorientation
effects arising from the very small molecular magnetic anisotropy (Dw)32 and
did not result from the contamination by extrinsic magnetic metal or metal
ion impurities.33 This unique superparamagnetic phenomenon was referred
to as the ‘positive magneto-LC effect’.34 Thus far such a superparamagnetic
behaviour has not been observed for analogous non-LC NR compounds.

Furthermore, by making the most of such superparamagnetic properties
of LC NR compounds, we have successfully prepared stable redox-resistant
(i) W/O/W (water-in-oil-in-water) type of metal-free magnetic microemulsions

Figure 11.3 Representative NR-based organic rod-like LC compounds reported until
2003 and their LC temperatures.
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to use as a magnetic carrier for nanolitre cargoes35 and (ii) O/W type of
nano-sized mixed micelles to use as an effective theranostic nanomedicine
directed towards the development of targeted drug delivery system (DDS)
carriers visible by magnetic resonance imaging (MRI).36–38

As the latest comprehensive review as well as database-like article on the
preparation, characterization and magnetic properties of a wide array of
all-organic radical LC compounds synthesized thus far, an excellent one
entitled ‘‘Liquid crystalline derivatives of heterocyclic radicals’’ by Kaszynski
is strongly recommended.39

11.2 Rod-like LC NR Compounds

11.2.1 Molecular Design

First described is the design of compounds 3 containing a 2,2,5,5-tetra-
substituted pyrrolidine-N-oxyl (PROXYL) radical structure in the central core
position (Figure 11.4) which satisfied the following four requirements:

(1) Spin source: A nitroxyl group with a large electric dipole moment
(ca. 3 Debye) and known principle g-values (gxx, gyy, gzz) is the best
choice, because (i) the dipole moment is large enough for the source of

Figure 11.4 (a) PROXYL-based organic rod-like LC compounds synthesized. (b) Princi-
pal g-values and negative dielectric anisotropy (Deo0) of 3.

Nitroxides in Liquid Crystals 423

https://www.twirpx.org & http://chemistry-chemists.com



spontaneous polarization (Ps) to show ferroelectricity and (ii) the
principal g-values are useful to determine the molecular orientation in
each LC phase by electron paramagnetic resonance (EPR) spectroscopy.

(2) High thermal and photochemical stability: The PROXYL radical
structure is stable enough for repeated heating and cooling cycles
below 170 1C (453 K) and visible light irradiation in the air.

(3) Molecular structure: The geometrically fixed chiral PROXYL radical
unit should be incorporated into the rigid core of LC molecule (i) to
avoid the free rotation of the nitroxyl group inside the molecule so as
to make use of the EPR g-value and the dielectric anisotropy(De) and
(ii) to obtain a slightly zigzag molecular structure and a negative
dielectric anisotropy(Deo0) necessary for the appearance of a chiral
smectic C (SmC*) phase to show ferroelectricity.

(4) Synthesis: It is better to synthesize both racemic and enantiomerically
enriched samples for each chiral molecule, because the magnetic
properties can be compared between the corresponding achiral and
chiral LC phases.

11.2.2 SG-like Superparamagnetic Behaviour
(i.e., Positive Magneto-LC Effect)

Although the possibility of strong intermolecular magnetic interactions in rod-
like LC radical materials had been considered unrealistic due to the inaccess-
ibility of the McConnell type of long-range spin–spin exchange interactions
between rotating molecules (108–1010 s�1) in the LC state,25 we observed a
nonlinear relationship between the appliedmagnetic field (H) and the observed
magnetization (M) in the chiral and achiral LC phases of 3 (m¼ n¼ 13)
(Figure 11.5a and b) by SQUID magnetometry.31 This result implied the
generation of superparamagnetic interactions in the LC phases. Furthermore,
the SQUID measurement of the temperature dependence of molar magnetic
susceptibility (wM) for (S,S)-enriched 3 (m¼ n¼ 13) indicated an increase in the
wM at the crystal-to-LC phase transition temperature in the first heating run and
the increased wM (12%) was preserved in the isotropic phase by further heating
and in the crystalline phase in the first cooling run from the isotropic phase
(Figure 11.5c). Such a thermal effect was quite similar to that observed
for metallic spin glass materials.40 In fact, these radical LC droplets floating on
hot water were attracted by a permanent magnet and moved quickly and freely
on the hot water under the influence of the magnet. Furthermore, to gain an
insight into the origin of the positive magneto-LC effect, the temperature
dependence of EPR line-width (DHpp) was compared with that of wM by SQUID
measurement. As a result, a large DHpp increase was noted in accordance with
the wM increase at the crystal-to-LC phase transition in the heating run
(Figure 11.5d), indicating that the generation of strong ferromagnetic spin–spin
dipole interactions as well as exchange interactions were responsible for the
superparamagnetic ‘positive magneto-LC effect ( J̄40)’ (Figure 11.5e).31,34
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Figure 11.5 (a) LC temperature, (b) magnetic field (H) dependence of molar
magnetization (M), (c) temperature dependence of molar magnetic
susceptibility (wM) measured at 0.05 T, (d) temperature dependence of
EPR line-width (DHpp) measured at around 0.33 T, and (e) relative
stability of four possible anisotropic spin–spin dipole interactions
between two spins (left side) and expected spin–spin interactions
between spins localized in radical moieties in each layer of SmC*
phase (right side) for (S,S)-3 (m¼ n¼ 13). Open and filled circles repre-
sent the first heating and cooling runs, respectively.
Reproduced from ref. 31 with permission from American Chemical
Society, Copyright 2010.

Nitroxides in Liquid Crystals 425

https://www.twirpx.org & http://chemistry-chemists.com



Thus, it was suggested that the positive magneto-LC-effect resulted me-
soscopically from (i) the generation of spin glass-like superparamagnetic
interactions ( J̄40) due to the formation of inhomogeneousmagnetic domains
andmicroscopically from (ii) the preferential formation of a head-to-tail type of
ferromagnetic spin–spin dipole interactions in each magnetic domain.

11.2.3 Conditions for Increasing ‘Positive Magneto-LC Effect’
in Rod-like Liquid Crystals

An enhancement of the positive magneto-LC effect was observed in the
following five different types of liquid crystals, which are chiral or have a low
order parameter and/or a small domain size.

Chiral neutral monoradical liquid crystals: With respect to LC compounds
3 and the derivatives with a negative dielectric anisotropy (Deo0), en-
antiomerically enriched samples always showed a larger positive magneto-LC-
effect ( J̄40) at the crystal-to-LC phase transition than the corresponding
racemic samples (Figure 11.6b).31 Meanwhile, regarding analogous LC com-
pounds 4 with a positive dielectric anisotropy (De40), the racemic sample
showed a negative magneto-LC effect ( J̄o0) at the crystal-to-LC phase transi-
tion (Figure 11.6a and c).34 Although the addition of chiral dopants to racemic
4 could change an achiral nematic (N) phase to a chiral nematic (N*) one,
the sign and magnitude of negative magneto-LC effect were not affected,
indicating a strong centrosymmetric dimer formation between (R,R) and (S,S)
molecules due to the De40, which results in the generation of weak anti-
ferromagnetic interactions arising from the local SOMO-SOMO overlapping by
the strong side-by-side spin–spin dipole interaction (Figure 11.6c). In contrast,
the (S,S)-enriched 4 showing an N* or chiral smectic A (SmA*) phase displayed
a large positive magneto-LC effect, similar to the case of (S,S)-enriched 3. For
(S,S)-enriched 4, the higher the ee value, the larger the positive magneto-LC
effect. Thus, highly enantiomerically enriched samples turned out to show a
large positive magneto-LC effect, irrespective of the sign of De.

Chiral neutral biradical liquid crystal:41 The measurement of the tem-
perature dependence of molar magnetic susceptibility (wM) by both the
SQUID magnetometry and the EPR spectroscopic analysis using a double-
integration method indicated that the positive magneto-LC effect (38% wM
increase) at the crystal-to-N* phase transition noted for the biradical
(S,S,S,S)-5 (499% ee) was much larger than those of other chiral neutral
monoradical liquid crystals (Figure 11.7a–d). This wM increase also was kept
in the cooling run until low temperatures. The temperature dependence of
EPR DHpp suggested that this large positive magneto-LC effect originated
from the increased intermolecular ferromagnetic spin–spin dipole and ex-
change interactions due to the inhomogeneous intermolecular short contact
in the N* phase (Figure 11.7e).

Hydrogen-bonded liquid crystal:42 Racemic or highly (S,S)-enriched
hydrogen-bonded compounds 8 with a low-order parameter, which was
comprised of chiral radical carboxylic acid 6 and achiral pyridine derivative 7
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and displayed an N or N* phase, respectively, exhibited a larger positive
magneto-LC effect than the corresponding covalent-bonded LC compounds
with a higher order parameter, due most likely to the more inhomogeneous
intermolecular short contacts in the hydrogen-bonded LC phases
(Figure 11.8). In this case, (S,S)-enriched 8 also showed a larger positive
magneto-LC effect than racemic 8.

Ionic liquid crystal:43 Referring to the molecular structure of racemic imi-
dazolium ionic liquid (IL) mono NR compound 9 which served as an excellent
spin probe for the investigation of the local structure or the molecular shape
anisotropy of diamagnetic IL solvents,44 ionic liquid crystalline (ILC) racemic
and (S,S)-enriched 10were synthesized and subjected to SQUIDmagnetometry
and EPR spectroscopy. As a consequence, racemic 10 exhibited a distinctly
large wM value due to the superparamagnetic behaviour under a low magnetic
field (Ho0.1 T) even in the original solid phase of the as-synthesized sample,

Figure 11.6 (a) LC temperature of (S,S)-enriched and racemic 4 with positive De.
(b) Positive magneto-LC effect observed in the case of samples with
Deo0, irrespective of the chirality of LC phases. (c) Negative magneto-
LC effect observed in the case of racemic samples with De40.
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Figure 11.7 (a) Molecular structure of (S,S,S,S)-5. (b) Temperature dependence of
molar magnetic susceptibility (wM) by SQUID magnetometry between
�170 and þ120 1C measured at 0.05 T, (c) magnification of (b) between
�100 and þ120 1C, (d) temperature dependence of relative molar
paramagnetic susceptibility (wrel) by EPR spectroscopic analysis using
a double integration method at around 0.33 T, and (e) temperature
dependence of EPR line-width (DHpp) for (S,S,S,S)-5. Open and filled
circles represent the first heating and cooling runs, respectively. The
solid line in (c) shows the Curie–Weiss fitting curve.
Reproduced from ref. 41 with permission from the Royal Society of
Chemistry.
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an additional 27% wM increase (positivemagneto-LC effect) at the solid-to-SmA
phase transition and a preservation of this overall large wM value not only in the
isotropic phase by the first heating and in the solid phase by the first cooling
until cryogenic temperatures, but also in the SmA and isotropic phases by the
second heating (Figure 11.9 and see Section 11.4). In this case, (S,S)-enriched
10 showed a larger positive magneto-LC effect at the solid-to-SmA* phase
transition than the racemic 10, too.

LC physical gels:45 LC physical gels were prepared by heating a mixture of
racemic nitroxide monoradical compound 3 (m¼ 8, n¼ 7) and a small
amount of diamagnetic organic gelator (R,R)-11 followed by cooling to
investigate the effects of the gelator on the positive magneto-LC effect for
racemic 3. Consequently, as the LC domain size decreased by increasing the

Figure 11.8 (a) Molecular structure of the hydrogen-bonded LC compound 8 com-
posed of 6 and 7. Temperature dependence of wrel for (b) racemic 8 and
(c) (S,S)-8 by EPR spectroscopy at around 0.33 T. Open and filled circles
represent the first heating and cooling runs, respectively.
Reproduced from ref. 42 with permission from American Chemical
Society, Copyright 2012.
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amount of (R,R)-11 up to 10 mol%, the positive magneto-LC effect increased
in the resulting fine domains structure manipulated by self-assembled fibres
composed of organic gelator molecules (Figure 11.10).
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11.2.4 Observation of ‘Magneto-electric Effect’ in a
Ferroelectric LC Phase at High Temperature

The magneto-electric effect (or coupling) had been observed only for inorganic
multiferroic materials such as YMnO3, TbMnO3 and so forth, which showed
both ferroelectricity and magnetic order (ferromagnetism or antiferromagnet-
ism) at cryogenic temperatures.10–13 Therefore, it was expected that the unique
magneto-electric effect might occur in the ferroelectric LC (FLC) phase of the
(S,S)-enriched 3 (m¼ n¼ 13) which displayed both an excellent ferroelectricity
[PS¼ 24 nCcm�2, t10–90¼ 213 ms, y¼ 291, Z¼ 73.0mPa s at 74 1C by the triangle
wave method using a sandwich cell (4 mm thickness)] in a surface-stabilized
liquid crystal cell27 and superparamagnetic interactions (positive magneto-LC
effects) in the bulk SmC* phase.31

Such was indeed the case. The temperature dependence of relative para-
magnetic susceptibility (wrel,E) was measured by EPR spectroscopy using a
handmade 4-mm-tick sandwich cell (50�5 mm) in which the inner surface of
two glass substrates with indium tin oxide (ITO) electrode was coated with
polyimide polymer and then only one inner surface in the cell was rubbed
with a velvet roller (Figure 11.11). The most appropriate sample of (S,S)-3
(m¼ n¼ 13) of 65% ee was loaded into the lower tip of the cell. Then the cell
tip was inserted into the EPR cavity (Figure 11.11).

The DC electric field dependence of relative paramagnetic susceptibility
(wrel,E), g-value, and DHpp was measured between þ25 V and �25 V at 75 1C in
the two cases; the applied magnetic field (H¼ ca. 0.33 T) was either per-
pendicular or parallel to the direction of the electric field. In the case of the
perpendicular application of the magnetic field, a hysteresis loop was ob-
served regarding all of wrel,E, g-value and DHpp (Figure 11.12a–c), indicating
successful observation of the magneto-electric effect in the FLC state at 75 1C
for the first time.46 In contrast, in the case of the parallel application of
magnetic field, no hysteresis loop was observed (Figure 11.12d–f).

11.3 Discotic Columnar LC NR Compounds
Since 2008, five NRs (12–16) -based,33,47–50 a lot of p-delocalized oxoverdazyl
(17)51 and benzotriazynyl (18)52 radicals-based, and several p-delocalized
triarylmethyl (19)53 radicals-based columnar LC compounds have been pre-
pared (Figure 11.13).39 Among them, only two non-p-delocalized NR

Figure 11.9 (a) Molecular structures of imidazolium mono NR IL compound 9 and
ILC compound 10. Temperature dependence of (b) wM in the first heating
and cooling runs, and the second heating run, (c) wM by magnification
(between 200 and 400 K) of (b), (d) wparaT in the first heating run, (e) wpara
in the first heating and cooling runs, and the second heating run,
measured for racemic 10 at 0.05 T. The open circles, filled circles and
open triangles indicate plots in the first heating, first cooling and second
heating runs, respectively. (f) Magnetic constants and superparamagnetic
wTIM values obtained between 100 and 180 K in the first heating and
cooling runs, and the second heating run.
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compounds 1550 and 1633 were confirmed to show a distinct positive
magneto-LC effect in the hexagonal columnar (Colh) LC phase by full char-
acterization of the magnetic properties by SQUID magnetometry and EPR
spectroscopy, whereas other radical compounds 17–19 did not show a positive
magneto-LC effect in the columnar LC phase, most likely because of the p–p
dimer formation that usually results in the antiferromagnetic interactions.

11.3.1 Monoradicals

12:47 In 2008, Yelamaggad and Nakatsuji et al. reported the first stable dis-
cotic all-organic mono NR compounds 12, which had a nitroxide unit

Figure 11.10 (a) Preparation of LC gels. Temperature dependence of wrel for (b) free
racemic 3 (m¼ 8, n¼ 7), and (c) 5 wt.% and (d) 10 wt.% N gel mixtures,
measured at round 0.33 T. Open and filled circles represent the first
heating and cooling runs, respectively.
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(TEMPO or PROXYL group) at the peripheral position in the molecule and
showed an enantiotropic columnar phase over a wide temperature range.
However, weak antiferromagnetic interactions were observed in the crystal-
line, columnar LC and supercooled phases by SQUID magnetometry.

13:48 In 2014, Ravat et al. reported that the hexabenzocoronene derivative
13 carrying a conjugated tert-butyl nitroxide moiety showed the positive
magneto-LC effect in the hexagonal columnar phase by EPR spectroscopic
analysis. However, there was no report for the data obtained by SQUID
magnetometry, which is essential to verify this interesting result.

14:49 In 2016, Bajzikova and Kohout et al. reported the magnetic prop-
erties of all-organic paramagnetic bent-core LC compounds having a TEMPO
radical unit at the terminal position and exhibiting rich polymorphism
including columnar phases (B1Rev and B1Rev’) at high temperatures were re-
ported. However, these compounds did not show a positive magneto-LC
effect in the LC phases.

15:50 In 2018, we reported that both racemic 15 or (R,R)-15 which formed
intermolecular hydrogen bonds between the NO and OH groups in the
condensed phases exhibited the glass state-to-hexagonal columnar LC phase

Figure 11.11 (a) Experimental setup to monitor the variable-temperature or
electric field-dependent EPR spectra of (S,S)-3 (m¼ n¼ 13) confined
in a long 4 mm thick sandwich cell and (b) the principal axes of
inertia and g-values.
Reproduced from ref. 46 with permission from the Royal Society of
Chemistry.
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transition below room temperature. Both SQUID magnetometry and EPR
spectroscopic analysis revealed that a large positive magneto-LC effect was
observed in the LC and isotropic phases in the first heating run at both 0.05
and 0.5 T (Figure 11.14); this is likely due to the molecular flow, in contrast
to our expectation that it generally disrupts magnetic orderings.

11.3.2 Diradical

16:33 An achiral meso diradical compound (R,S)-16 was synthesized and
subjected to the measurement of the temperature dependence of wM
by SQUID magnetometry and EPR spectroscopic analysis (Figure 11.15
and see Section 11.4). As a result, although (R,S)-16 showed an ordinary
paramagnetic behaviour in the original solid, a mixture of (R,S)-16 and a
small amount (5 mol%) of racemic diastereomers [a 1 : 1 mixture of (R,R)-16
and (S,S)-16] exhibited superparamagnetic behaviour in the original solid
phase, an additional wM increase (positive magneto-LC effect) at the crystal-
to-Colh phase transition by the first heating and a preservation of this wM
increase not only in the isotropic phase by further heating and in the solid
phase by the first cooling until cryogenic temperatures, but also in the Colh
and isotropic phases by the second heating, under low magnetic field
(Ho0.1 T) (Figure 11.15a–g). In this instance, when the content of the ra-
cemic diastereomers was increased up to 20 mol%, a substantial wM increase
was observed in all phases in the first heating run and more in the first
cooling run (Figure 11.15h). Furthermore, the fact that the formation of a
chiral helical columnar structure in the presence of a magnetic field (o0.5 T)
was confirmed for achiral meso 16 by the temperature-resolved second
harmonic generation (TR-SHG) microscopy deserves mention.

11.4 Origin of Superparamagnetic Phenomenon
‘Positive Magneto-LC Effect’

First, the origin of superparamagnetic behaviour observed in all-organic LC
NR compounds is discussed mesoscopically on the basis of the properties of
metallic spin glass materials as stated by Fischer and Hertz: ‘‘A spin glass is
i) a collection of spins (i.e., magnetic moments) whose low-temperature state
is a frozen disordered one, rather than the kind of uniform or periodic
pattern we are accustomed to finding in conventional magnets, ii) observed

Figure 11.12 Electric field dependence of (a and d) g-value, (b and e) wrel,E, and
(c and f) DHpp for the ferroelectric phase of (S,S)-3 (m¼ n¼ 13, 65% ee)
confined in a thin rubbed sandwich cell at 75 1C by EPR spectroscopy
at around 0.33 T. The magnetic field was applied perpendicular (a, b
and c) or parallel (d, e and f) to the electric field. Open and filled
circles represent the application of electric fields from þ25 V to �25 V
and then �25 V to þ25V, respectively.
Reproduced from ref. 46 with permission from the Royal Society of
Chemistry.
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Figure 11.14 Temperature dependences of wparaT for (a) racemic 15 and (b) (R,R)-15 at
0.5 T by SQUID magnetometry, and of (c) EPR DHpp for racemic 15 at
around 0.33 T. The circles denote the experimental data in the heating
run, and the horizontal solid lines denote the Curie–Weiss fitting curves
for the LC glass state. The vertical broken lines denote the estimated
glass state-to-LC phase transition temperatures, and the solid lines on
the circles to the right of the broken lines denote the fitting curves for
LC and isotropic phases.
Reproduced from ref. 50 with permission from American Chemical
Society, Copyright 2018.
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in magnetic metal alloys such as Cu(Mn) and Au(Fe), and iii) induced by
thermal processing or the presence of impurity’’.40

The analysis of the experimental results on the temperature dependence of
wM for the LC NR compounds showing the positive magneto-LC effect indi-
cated that the wM should be defined as the sum of temperature-dependent
paramagnetic susceptibility (wpara40), a temperature-independent dia-
magnetic one (wdiao0) and a unique temperature-independent magnetic one
(wTIM40) (eqn (11.1)).33,43

wM¼ wparaþ wdiaþ wTIM (11.1)

Since only the sum of wdia and wTIM values could be experimentally
obtained as the temperature-independent component by wM-T

�1 plots ac-
cording to the Curie–Weiss law (eqn (11.2)), the wTIM value was derived by
using the theoretical wdia value calculated according to the Pascal’s
constants.

wpara¼C/(T� y) (11.2)

The generation of this wTIM value, which corresponds to the wM increase at the
crystal-to-LC phase transition in the first heating run for compounds 3–5, 8 and
15, is responsible for the positive magneto-LC effect (or the superparamagnetic
interactions). In the case of ILC monoradical 10 or meso Colh diradical 16
containing the racemic diastereomers, the wTIM value already existed in the
original solid and increased at the solid-to-LC phase transition by the first
heating. This increased wTIM value was kept in the isotropic phase by further
heating, in the LC and solid phases by the first cooling from the isotropic phase,
and in the LC and isotropic phases by the second heating. For example, the wTIM
value between 100 and 180 K observed in the first cooling run from the isotropic
phase for racemic 10was as large asþ2.5�10�3 emumol�1 (Figure 11.9f),43 and
that between 100 and 200 K observed for 16 containing 5 or 20mol% of racemic
diastereomers was also as large as þ3.7�10�3 or þ4.4�10�3 emumol�1,
respectively (Figure 11.15i).33 These results imply that the total area of
superparamagnetic spin domains is comparable to that of paramagnetic spins.

Thus, the origin of such unique magnetic properties observed in all
phases of racemic 10 or meso 16 containing the racemic diastereomers can

Figure 11.15 Temperature dependence of (a) wpara in the first heating run (the
solid line calculated by using the Bleany-Bowers equation with
2J/kB¼�39.6 K), (b) wpara T in the first heating, (c) wM in the first
heating and cooling runs, (d) wM by magnification (between 300 and
400 K) of (c), (e) wM in the first cooling and second heating runs,
(f ) wpara in the first heating and cooling runs and (g) wpara in the first
cooling and second heating runs, measured for 1(95 : 5), and (h) wM in
the first heating and cooling runs measured for 1(80 : 20), at 0.05 T in
the temperature range between 2 and 390 K. (i) Obtained magnetic
constants and wTIM values in the first heating and cooling runs, and
the second heating run for 1(95 : 5).
Reproduced from ref. 33 with permission from John Wiley & Sons,
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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be rationalized mesoscopically in terms of (i) the preferential formation of
spin glass-like inhomogeneous magnetic domains consisting of super-
paramagnetic spin domains surrounded by paramagnetic spins in the
original solid phase, (ii) the subsequent enlargement of the size and/or
number of superparamagnetic spin domains by thermal processing, and
(iii) preservation of the overall increased superparamagnetic spin domains
in the solid phase by cooling until cryogenic temperatures, under low
magnetic fields (o0.1 T) (Figure 11.16).

Meanwhile, to gain a microscopic insight into the origin of the inter-
molecular ferromagnetic interactions operating in each superparamagnetic
domain, the extent of anisotropic spin–spin dipole interactions can be
evaluated by the measurement of the temperature dependence of EPR peak-
to-peak line width (DHpp). Generally, it is known that the change in DHpp

reflects the following two competing factors: (i) anisotropic spin–spin dipole
interaction; the stronger the interactions are, the more the DHpp increase is
and (ii) isotropic spin–spin exchange interaction; the stronger the inter-
actions are, the greater the DHpp decrease is. Accordingly, by comparing the
EPR DHpp value with the SQUID wM change (increase or decrease) at the
solid-to-LC phase transition, one can judge whether either ferromagnetic or
antiferromagnetic spin–spin dipole interactions dominate in the LC phases.
Therefore, the fact that all of the LC NR compounds 3–5, 8, 10, 15 and 16
showed both a DHpp increase and a wM increase at the solid-to-LC phase
transition indicated the occurrence of ferromagnetic spin–spin dipole and

Figure 11.16 Schematic representation of organic spin glass. The formation of
superparamagnetic spin domains surrounded by paramagnetic spins
by heating or the presence of impurity, and additional enlargement of
the size and/or number of the domains by heating.
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exchange interactions in the LC phases (Figure 11.5e). This is because the LC
superstructural anisotropy could induce the anisotropy of the spin–spin
dipole interaction, eventually leading to the generation of the anisotropic
and inhomogeneous magnetic interactions in the LC domains.

As the mechanism of ferromagnetic spin–spin dipole and exchange
interactions operating in each superparamagnetic domain, Vorobiev et al.
suggested that the intermolecular spin polarization operating between the
central paramagnetic centre of one molecule and the aromatic ring of an-
other molecule in the centrosymmetric dimer, rather than the direct
through-space interactions between the spin centres, contributes to the oc-
currence of a positive magneto-LC effect by the DFT calculations of spin
density distribution in the interacting molecules based on the crystal
structure of (S,S)-3 (m¼ n¼ 4) (Figure 11.17a and b).54 Furthermore, we
speculated that in the case of non-centrosymmetric chiral LC phases, add-
itional intermolecular CH/O and/or CH/p interactions, which are very often
observed in the crystal structures, might contribute to the spin polarization
mechanism (Figure 11.17c).

11.5 Application to Metal-free Magnetic
Microemulsions, Mixed Micelles
and Nanoemulsions

Considering the proposed spin polarization mechanism including CH/O
and/or CH/p interactions regarding the generation of superparamagnetic
interactions in the LC NR compounds, we predicted that it might be possible
to observe such a unique magnetic phenomenon in other organic NR
soft-materials, if simple NR compounds could be densely confined in a
capsule. In fact, sonication of a mixture of oily racemic 2,2,5-trimethyl-5-
phenylpyrrolinine-N-oxyl radical 20 (Figure 11.18a), which was confirmed to
show a distinctly alternating spin polarization on each atom in the molecule
by DFT calculations, and one of surfactants such as SDS (sodium dodecyl
sulfate) in water at 25 1C gave several emulsions with a particle size of
1–2 mm f at the bottom in the glass vial. These emulsions were attracted by
a permanent magnet approaching from the outside bottom and moved
quickly and smoothly under the influence of the magnet. This observation
encouraged us to prepare NR microcapsules and nano-sized mixed micelles.

11.5.1 Microemulsions35

We prepared stable NR liquid microcapsules (diameter 300 mm) consisting of
monodispersed core–shell W/O/W double emulsion droplets (Figure 11.18)
using a microfluidic device. These emulsions were magnetically transpor-
table and served as flexible antioxidative magnetic carriers for on-demand
cargo-transport system and droplet-based sensors. In addition, if the NR
compound can show an LC phase at room temperature, LC NR
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Figure 11.17 (a) Relative position of a pair of molecules in the crystal structure of
(S,S)-3 (m¼ n¼ 4) and (b) spin density distribution in the same pair by
DFT calculations. (c) Expected intermolecular CH/O and CH/p inter-
actions.
Reproduced from ref. 54 with permission from American Chemical
Society, Copyright 2014.
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microcapsules with much more functions will be able to be fabricated using
microfluidic devices.55

11.5.2 Nano-sized Mixed Micelles and Drug or Fluorescence
Agent-loaded Nanoemulsions36–38,56

With a view to developing theranostic nanomedicines for targeted drug de-
livery systems (DDS) visible by MRI, robust metal-free magnetic nano-sized
mixed micelles (mean particle size less than 20 nm) consisting of a bio-
compatible non-ionic surfactant Brij58 or Tween80 and low-molecular-
weight 2,2,5-trimethyl-5-(4-alkoxy)phenylpyrrolidine-N-oxyl radicals (21)
were prepared in pH 7.4 phosphate-buffered saline (PBS) (Figure 11.19). The
particle sizes were determined by small-angle neutron-scattering (SANS) and
dynamic light-scattering (DLS) measurements. The resulting mixed micelles
showed high colloidal stability, low cytotoxicity, enough reduction resistance

Figure 11.18 (a) Schematic of a W/O/W emulsion droplet with an organic radical oil
shell consisting of radical compound 20. The W/O/W emulsion has
inner and outer aqueous phases and a middle organic radical oil phase.
(b) Bright-field microphotographs of the mono-dispersed W/O/W emul-
sion droplets (R¼ 135 mm, a¼ 110 mm).
Reproduced from ref. 35 with permission from the Royal Society of
Chemistry.
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to excess ascorbic acid, and sufficient contrast enhancement in the proton
longitudinal relaxation time (T1) weighted MR images in PBS in vitro and
in vivo (Figure 11.20). Furthermore, hydrophobic anticancer drugs and/or
fluorescence agents could be encapsulated into the mixed micelles to give
stable nanoemulsions (Figure 11.19c). The resulting anticancer drug
paclitaxel-loaded nanoemulsions were efficiently incorporated into HeLa
cancer cells to suppress cell growth.

11.6 Conclusions
In 2015, we predicted in ref. 57 that the positive magneto-LC effect should be
induced in discotic columnar LC phases, too, by introducing chirality or
bulky substituent into the molecule so as to avoid the strong p–p dimer
formation. Indeed, this prediction has become reality. As described in
Section 11.3, the distinct positive magneto-LC effect was observed in non-
p-delocalized LC NR compounds 15 and 16 showing a Colh LC phase.
Interestingly, the Colh phase of achiral meso 16 was SHG-active in the
presence of a magnetic field, indicating the formation of a chiral helical
columnar structure. Furthermore, SQUID magnetometry and EPR spectro-
scopic analysis of novel ILC compound 10 as well as discotic LC compound
16 proved that they displayed typical spin glass-like superparamagnetic
features such as thermal (and impurity) effects which were observed in
metallic spin glass materials. The mesoscopical origin of such a

Figure 11.19 (a) Preparation of mixed micelles (17–18 nm f) from NR 21 and Brij58
or Tween 80 in PBS. (b) Formation of stable mixed micelles owing to
the interdigitated layer structure of long alkyl chains and CH/O and/or
CH/p interactions between neighbouring cyclic NR moieties. (c) An
expected mixed micelle structure. Hydrophobic drugs and/or fluo-
rescence agents can be easily incorporated into the mixed micelles to
form stable nanoemulsions.56
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superparamagnetic behaviour could be explained in terms of the preferen-
tial formation of superparamagnetic spins domains surrounded by para-
magnetic spins in the presence of organic impurity and/or the enlargement
of the size and/or number of the superparamagnetic spin domains by
thermal processing. In each superparamagnetic spin domain, ferromagnetic
microscopic spin–spin dipole and exchange interactions were suggested to
operate by the intermolecular spin polarization mechanism including
intermolecular CH/O and CH/p interactions. Thus, the definition of the term
‘positive magneto-LC effect’ should be extended to all phases of LC NR
compounds which showed such a superparamagnetic behaviour. In con-
trast, thus far such a magnetic behaviour has not been observed with respect
to analogous non-LC NR compounds.

In order to extend the generation of superparamagnetic interactions to
other organic NR soft-materials systems, we prepared (i) a stable NR liquid
microcapsule which can serve as flexible antioxidative magnetic carriers for
on-demand cargo-transport system and droplet-based sensors and (ii) robust
redox-resistant magnetic nano-sized mixed micelles to use as the theranostic
nanomedicines for targeted DDS visible by MRI.

Figure 11.20 A solution (200 mL) of mixed micelles prepared from (a) NR 21 and
Tween 80 (final concentration 40 mM each) in PBS was intravenously
injected into a male ICR mouse: coronal T1-weighted MR images for
the liver (b) before injection and (c) 23 min after injection. Distinct
contrast enhancement was observed in the liver in (c) (indicted by
white arrows56).
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CHAPTER 12
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12.1 Introduction: Reactive and Stable Free Radicals
in Biological Systems

Free radicals, more often simply called ‘radicals’, are broadly recognised as
being highly reactive, extremely short-lived species. Radicals typically undergo
relatively non-selective atom abstraction reactions and undertake rapid
combination reactions at near-diffusion-controlled rates. As an odd-electron
radical species is statistically most likely to encounter an even-electron,
non-radical species, any subsequent reaction must in turn therefore generate
yet another radical. Consequently, considerable chemical change can be
induced by the generation of only a small number of reactive free radicals.
When produced in unregulated quantities the impact of such radicals on
biological systems can be severe, meaning that radicals can pose a serious
threat to cellular health.1 Surprisingly, however, radicals are constantly being
produced in cells and tissues under physiological conditions through normal
biochemical processes such as cellular respiration, and there is a raft of
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endogenous antioxidant systems that regulate free radical production.
Indeed, radicals also play critically important and beneficial roles in signal
transduction pathways that underpin cellular function.2 Endogenous radicals,
even those involved in essential signal cascades, are still highly reactive
species and consequently are short-lived and have limited selectivity. This
reactivity can promote, or directly cause, oxidation of important structural or
functional components of cells, such as proteins, carbohydrates, lipids and
even DNA nucleotides.3 Such damage can easily lead to cell death, either
directly due to loss of function, by promoting pro-apoptotic pathways leading
to decreased cellular viability, or through uncontrolled proliferation leading
to cancer.4

Nitroxide free radicals, on the other hand, are not typical radicals in that they
can be highly stable and kinetically persistent. Nitroxides persist as stable free
radicals5,6 due to delocalisation of the unpaired electron over the nitrogen–
oxygen bond and the energetically unfavourable homo-dimerisation that
would form a peroxy-type bond. Nitroxides that are used in research studies are
usually low-molecular-weight, membrane-permeable species and the presence
of the unpaired electron generates paramagnetic properties and enables their
monitoring using electron paramagnetic resonance (EPR) spectroscopy. In the
more than 60 years since the first reports describing stable dialkyl-substituted
nitroxide free radicals,7–9 these species have been employed in a wide variety of
applications, including as stabilisers in plastics and as radical spin-traps in
radical-mediated polymerisation processes.10–12 Nitroxides have also been
used as contrast agents for magnetic resonance imaging13,14 and spin labels
and probes in EPR spectroscopy to study key biophysical and biochemical
parameters such as oxygen concentration,15–17 membrane fluidity,18,19 pH,20

temperature21 and the structural properties of membrane transport
proteins.22,23 Furthermore, as spin probes and contrast agents, nitroxides have
been shown to be useful tools for non-invasivelymonitoring cellular and tissue
redox status in vivo using whole animal models24–29 (Figure 12.1).

Despite their overall stability, nitroxides can rapidly react with certain other
free radicals and in this context they have been successfully used in the study
of, and intervention in, experimental models of oxidative stress. Oxidative
stress is a broad term that encompasses a range of critical issues pertaining
to cellular health that arise from an imbalance in the levels of damaging
free radicals and redox-active species in the cellular environment. The term
‘‘reactive oxygen species’’ (ROS) is typically used to categorise the many forms
of these species that can be associated with promoting dysfunction and
ultimately disease progression. The antioxidant properties of nitroxides and
their reactivity towards ROS clearly suggest a therapeutic role in intervening
in a number of important diseases, including cancer, which involve redox
imbalances characterised by heightened levels of oxidative stress.

When assessing the potential of nitroxides as novel drugs, it is important
to note that physiologically most nitroxides are rapidly reduced,30 and
plasma half-lives can be impractically short. Clearance rates for nitroxides
are often very high31 (which suggests low toxicity), which has also been seen
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as a limitation32 for drug development. Recent developments have seen the
evolution of sterically stabilised nitroxides and new modes of delivery of
nitroxides that have seen improved biological half-life for this group of
drugs. Despite these conditions however, this chapter outlines some of the
recent findings where nitroxides have provided a significant therapeutic
effect or an important mechanistic insight into diseases involving height-
ened levels of oxidative stress. Much of the efficacy of the approaches de-
scribed is dependent on the cyclic bio-reduction and oxidative regeneration
of nitroxides under physiological conditions. It is therefore worth noting
then that new tetra-ethyl and related increased steric bulk nitroxides, which
display far greater resistance to bio-reduction,33 hold significant potential to
deliver even more important results as they are applied to the study and
intervention in the diseases and disorders described herein.

12.2 Antioxidants as Potential Therapeutics in
Diseases such as Cancer and the Role of
Nitroxide Free Radicals

Cancer arises from changes in cellular DNA that either enhance cellular
proliferation or decrease cellular death pathways. As free radicals are able to
induce such changes to DNA it follows that antioxidants that can remove free

Figure 12.1 An example of magnetic resonance imaging enhancement made possible
with a nitroxide nanoparticle. (a) Magnetic resonance (MR) image of
whole mouse with specific organs/tissues highlighted for clarity. (b) MR
image of the same mouse 30min after injection with a combination of
MR/fluorescent/EPR-responsive nitroxide nanoparticle. (c) Indication
of the degree of MR image contrast enhancement possible using the
nitroxide contrast agent.
Reproduced from ref. 13 with permission from Springer Nature, Copyright
2014.
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radicals should therefore lower cancer risk. Indeed, promising results from a
number of early epidemiological and laboratory investigations suggested
that dietary antioxidants such as vitamin E, selenium and lycopene could be
beneficial in preventing cancer.34 These results prompted several large-scale
clinical trials including the Alpha-Tocopherol, Beta-Carotene prevention
(ATBC) study, the Heart Outcome Prevention Evaluation – The Ongoing
Outcomes (HOPE-TOO) study, the Prostate, Lung, Colorectal and Ovarian
(PLCO) cancer screening trial and the SELenium and vitamin E Cancer
prevention Trial (SELECT).35–39 Surprisingly, the results from these clinical
studies demonstrated limited, if any, impact from the use of such anti-
oxidants and in some trials were halted due to adverse impacts. For example,
overall risk for prostate cancer, for instance, is unaffected by dietary anti-
oxidant supplements.39–41 In fact, in a 2011 follow-up study, updated data
from the SELECT trial showed a significantly increased risk of prostate cancer
among healthy men taking vitamin E (400 IU per day).42 Furthermore, men
with higher levels of selenium at the start of the trial had doubled the risk of
developing high-grade prostate cancer by taking selenium supplements. The
findings from epidemiological studies are themselves conflicting, with some
reporting an inverse association between dietary antioxidant intake (e.g.,
vitamin A, b-carotene, lycopene, selenium) and prostate cancer risk,4,43–45,47

while others have found no association or some degree of protection.48,49

Yet other clinical studies have provided further conflicting results.46,50–52

The lack of clear efficacy observed with antioxidant combinations for
improving cancer patient outcomes may perhaps be attributed to these
agents only being able to interact with ROS accumulated within the cells and
having limited impact on the underlying processes that lead to ROS gener-
ation. Thus, compartmentalisation of ROS generation within the complex
cell cytoplasm may be the reason that some antioxidants fail to inhibit ROS
production sufficiently to provide a benefit. Supporting this hypothesis is the
finding that ROS production rather than accumulation plays an important
role in the aggressive phenotypic behaviour of cancer cells.53

Consequently, as well as studies where antioxidants are used for broad-
spectrum protection in some diseases, alternative approaches using these
species are increasingly being explored for a number of diseases including
cancer and metabolic disease. Malignant cancer cells are under intrinsic oxi-
dative stress, and there is evidence from studies with 3D cell cultures that the
central region of the cancer sphere is hypoxic. Recognising this, an alternative
approach can be to actually impose a degree of additional oxidative stress,
rather than attempt to protect all cells using antioxidants. This approach
would specifically induce toxicity to already stressed cancer cells. By increasing
ROS levels to a point that overwhelms the antioxidant capacity,54–56 irreversible
oxidative damage could be induced that leads to apoptosis. Indeed, increased
formation of ROS has been shown to contribute to the antitumour effects of
radiotherapy and is in part responsible for the cytotoxicity of many che-
motherapeutic agents.57 Exploiting the metabolic differences between cancer
cells and normal cells therefore represents a potential therapeutic strategy to
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selectively kill cancer cells. Nitroxides deliver unique capability in this regard,
as apart from rapidly scavenging reactive free radicals and acting as superoxide
dismutase mimics capable of reducing superoxide radical anion to hydrogen
peroxide,58,59 their unusual chemistry also allows for both oxidation or re-
duction to be achieved under appropriate physiological conditions. Despite
being recognised and having an established role as antioxidants, the overall
metabolic fate of nitroxides in cells and tissues is chemical reduction to the
corresponding hydroxylamine. Introduction of nitroxides therefore leads to
oxidation of the cellular components that produce this reduction. Accordingly,
if delivered in the right context nitroxides might be used to deliver an add-
itional, mild, oxidative insult to the cell.

One recent study that exploits this approach is the combination use of
TEMPOL with the chemotherapeutic drug cisplatin, which when used in
conjunction proved to be effective in inducing apoptosis in ovarian cancer
cells.60 Furthermore, a third means by which nitroxides can impact on dis-
eases and disorders is thorough interference with kinases61 and signalling
cascades driven by redox-active agents. Nitroxides, for instance, can access
alternative chemo-preventative pathways unavailable to the more standard
antioxidants employed in the large-scale clinical trials described above. One
example of the established impacts of nitroxides in this context is their
interaction with known tumour suppressor genes such as p53.62

The broader impact of nitroxides outside of direct antioxidant action and
radical scavenging has clear consequences in physiological processes and dis-
eases outside of cancer, including most notably the process of inflammation.

12.3 The Role of Nitroxides in Moderating
Inflammation and Diseases Involving
Inflammation Including Heart Disease

Inflammation is an important hallmark of cancer, but can also be linked to a
range of other diseases and conditions including atherosclerosis, physical
trauma and ischaemia. Inflammation is a protective response initiated to
directly combat the primary injury, however it also serves to subsequently re-
move necrotic cells and tissues created during this initial response. Further-
more, inflammation also serves a third purpose to ultimately induce tissue
repair in the damaged area and promote a process termed resolution.
The complex balance of host tissue/cell destruction and growth triggered by
inflammation intertwines these cellular responses with carcinogenesis,
proliferation and migration. Consequently, inflammation can be directly
linked to a number of cancers,63,64 however inflammation, particularly chronic
inflammation, is also critically important in a larger number of disorders
with symptoms ranging frommild to severe, of which heart disease is arguably
the most important. With heart disease, the predominant immediate
treatment strategies to mitigate the acute damage of an infarct focus on rapid
reperfusion as the most effective therapy to reduce the size of the infarct.
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However, reperfusion itself can induce long-term cardiomyocyte damage
through the recruitment of circulating pro-inflammatory cells to the site of
damage, which can lead to increased tissue damage.65,66 Acting as anti-
oxidants, nitroxides have the potential to intervene in many of the processes
initiated by the oxidative burst that follows reperfusion,67–70 but their broader
role in controlling inflammation in this context has received less attention.

Post-myocardial infarction-mediated inflammation in the damaged tis-
sues coupled with reperfusion injury and dysregulated key enzymes (such as
the haem enzyme, myeloperoxidase, MPO) increases the progression from
heart attack to heart failure.71–73 MPO is a critically important peroxidase
enzyme present in the neutrophils generated in the inflammatory response
to infection. The iron in the MPO enzyme exists natively in its ferric Fe31

form. However, the reaction between ferric MPO and H2O2 (typically elevated
in the ischaemic myocardium follow heart attack) yields the highly reactive
MPO Fe41 compound I.74 MPO compound I can subsequently catalyse the
oxidation of chloride, bromide or thiocyanate anions to the corresponding
hypohalous acids (HOX, X¼Cl-, Br- or SCN-) and the MPO compound I is
reduced back to the native Fe31 MPO form, thus recycling the enzyme for
further redox activity. In the absence of exogenous pathogens hypohalous
acids subsequently damage a wide range of biomolecules in cardiac myo-
cytes and elicit further pro-inflammatory pathways.75 Nitroxides have been
shown to limit the formation of ROS including HOCl that damage the
heart,76 as they convert MPO compound I to the less reactive compound II
form.77–79 Nitroxides have also been shown to limit MPO-mediated inflam-
mation caused by other agents.80 Therefore, this class of drugs has
some potential as an adjunctive therapy for heart attack where recruitment
of inflammatory cells that contain MPO is a characteristic of the
recovery phase.

As well as preventingMPO-catalysed oxidative damage, nitroxides also affect
the activity of protein disulphide isomerase (PDI) and downregulate pro-
inflammatory cytokines that otherwise attract/recruit more inflammatory
cells to the site of injury.81–84 Nitroxides can also control the release of
leukocytes that occurs during inflammation and decrease endotoxin-related
disease in animals.85 Nitroxides also hold clear therapeutic potential in a range
of other diseases and injuries where inflammation can be a factor, especially
age-related diseases86 and neurodegeneration,87,88 as well as diseases of the
respiratory89,90 and digestive tracts.91,92 In the case of neurodegenerative dis-
orders, nitroxides can impart direct neuron protection93 as well as through
decreasing neuro-inflammation94 but may also intervene in the nitric oxide
signalling pathways activated in brain injury.95,96 Neuroprotection in Alzhei-
mer’s disease may arise through effects on amyloid formation.97–99 However,
nitroxides are also more broadly implicated in therapies to improve neuronal
mitochondrial function,100–103 pain and neuropathy104 and to recover from
nerve damage and traumatic brain injury.105,106

There is also increasing attention being placed on the potential role of
nitroxides in diseases of the gastrointestinal tract as they can alter bile acid
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components that in turn inhibit key receptors in the intestine and lower fat
production thus helping non-alcoholic fatty liver disease and other disorders
of the gut,107–110 which has implications in the treatment of inflammatory
bowel disease.111 Some of the efficacies in the gut may be interlinked with
the effects nitroxides can have on biofilms, bacteria and gut microbiota.112,113

The impact of nitroxides on biofilms114,115 suggests nitroxides play a role
mimicking and competing with nitric oxide-mediated processes.116,117 The
degree of bio-reduction and its role are yet to be established in this context, but
clearly it has the potential to be an important parameter.118

12.4 The Metabolism of Nitroxides – Bioreduction
and Regeneration

It has long been determined that in cells and tissues, nitroxides are readily
reduced to their corresponding hydroxylamines through both enzymatic and
non-enzymatic pathways.119–121 The primary site of these one-electron re-
ductions occurs at the level of ubiquinone in the mitochondrial respiratory
chain.30,122–124 However, in cells rich in ascorbate, such as erythrocytes,
hepatocytes and kidney cells, ascorbate may be the principal reducing
agent.120,125–127 The low-molecular-weight antioxidant glutathione, on the
other hand, contributes significantly to the reduction of nitroxides indirectly
by acting as a secondary source of reducing equivalents.26,128

The bioreduction of nitroxides depends on a range of factors including
their physicochemical properties, in particular, the nature of the ring con-
taining the nitroxide moiety129–131 and the lipophilicity or hydrophilicity of
the nitroxide132,133 (and the charge on the molecule134,135). In addition, cells
under different oxygen concentrations,133 pH136 or having different cellular
redox metabolic state may have different rates of nitroxide metabolism.

Initially, the short half-life of nitroxides32 was seen as a limitation, as it
reduces their effectiveness as antioxidants and imaging agents in biological
systems. Consequently, long- term exposure to these compounds or higher
concentrations of nitroxides is required to effectively inhibit tumour
growth137 and to achieve a therapeutic dose in vivo.138,139 Nevertheless,
because the reduction of a nitroxide to the hydroxylamine results in a loss of
magnetic resonance intensity, monitoring the rate of nitroxide reduction has
enabled the evaluation of cellular and tissue redox status29,140–142 and ROS
generation in vivo.28 Likewise, oxidation of the hydroxylamine back to the
nitroxide radical has been used for measuring intracellular ROS levels and
oxygen concentration.143,144 These approaches clearly highlight the import-
ance of the reversible nature of nitroxide reduction – in the presence of
oxygen or oxidising agents, cells can oxidise hydroxylamines back to the
nitroxides.133 Under reducing conditions however, such as those found in
hypoxic tumours, re-oxidation of the hydroxylamine to the nitroxide is less
efficient, resulting in increased (overall) nitroxide decay rates.25,145 This
provides a rationalisation for why treatment with nitroxides selectively pro-
tects normal tissues and not the tumour against radiation damage146 and
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rationalises the finding that nitroxide radicals provide greater radio-
protection than their corresponding hydroxylamines.147 Interestingly how-
ever, when TEMPOL hydroxylamine (Tempol-H) was administered to C3H
mice, significant protection was observed against whole-body irradiation,
suggesting Tempol-H is oxidised back to the active radioprotective nitroxide
in vivo.148 Therefore, it may be concluded that regardless of which form the
nitroxide is administered in, a distribution of nitroxide radical or non-
radical hydroxylamine will be achieved in vivo, depending on the oxygen
status and the reducing equivalents available149 and that both these species
undertake some interaction with ROS.

12.5 Dual Nature of Nitroxides – Cytotoxic and
Protective Anti- and Pro-oxidants

During the past decades, the protective antioxidant action of nitroxides has
been established for a diverse range of oxidative damage induced at the cel-
lular, isolated organ or systemic level, including through reperfusion in-
jury,150,151 mechanical trauma to the brain,152 chemically induced gastric
mucosal damage,153 ROS,151,154,155 ionising radiation139,146 and chemother-
apeutic drugs.156,157

Several mechanisms have been proposed to account for the antioxidant
activity of nitroxides. Nitroxides are most widely recognised as able to de-
toxify oxygen metabolites158,159 and carbon-centred radicals160,161 catalyti-
cally through their action as SOD mimics.162 In this regard the role of
nitroxides in catalytically converting superoxide into less reactive species has
been long established,163 and the rates of this dismutation have been esti-
mated to be at least 107 M�1 s�1, depending on the pH. At high concen-
trations and more aggressive conditions it has also been suggested that
TEMPOL, at least, can also react with human SOD1 (hSOD1) to remove ROS,
but to also be consumed in the process. The enzyme hSOD1 reacts with H2O2

to produce carbonate radical, which in turn is thought to oxidise the enzyme
to carbonylated and covalently dimerised forms. TEMPOL was shown to not
inhibit hSOD1 turnover, but rather to decrease subsequent oxidation,
probably by scavenging the carbonate radical produced and by recombining
with hSOD1-derived radicals. As a result, TEMPOL was consumed nearly
stoichiometrically with hSOD1 monomers under these conditions.164

By undergoing one-electron transfer reactions, nitroxides are readily re-
duced to hydroxylamines (reduction) or oxidised to oxoammonium cations
(oxidation).30,165 Consequently, nitroxides can afford protection either as
reducing agents or as oxidants, while continuously being recycled.166 An-
other example of their SOD mimetic activity is their ability to maintain
transition metals at higher oxidised states, thereby pre-empting Fenton or
metal-catalysed Haber–Weiss reactions that lead to the generation of free
radicals and in turn damage DNA and proteins.167,168 Moreover, nitroxides
can stimulate catalase-like activity in haem proteins,169 as well as participate
in radical–radical recombination and chain-breaking reactions.
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Nitroxides may interact with glutathione, not directly, but following the
reaction of glutathione with ROS to give more reactive glutathionyl radicals
(G-S�). Glutathione can be present in high (milliMolar) concentrations in
cells where it represents a primary antioxidant defence. However the
resultant G-S� radicals generated through reactions with ROS may them-
selves become detrimental as their concentrations build. The reaction
of G-S� radicals with nitroxides may explain the formation of secondary
amines from nitroxides under physiological conditions (Figure 12.2).170

Developing a detailed understanding of the mode of action of nitroxides in
biological systems is confounded by the influence of side chains, ring size and
overall chemical structure, as well as by different responses to specific dose
and treatment regimes.171,172 The measured antioxidant effects of nitroxides
have been shown to strongly correlate with the specific structure and rates
of bio-reduction and re-oxidation. The cytotoxic effects of the TEMPO class of
nitroxides towards tumour cells may be influenced by the presence or type
of substituent(s) at position-4 of the piperidine ring.173 There have also been
differences in the levels of radioprotection and in vivo distribution demon-
strated among 3-substituted pyrrolidine-N-oxyls,174 suggesting that the effect
of both substituent structure and ring size impacts on nitroxide potency.

Surprisingly, and depending on the specific nitroxide employed, the con-
centration employed can also be a major factor, with bell-shaped dose–
response curves frequently generated.175 At lower concentrations for instance,
TEMPOL protected the proteolytic enzyme papain from oxidative inactivation
induced by xanthine/xanthine oxidase, however this protection was lost at
higher concentrations.175 Similarly, TEMPOL at relatively low concentrations
(5–50 mM) protected against metal-induced cyto- and geno-toxicity in human
lymphocytes,176 although at higher concentrations (100–1000 mMand above), it
induced adverse effects on the cells (Figure 12.3).177,178

One drug that has been investigated at therapeutically relevant (nM to mM)
concentrations is HO-3867, a compound which combines a curcumin

Figure 12.2 Available oxidation and reduction states of nitroxides. Redox cycling
ability of nitroxides, shuttling from fully oxidised (non-stable, non-rad-
ical) oxoammonium ion to (stable radical) nitroxide and to (non-stable,
non-radical) hydroxylamine. Further reduction to the secondary amine
(R2NH) is also possible in vivo.
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analogue with a pyrroline nitroxide precursor.179 Exploiting the severely
hypoxic environment present in the fibrotic tumours of pancreatic cancer,
the hydroxylamine of HO-3867 is not readily converted to the nitroxide by
oxygen and oxidising conditions, thereby allowing the curcumin pharma-
cophore to induce reducing environment-specific toxicity. Similar tumour-
specific toxicity has been seen with ovarian cancers, however for pancreatic
cancer these authors attribute the efficacy to redox-derived impacts on Signal
Transducer and Activator of Transcription (STAT3) signalling. STAT3 is
constitutively active in human pancreatic cancer and is associated with poor
prognosis (Figure 12.4).180

Potent side pharmacophores and redox cycling are clearly important, but
seemingly not essential, factors to deliver differentiated therapeutic re-
sponses. For instance, despite their close structural similarity, the nitroxides
TEMPOL and TEMPO can deliver different mechanisms of action at the
molecular level, as evidenced by the induction of divergent signal trans-
duction pathways in MDA-MB 231 breast cancer cells.181 TEMPOL stimu-
lated extracellular signal-regulated kinase 1 activity, whereas an equimolar
albeit high (10 mM) concentration of TEMPO induced ceramide generation,
stress-activated protein kinase activation and ultimately stimulated apop-
totic cell death pathways. The ability of these nitroxides to elicit distinct

Figure 12.3 High concentration of TEMPO and derivatives cause DNA-strand breaks
in mouse lymphoma cells. DNA strand breaks induced by nitroxides
as detected using the Comet assay. (A) TEMPO; (B) 4-hydroxy-TEMPO;
(C) 4-oxo-TEMPO; (D) 4-methoxy-TEMPO.
Reproduced from ref. 177 with permission from Oxford University
Press, Copyright 2018.
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signalling pathways in the absence of environmental oxidative stress is
perhaps triggered by secondary radicals and ROS associated with cellular
metabolism, and differentially regulated by early events, such as the control
of protein tyrosine phosphorylation and the generation of ceramide. The
localisation of TEMPOL and TEMPO within different subcellular compart-
ments could be a contributing factor to these results. Although both nitr-
oxides readily cross the cell membrane, the more lipophilic nature of
TEMPO compared to TEMPOL leads to its greater accumulation in the cell
membrane. In contrast, TEMPOL, being more water soluble, is more broadly
dispersed throughout the cell. Furthermore, this nitroxide has been shown
to stimulate the expression of the urokinase receptor protein UPAR, which
has both physiological and pathophysiological roles, and to reduce super-
oxide levels in human prostate cancer cells.182

12.6 The Role of Nitroxides in Cancer and Related
Diseases In Vitro and In Vivo

The interlinked roles of nitroxide structure and dose have been demon-
strated in cancer, but are also evident with other cancer-related diseases

Figure 12.4 The effect on mitochondrial viability, proliferation and colony-forming
ability of AsPC-1 cells exposed to a nitroxide derived from the reduced
hydroxylamine analogue. (A) Molecular structure of H-4073. (B) Molecu-
lar structure of HO-3867, with a N-hydroxypyrroline group attached to the
N-terminal of piperidone. (C) Mitochondrial viability data (mean � SD;
N ¼ 5) obtained from AsPC-1 cells treated with the compounds in the
concentration range 0–20mM for 24h. (D) Cell proliferation data (mean
� SD; N ¼ 3) obtained from AsPC-1 cells treated with the compounds in
the concentration range 0–10mM for 24h.
Reproduced from ref. 180 with permission from Springer Nature,
Copyright 2019.
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both in vitro and in vivo. TEMPOL represses levels of hypoxia-inducible
factor-2a (HIF2a) in mouse models of Chuvash polycythaemia and has po-
tential as a therapeutic for altitude sickness in non-adapted individuals.183

The significance of this reaction may be wide ranging as this transcription
factor activates a number of downstream molecular pathways that have been
linked to the growth of cancers, such as angiogenesis. The chemo-
preventative effects of TEMPOL have been demonstrated in C3H mice
prone to age-related spontaneous tumour incidence184 and mice with Faconi
anaemia.185 Chemical modification of nitroxides to enhance specific or-
ganelle targeting has been used as a strategy to enhance nitroxide bioactivity.
For example, when a mitochondrially targeted nitroxide was used185 the
efficacy towards Faconi anaemia was shown to arise through repression of
the transforming growth factor cytokine TGF-b. A mitochondrially targeted
nitroxide improves the symptoms of a mouse model of Huntington’s dis-
ease,186 which is significant as there is currently no effective therapeutic
intervention for this progressively debilitating disease.

Another disease with progressively debilitating symptoms, that involves
both carcinogenesis and neuronal damage and in which nitroxides have
shown promise, is ataxia telangiectasia (A-T), an autosomal recessive dis-
order characterised by a pleiotropic phenotype. The neurodegenerative
phenotype in this disease has been proposed to arise as a consequence of
oxidative stress due to observations of significantly reduced total antioxidant
capacity in A-T patients187 and increased levels of oxidative stress both in A-T
cells188 and in the cerebellum of Atm-deficient mice.189,190

Treatment with TEMPOL has been shown to extend the life-span of Atm
mutant mice by increasing latency to tumorigenesis, which was associated
with a reduction in oxidative stress and damage.191 However much more
potent effects were observed with a different nitroxide, the aryl-fused ring
isoindoline-based nitroxide (CTMIO; see Figure 12.5), particularly in regards
to neuroprotection. Purkinje neurons from Atm-deficient mice demonstrate
poor survival and markedly reduced dendritic branching and elongation in
culture compared to cells from their wild-type littermates.192 Remarkably,

Figure 12.5 The structure of four nitroxides that have shown impact on the
disease ataxia telangiectasia. See ref. 191, 193 and 195. (A) TEMPOL;
(B) CTMIO (CarboxyTMIO); (C) TEMPO (CarboxyTEMPO); (D)
CPROXYL (CarboxyPROXYL).
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treatment with the nitroxide CTMIO protected against Purkinje cell death
in vitro and enhanced dendritogenesis back to wild-type levels. Likewise,
administration of this nitroxide antioxidant throughout pregnancy improved
the survival of Purkinje cells from Atm-mutant offspring, and reduced
oxidative stress and damage in the cerebellum of older animals, as
evidenced by an increase in catalase activity and reduced levels of nitrotyr-
osine.192 CTMIO also corrected for the neuro-behavioural abnormalities
observed in Atm-deficient mice.193

The predisposition of A-T patients to lymphoid tumours is recapitulated in
Atm-disrupted mice, with almost all animals succumbing to thymic lymph-
omas within five months of birth.194 CTMIO dramatically increased the
longevity of Atm-deficient mice by delaying the onset of thymic lymphomas,
although this did not appear to be via a mechanism involving the induction
of apoptosis.193 Notably, the extent of tumour protection exhibited by
CTMIO was much greater than that previously observed with TEMPOL191

and the salen-manganese antioxidant EUK-189.190 The effectiveness of the
nitroxide CTMIO in protecting against tumour development was further
substantiated by its lack of toxicity and efficacy at micromolar doses.
Promising results were also reported in another study where A-T cells that
were pre-incubated with CTMIO and other carboxy nitroxides had greater
survival rates post-irradiation and presented fewer chromosomal aberrations
compared to untreated cells.195 In contrast, the antioxidant vitamin E and its
water-soluble analogue Trolox had little impact on the survival of
irradiated A-T cells, suggesting differences in the mechanism of antioxidant
action of nitroxides196 compared to vitamin E.197

Alternatively, nitroxides may indirectly cause damage to biomolecules by
generating other ROS while performing SOD mimetic167 and complex
1-inhibiting actions.198,199 Increases in intracellular oxidative stress arising
from treatment with relatively high doses of nitroxides led to the impairment
of oxidative phosphorylation and were accompanied by glutathione de-
pletion and a decrease in mitochondrial membrane potential. These chan-
ges resulted in the induction of apoptosis in the HL60 human leukaemia cell
line.199 Such a mechanism of action is of interest given that mitochondrial
events play a crucial role in the apoptotic process. By-passing activation of
the p53 pathway, which is a major pathway in DNA damage-induced apop-
tosis, could be beneficial if nitroxides were to act primarily on the mito-
chondrion to elicit the intrinsic pathway of apoptosis. This could potentially
explain the dose-dependent increase in p21WAF1/CIP1 levels in C6 glioma cells
even in the absence of detectable p53 protein, following exposure to Tem-
pol.137 Furthermore, TEMPO and a related analogue, 4-ferrocenecarboxyl-
TEMPO, have been shown to inhibit cancer cell viability through activation
of caspase 3, a key player in the mitochondrial-related intrinsic apoptotic
pathway, providing further evidence that nitroxide-induced cell death can
occur through mitochondrial-mediated events.138,200 Besides activation of
potent cell death effectors, TEMPO treatment is also known to induce cell
cycle arrest, decrease cell proliferation and increase ceramide levels, which
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in turn enhances oxidative damage.137,138 TEMPO has also been shown to
induce oxidative stress201 and at high doses activates the critically
important c-Jun N-terminal kinase (JNK), which regulates key mitogen-
activated protein kinase (MAPK)-signalling pathways linked to toxicity.202

Thus, it appears that under specific conditions TEMPO at least can induce
multifactorial cell death responses involving oxidative stress.

More importantly, the antitumour activity of TEMPO has also been ob-
served in vivo, where it is effective against both hormone-responsive and
hormone-refractory prostate cancer xenografts grown in athymic mice.138 In
addition to this, nitroxides can act as chemosensitisers to enhance the
cytotoxic effects of chemotherapeutic agents, such as cisplatin, mitoxantrone
and doxorubicin, in cancer cells.138,203,204

The results described above indicate that nitroxides not only exert anti-
oxidant activity in protecting biological systems against diverse oxidative
insults, but are also capable of inducing cytotoxicity depending on their
specific microenvironment, treatment dose and exposure times. Nitroxides
that activate apoptotic pathways by modulating the intracellular redox state
therefore represent attractive candidates as leads for new chemotherapeutic
agents, particularly if cell death occurs via p53-independent mechanisms,
since many tumours lack functional p53. Furthermore, their efficacy in late
stage cancer, e.g., in breast cancer cells exhibiting loss of hormone receptors,
together with their ability to selectively kill tumour cells versus normal cells
and sensitise cancer cells to chemotherapeutic drugs, confer significant
potential for clinical application. A common theme underpinning many of
the effects of nitroxides is their influence on mitochondrial chemistry, and
this is becoming an increasingly important focus of attention in the devel-
opment of nitroxides as biologically active agents.

12.7 The Role of Nitroxides in Mitochondrial
Chemistry and Cell Signalling and the
Impact on Disease

The mitochondrion is such an integral part of cellular function that any dys-
function leads to significant and wide-ranging health impacts. Many diseases,
including Alzheimer’s disease, muscular dystrophy, Lou Gehrig’s disease,
diabetes and cancer, involve poorly functioning mitochondria. There are also a
group of genetically linked disorders broadly categorised under the term
‘‘mitochondrial disease’’ where insufficient energy production from the mito-
chondria can impact virtually any of the body’s organs and tissues, although the
conditions are worst with cells with the highest energy demands such as
muscle, brain and nerve cells. Mitochondrial complex 1 deficiency disorders,
for example, represent a group of such diseases where poorly functioning mi-
tochondrial complex 1 (arising from nuclear or mitochondrial DNA mutations)
has been identified as the most common defect in childhood-onset mi-
tochondrial OXPHOS disorders such as Leber hereditary optic neuropathy
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(LHON), Kearns-Sayre syndrome and Leigh disease amongst others. Currently
there are no effective therapeutic interventions to combat the pathology of
mitochondrial disease. However, a recent result with amitochondrially targeted
nitroxide205 demonstrated the value of decreasing superoxide production
within the organelle, as this leads to enhanced mitochondrial bio-energetics
and therefore suggests a potential therapeutic approach (Figure 12.6).

Mitochondrial metabolism is also a crucial element in cancer development,
progression and metastasis. Targeting the more negative membrane poten-
tials of cancer cell mitochondria represents an attractive chemotherapeutic
approach and in this context, interfering with energy metabolism with
mitochondrially targeted nitroxides has recently been shown to induce
mitophagy in colon cancer.206 The use of phosphonium ion-linked nitroxides
as well as other nitroxides with mitochondrially targeting chemistries opens
up a new field of control and influence on signalling pathways regulated
by ROS as well as a number of other important biochemical processes.
Compounds targeted to the mitochondria can induce antiproliferative and
cytotoxic effects in tumour cells without a significant impact on the
surrounding normal cells.207,208 This approach has also proven to be effective
in skin cancer and melanoma,209–211 as well as Alzheimer’s disease212 and
other conditions affecting the central nervous system;213 as well as diseases
related to fatty acid metabolism214 and radiation treatments.215–218

Figure 12.6 The effect of a mitochondrially targeted nitroxide on superoxide pro-
duction. The effect of 200 nM mitochondrially targeted nitroxide JP4-
039 on superoxide production as measured through response to a
MitoSox Red assay over 24 hours for fibroblasts deficient in a protein
related to complex 1 deficiency.
Reproduced from ref. 205, https://doi.org/10.1038/s41598-018-19543-3,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/.
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In conclusion, the use of structural variation and side-chain properties to
control subcellular delivery and bio-activity of nitroxides is opening up
major new opportunities to exploit the antioxidant and redox activity of
nitroxides for therapeutic advantage in a wide range of human disorders.
Targeted localisation, coupled with new approaches to moderate nitroxide
reduction rates as well as control oxidation chemistry, promises to deliver
new understanding and influence over the key enzymatic and biochemical
processes underpinning a broad range of important diseases.
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CHAPTER 13

Spin Trapping
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*Email: balarama@mcw.edu

13.1 Introduction
Radicals, defined as chemical species bearing unpaired electron(s), are im-
portant intermediates in chemistry and biology.1 Although their reactivity and
stability in solution vary significantly depending on their chemical structure
and chemical surroundings, in most cases their lifetimes are relatively short,
making their detection and quantitative analyses a challenging task. Time-
resolved pulse techniques, including pulse radiolysis and laser flash pho-
tolysis, provide an opportunity to selectively generate and directly detect many
radical species and to study their chemical reactivity and reaction kinetics.2

Analyses of nonradical end products of the chemical or biochemical process
may be also used to point to the involvement of the radical species. Chemical
probes are typically used to provide more direct evidence of the involvement of
a radical in a process of interest. When the probe reacts with the radical
species, it is converted to a more stable product, which can accumulate over
the time of incubation and cross the detection limit of the method of choice.
Among the chemical probes, spin traps are especially well suited to detect
unstable free radicals, as their products – typically nitroxides – are not only
more stable, even in complex biological systems, but also in many cases carry
a spectroscopic ‘‘footprint’’ of the trapped radical when coupled to electron
paramagnetic resonance (EPR)-based analysis.3

Nitroxides
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In the late 1960s, a series of papers reported the addition reaction of free
radicals to nitroso compounds and nitrones, forming more stable nitroxides
(Scheme 13.1) detectable by EPR spectroscopy.4–13 This discovery coincided
with the discovery of the superoxide dismutase enzyme, one of the most im-
portant breakthroughs in the field of free radical biology.14,15 The potential of
using nitrones and nitroso compounds to trap, detect and identify the radicals
formed in chemically and biologically relevant systems was soon realized.12,16

Among the several advantages of EPR spin trapping for the detection of
free radicals, the formation of a covalent bond between the probe and the
radical, with the formation of a more stable, EPR-active product, seems most
important. The covalent bond between the radical and the spin traps results
in the formation of the product, which is unique for the radical trapped. In
many cases, this results in a highly characteristic and species-specific EPR
spectrum, enabling identification of the radical species by EPR spectroscopy.
Other techniques, where a covalent bond between the probe and the radical
is formed, typically involve further transformations of the primary radical
adduct to a nonradical product and require separation and identification of
the product by chromatographic techniques coupled to highly sensitive de-
tection modalities, including electrochemical or mass spectrometric de-
tectors. EPR spin trapping provides nondestructive, real-time monitoring of
the accumulation of the spin adduct(s), and in many cases spectra of the
mixture of several different spin adducts can be deconvoluted, and the
kinetic profiles of each radical adduct established.17

Two major classes of spin traps have been developed: C-nitroso com-
pounds and nitrones (Scheme 13.1).18 In each case, the radical addition
results in the formation of the nitroxide product, typically of sufficient sta-
bility to be detected by EPR spectrometry.

The most popular nitroso spin traps include 2-methyl-2-nitrosopropane
(MNP, Scheme 13.2) and the aromatic nitroso analogs NB (ni-
trosobenzene),19,20 ND (nitrosodurene)21 and water-soluble 3,5-dibromo-4-
nitrosobenzene sulfonate (DBNBS).22

The advantage of the C-nitroso spin traps lies in the direct attachment of
the radical to the nitrogen atom of the nitroxide moiety, resulting in sig-
nificant perturbance of the nitroxide EPR spectrum, revealing hyperfine

Scheme 13.1 Trapping of the X� radical by nitroso and nitrone spin traps to form
nitroxide spin adducts.
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splittings from the nuclei of the trapped radical and allowing more
straightforward identification of the radical trapped.

Two classes of nitrone spin traps are widely used: (i) the linear nitrones,
including phenyl-N-tert-butylnitrone (PBN) and POBN (a-[4-pyridyl 1-oxide]-
N-tert-butylnitrone), and (ii) the pyrroline-based cyclic nitrones, including
5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 5-ethoxycarbonyl-5-methyl-1-pyrro-
line-N-oxide (EMPO), 5-tert-butoxycarbonyl-5-methyl-1-pyrrolineN-oxide (BMPO),
5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO) and 5-(diiso-
propoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DIPPMPO, Scheme 13.3).

In the case of nitrone spin traps, the spectrum-based assignment of the
radicals trapped is not obvious and requires the reference spectrum obtained
under a controlled reaction of the radical of interest with the spin trap. How-
ever,muchwider application of nitrones has been found in biological sciences,
due to their superior applicability to detect oxygen-derived/centered radicals.

The advantage of most spin traps is their relatively wide electrochemical
window,23–26 resulting in their resistance to relatively strong one-electron
oxidizing and reducing agents in electron transfer reactions. Many of those
radical species add to the double bond of the spin trap rather than accepting
or donating an electron or hydrogen atom. Therefore, under most con-
ditions, the detection of a spin adduct provides unequivocal proof for the
occurrence of the radical of interest. Although uncommon, under specific
conditions, the EPR-active nitroxide may be potentially formed via other
mechanisms, including (i) addition of nucleophilic substrate followed by
one-electron oxidation of the resulting hydroxylamine (Forrester–Hepburn
reaction, Scheme 13.4a) or (ii) one-electron oxidation followed by reaction of
the resulting spin trap radical cation with water or other nucleophiles
(inverted spin trapping, Scheme 13.4b). Several experimental approaches
have been developed to identify the occurrence of those reactions.27–30

Since the spin-trapping technique was established, significant progress in
spin trap development has been made, which has provided a better under-
standing of the spin-trapping reaction chemistry and of the kinetics and

Scheme 13.3 General structures of linear and cyclic nitrones.

Scheme 13.2 Examples of C-nitroso spin traps.
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stability of the spin adduct in chemical and biological systems.31–35 The spin-
trapping technique has been instrumental in studying the formation of free
radicals in numerous chemical reactions and has likely made the greatest
impact in redox biochemistry, enzymology and free radical biology, toxicol-
ogy and medicine.34–42 Although the spin-trapping technique has existed for
over half a century, it is still evolving, with new structures being designed and
tested,18 and new (bio)analytical approaches to detect the adducts in bio-
logical systems in vitro and in animals in vivo continuing to be developed.

In this chapter, we provide examples of how the spin-trapping technique
can be used to study the chemical mechanisms of the oxidation of redox
probes, we provide the chemical aspects of the detection of different bio-
logically relevant radicals, and we show recent advances in spin trap devel-
opment and extension of the technique to non-EPR detection modalities.

13.2 Application of the Spin-trapping Technique
in the Mechanistic Studies of Redox Probes

13.2.1 Mechanism of the Reaction of Boronate Probes
with Peroxynitrite

Aromatic boronates undergo oxidation to the corresponding phenols upon
reaction with hydrogen peroxide (H2O2), peroxyacids, hypohalogenous acids,
amino acid hydroperoxides and peroxynitrite (ONOO�).43–48 This has been
utilized in the development of redox probes for detection of such oxidants in
cell-free and cellular systems. In the case of the reaction of boronates with
ONOO�, the phenolic product, as well as minor products including nitro-
benzene, is formed (Scheme 13.5).44,49

EPR spin-trapping experiments were performed to explore the role of
radical species in the formation of the nitrobenzene-type product. In fact,
application of the MNP nitroso spin trap (Scheme 13.2) allowed the detection
of the spin adduct, whose EPR spectrum was sensitive to the actual sub-
stituent on the phenyl ring of the phenylboronic acid (Figure 13.1), con-
sistent with the formation of phenyl-type radicals during the reaction of
phenylboronates with ONOO�.

Scheme 13.4 Nitroxide formation from spin traps not involving radical addition.
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Moreover, the addition of the spin trap led to decreased yield of the minor
products, further confirming the involvement of the radical intermediate(s)
in their formation. Also, DEPMPO cyclic nitrone was used to detect the
intermediate radical formed during the reaction, and, again, a spectrum
consistent with a carbon-centered radical adduct (12 lines, aH¼ 22.8,
aP¼ 44.8 G) has been detected. These data, together with product analyses
and DFT calculation, pointed to the mechanism of boronate oxidation by
ONOO� occurring via two pathways of the decomposition of the ONOO�

adduct to boronates: major heterolytic cleavage of the O–O bond leading to
the phenolic product and minor (10–15% yield) homolytic cleavage of the
O–O bond leading to the formation of the phenyl and nitrogen dioxide
(�NO2) radicals (Scheme 13.6).

EPR spin trapping was also used to probe free radical formation during
the reaction of ONOO� with a bioluminescent boronate probe, peroxy-caged
luciferin (PCL-1, Figure 13.2A).50 Upon oxidation, the primary phenolic
product formed eliminates quinone methide to form luciferin, a substrate
for luciferase. In the presence of spin traps, the reaction between PCL-1 and
ONOO� leads to the formation of spin adducts of a carbon-centered radical,
both for MNP and DIPPMPO spin traps (Figure 13.2B,C). Liquid
chromatography–mass spectrometry-based analyses of the spin adducts
confirmed the trapping of the phenyl radical formed during the reaction
(Figure 13.2D,E).50

Scheme 13.5 Major and minor products formed during the reaction of aromatic
boronic acids with ONOO�.
Adapted and reprinted with permission from A. Sikora, J. Zielonka, M.
Lopez, A. Dybala-Defratyka, J. Joseph, A. Marcinek, B. Kalyanaraman.
Reaction between peroxynitrite and boronates: EPR spin-trapping,
HPLC analyses and quantum mechanical study of the free radical
pathway. Chemical research in toxicology. Reproduced from ref. 49
with permission from American Chemical Society, Copyright 2011.
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Figure 13.1 Experimental (solid lines) and simulated (dashed lines) EPR spectra of
the spin adducts to MNP of phenyl radical produced during the reaction
of different phenylboronates with ONOO�.
Reproduced from ref. 49 with permission from American Chemical
Society, Copyright 2011.

Scheme 13.6 Formation and trapping of the phenyl radical in the minor pathway of
the reaction of boronic acids with ONOO�.
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When spin-trapping experiments using the MNP spin trap were performed
on phenylboronates bearing the bulky triphenylphosphonium moiety,
attached to the phenyl ring via a methylene group in positions ortho-, meta-
and para- to the boronate group, the spin-trapping results were significantly
affected by the relative position of both groups (Figure 13.3).

In the case of the para position, a spectrum of the spin adduct displayed
an additional hyperfine splitting due to the spin interaction with the phos-
phorus atom; however, no such splitting was observed in the case of themeta

Figure 13.2 Studies of the mechanism of the reaction between PCL-1 and ONOO�,
using EPR spin trapping in combination with liquid chromatography–
mass spectrometry analyses of the spin adducts.
Reproduced from ref. 50 with permission from Elsevier, Copyright
2016.
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isomer, and no EPR signal was detected in case of the ortho isomer
(Figure 13.3). Because the yield of the phenyl radical was similar for all three
isomers, the lack of trapping of the phenyl radical in the case of the ortho
isomer must be due to steric hindrance, resulting in a slower trapping
reaction and rapid intramolecular scavenging of the phenyl radical via a
cyclization reaction.51 In fact, the identification and quantitation of the
products of the reaction indicate that the nitrobenzene type product
(oMitoPhNO2) is formed with only 0.5% yield, and the predominant minor
product (10.5% yield) is cyclo-oMitoPh (Scheme 13.7).52

The DEPMPO spin trap was used to detect phenyl radicals during the re-
action of 4-acetylphenylboronic acid (APBA) withONOO� produced in situ from
co-generated fluxes of superoxide radical anion (O2

��) and nitric oxide radical
(�NO, Figure 13.4). Incubation of DEPMPO with an enzymatic superoxide-
generating system (xanthine/xanthine oxidase, X/XO) led to the formation of
the superoxide spin adduct, and the signal was completely inhibited in the
presence of superoxide dismutase (SOD). The addition of an �NO-donor re-
sulted in the appearance of the EPR spectrum attributable to the hydroxyl
radical adduct, consistent with the spontaneous decomposition of ONOO�

Figure 13.3 EPR spectra of the spin adducts formed during the reaction between
ortho-, meta- and para-isomers of MitoPhB(OH)2 (MitoPBA) probes and
ONOO� in the presence of the MNP spin trap. Reproduced from ref. 51
with permission from American Chemical Society, Copyright 2013.
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with the formation of the hydroxyl radical, HO�. Similar to the reaction with
bolus ONOO�, the APBA reaction with ONOO� generated in situ leads to the
appearance of the 12-line spectrum attributed to the phenyl radical adduct.

Interestingly, when APBA was added to the superoxide-generating system in
the absence of �NO donor, the spectrum of the hydroxyl radical adduct – rather
than the EPR spectrum of the superoxide adduct – was detected. The signal
was fully inhibitable by SOD; this indicates that the hydroperoxyl adduct is
reduced to the hydroxyl adduct by the boronate compound (Scheme 13.8).49

This implies that boronates can be used for nonenzymatic conversion of
the superoxide spin adduct to hydroxyl radical spin adduct, e.g., for spectral
characterization of the hydroxyl adduct and to confirm the identity of the
superoxide adduct. This approach was applied recently for a spin trap em-
bedded in mesoporous silica particles.53 Furthermore, during the spin ad-
duct reduction, boronate undergoes oxidation to the phenolic product,
opening up the possibility of detecting the superoxide spin adduct by
monitoring SOD-dependent oxidation of fluorogenic boronate probes.54

13.2.2 Generation of Superoxide upon One-electron
Oxidation or Reduction of Redox Probes

Most spectrophotometric and luminescence-based probes for biologically
relevant radicals rely, at least in part, on relatively strong one-electron oxi-
dizing or reducing properties of the radical species.55–57 Therefore, probe-
derived one-electron oxidized or reduced radical species are obligatory
intermediates during the conversion of redox probes into the detectable
products.55 It has been demonstrated that numerous probes used to detect
biological radicals can react with oxygen to produce superoxide upon

Scheme 13.7 Phenyl radical formed from oMitoPhB(OH)2 probe undergoes rapid
cyclization, and no EPR signal can be detected using the MNP spin trap.
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one-electron oxidation or reduction.58–62 This is a significant limitation of
the many redox probes for reactive oxygen species (ROS), as ROS-
independent probe oxidation/reduction may lead to ROS formation. De-
termination of the ability of the probe to produce O2

�� is not trivial, leading
to controversies regarding the utility of many widely used redox probes. EPR
spin trapping of probe-derived radicals and O2

�� was instrumental in the
investigation of those phenomena. Among the probes for O2

��, lucigenin
and nitroblue tetrazolium (NBT) are cationic compounds, whose ability to
detect O2

�� is based on its reducing properties and the reaction of the sec-
ond O2

�� molecule with the intermediate radical. In the case of lucigenin,
the reaction of the probe radical with O2

�� leads to spontaneous emission of
blue luminescence. However, it has been demonstrated using DEPMPO-
based spin trapping that lucigenin may act as a one-electron redox cycling
agent, accepting electrons from redox centers of the proteins and passing
them to molecular oxygen to form O2

�� (Scheme 13.9).63,64 The reaction of
the lucigenin radical cation with oxygen has been subsequently confirmed
by monitoring the decay of this intermediate in the presence of oxygen using
the pulse radiolysis technique.60

In the case of the NBT probe, reduction by superoxide results in the for-
mation of a blue-colored formazan, detectable by spectrophotometry. How-
ever, with the help of the DEPMPO spin trap, it has been demonstrated that
NBT can stimulate O2

�� generation by nitric oxide synthase.65 This observation

Scheme 13.8 Reduction of the superoxide adduct to DEPMPO by phenylboronate.

Scheme 13.9 Production and trapping of O2
�� upon one-electron reduction of

lucigenin by enzyme redox centers.
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points to the redox cycling ability of the intermediate radical formed upon one-
electron reduction of NBT in a reaction similar to that described for the luci-
genin radical cation (Scheme 13.10).

Several widely used redox probes (e.g., dichlorofluorescin [DCFH], dihy-
drorhodamine and hydroethidine) are the products of two-electron re-
duction of commonly used fluorophores, dichlorofluorescein (DCF),
rhodamine 123 and ethidium. Upon reoxidation of those probes, the fluor-
escent products are formed, providing a fluorescence-based assay for cellular
oxidants. Among those probes, the DCFH probe continues to be widely used
as a probe for cellular ROS, and multiple reports have focused on its re-
activity and applicability for ROS measurements.66–68 Spin trapping was
instrumental in understanding the mechanism of probe oxidation and the
possibility of producing superoxide by the probe. Use of the DMPO spin trap
has demonstrated that O2

�� is formed upon one-electron oxidation of DCFH
by H2O2 or ONOO

� in the presence of peroxidase, implicating the ability of
the intermediate radical to reduce oxygen.69,70 This is consistent with the
pulse radiolysis report that demonstrated the reaction of DCFH-derived
radical with oxygen.62 The ability of the DCFH radical to produce O2

��,
which dismutates into H2O2, led to self-propagation of DCFH oxidation in
the presence of peroxidase, pointing to a significant limitation in the use of
the probe for ROS detection, as any species capable of oxidizing DCFH to its
radical would initiate H2O2-dependent catalase-inhibitable probe oxi-
dation.69,70 The same radical can be formed by photoreduction of the

Scheme 13.10 Free radical chemistry of the DCFH probe. The species identified by
EPR spin trapping are indicated.
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fluorescent product, DCF, in the presence of bioreductants (reduced glu-
tathione [GSH], reduced nicotinamide adenine dinucleotide [NADH]).71 In
such a case, spin trapping with DMPO confirmed the formation of super-
oxide, which can be formed via reduction by the DCF-derived radical and
due to radical chemistry of the thiyl radical (GS�) and NAD� radical formed.71

It also has been demonstrated that the fluorescent product, DCF, is a sub-
strate for peroxidase and undergoes oxidation to a phenoxyl radical. The
formation of such a radical was confirmed by the detection of the EPR
spectrum of the DCF radical adduct to the MNP spin trap.72 The DCF phe-
noxyl radical reacts with GSH and NADH to form the corresponding radicals,
which in turn reduce oxygen to O2

��, as confirmed by EPR spin trapping
using DMPO.72 While in the presence of GSH, the GS� adduct was observed;
in the case of NADH, the superoxide adduct was detected.72 The overall
radical chemistry of the DCFH/DCF system and the spin trapped radical
species is shown in Scheme 13.10.

DCFH is not unique in its ability to photosensitize oxidation of bior-
eductants (e.g., NADH), with the formation of O2

��. For example, resorufin,
the product of Amplex Red oxidation, was shown to undergo photoreduction
followed by reoxidation in the presence of oxygen. The use of DMPO has
demonstrated that O2

�� is formed upon photoreduction of resorufin in the
presence of NADH.73 Also, the Amplex Red probe can serve as an electron
donor in place of NADH in an analogous reaction.74

13.3 Application of the Spin-trapping Technique to
Detect Biologically Relevant Radicals

In biological systems, radicals can be formed as reaction intermediates or
end products of enzymatic reactions. In addition, biologically relevant rad-
icals are formed starting from superoxide and/or nitric oxide in a cascade of
reactions involving ROS and reactive nitrogen species, and their interaction
with biomolecules (Scheme 13.11).

Scheme 13.11 ROS network and radical species formed.
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The spin trap to be used for a specific radical species should be chosen
based on the kinetics of the reaction of the species with the spin trap, the
stability of the adduct formed (kinetic requirement) and the spectroscopic
properties of the spin adduct, allowing for unambiguous identification of
the radical trapped (spectral requirement). Recently, application of a cocktail
of different spin traps was proposed to trap a wide range of radicals in a
single experiment.75 In the case of biological systems, the cellular/sub-
cellular localization in vitro and/or pharmacokinetic properties in vivo also
should be considered. In any case, the spin trap should not be toxic and
should not in other ways perturb the system under investigation. As a gen-
eral rule, nitroso spin traps are useful for the detection of carbon-centered
radicals, while cyclic nitrones traps are choice for studying oxygen- or sulfur-
centered radicals.

13.3.1 Superoxide Radical Anion/Hydroperoxyl Radical

Superoxide radical anion (O2
��), a product of the one-electron reduction of

molecular oxygen, is not stable and undergoes spontaneous dismutation,
involving its protonated form (hydroperoxyl radical [HO2

�]) to produce
hydrogen peroxide:

O2
��þHO2

� þH1-O2þH2O2

Therefore, the spin trap has to compete not only with other targets of
superoxide (e.g., superoxide dismutases) but also with the self-dismutation
reaction. This is a pH-dependent, second-order process, and the lifetime of
superoxide can be increased under the conditions of low fluxes of O2

�� and
higher pH of the solution. Although initial attempts to spin trap superoxide
were done using nitrosoalkyl and linear nitrone spin traps, the short lifetime
of the adduct formed76 makes those spin traps nonpractical. Although the
rate constant of the reaction of the DBNBS spin trap with superoxide was
determined by pulse radiolysis to equal 4.4�107 M�1 s�1, the primary spin
adduct decomposes within 1 s in a second-order reaction, with the rate
constant of 5.7�106 M�1 s�1.76 On the other hand, although the reaction of
cyclic nitrones with O2

�� is significantly slower (kB100–102 M�1 s�1),17,77–82

their good water solubility and the superior stability of the spin adduct make
them the spin traps of choice for O2

�� detection (Scheme 13.12).
Due to the slow kinetics of trapping, a high concentration of the spin traps is

required (typicallyZ50 mM). Initially, DMPO was utilized for the detection of
superoxide.83 However, the superoxide spin adduct to DMPO has a half-life of
50 s,84 and its decomposition is accompanied by the appearance of a hydroxyl

Scheme 13.12 Trapping of superoxide (O2
��/HO2

�) by cycling nitrones.
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radical spin adduct, creating a potential for misidentification of the radical
trapped. The exact mechanism of the superoxide adduct decay and the extent
of its conversion into the hydroxyl radical adduct remain to be
established.17,85–88 Several derivatives and analogs of DMPO have been de-
signed and synthesized, with the aim of increasing the rate of superoxide
trapping, extending the lifetime of the spin adduct and avoiding spontaneous
conversion into the hydroxyl radical adduct.89–93 Currently, DEPMPO and
DIPPMPO (Scheme 13.4) and their derivatives seem to be the most optimal
spin traps for the detection of superoxide.53,89,90,94–97 The presence of a
phosphorus atom leads to an increased (doubled) number of lines in the EPR
spectrum, which leads to lower sensitivity; however, this is compensated by an
increased lifetime of the radical adduct. Additional hyperfine splitting by
phosphorus makes it more straightforward to distinguish adducts of different
radicals and deconvolute spectra of the mixture of the adducts. DEPMPO has
been extensively used in biochemical studies investigating superoxide
production.42,63,65,98–102 For example, the ‘‘uncoupling’’ of nitric oxide
synthase leading to the production of superoxide was studied, and the role of
the presence/concentration of enzyme cofactors was determined.42,65,99–102

The superoxide adduct to cyclic nitrones is subject to the reducing agents
and enzymes, including GSH and glutathione peroxidase, respectively. In
such cases, the superoxide adduct is converted into the hydroxyl radical
adduct, even in the case of spin traps, which avoid the spontaneous con-
version. This is an important limitation of all small-molecule spin traps
forming hydroperoxyl radical adducts. Embedding cyclic nitrones and/or
spin adducts in the macrocyclic structures and particles has been shown as a
promising strategy to protect the superoxide radical adduct from the low-
molecular-weight and enzymatic reductants.53,103–111 As a general rule, the
detection of superoxide by spin trapping should be accompanied by a
demonstration of the sensitivity of the signal to inhibition by superoxide
dismutase, a powerful enzymatic scavenger of O2

��.

13.3.2 Hydroxyl Radical

Hydroxyl radical (�OH), one of the strongest oxidants generated in biological
systems, exhibits high reactivity toward most biomolecules. In addition, in
the absence of scavengers, �OH decomposes in a rapid bimolecular reaction
to form H2O2:

2�OH-H2O2

Therefore, a high concentration of the spin trap is required to detect �OH
in the presence of other scavengers, and detecting �OH in biological systems
remains a challenge. Cyclic nitrones are typically used to detect �OH, due to
the relatively long lifetime of the adduct formed.83 However, because of the
potential to form the �OH adduct in systems generating other oxygen-
centered radicals (e.g., CO3

��), the confirmatory experiments for the pres-
ence of �OH always should be performed. Typically, the addition of �OH
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scavengers, known to produce secondary radicals, which could be trapped
and produce characteristic EPR spectra, is the preferred way to identify �OH.
Dimethyl sulfoxide (DMSO), ethanol (EtOH) or formate (HCOO�) are most
often used for this purpose (Scheme 13.13).

�OHþ (CH3)2SO-CH3SO2Hþ �CH3

�OHþCH3CH2OH-CH3
�CHOHþH2O

�OHþHCOO�-CO2
��þH2O

As an example, the incubation of the Fenton reagent with the BMPO spin
trap resulted in the appearance of the hydroxyl radical adduct; however, the
adduct was not formed in the presence of bromide, and the spectra of
CH3

�CHOH and CO2
�� radical adducts were detected when EtOH or HCOO�,

respectively, were present in the solution (Figure 13.5).112

13.3.3 Nitrogen Oxides

Nitric oxide (�NO) is a stable radical with an important role in cellular sig-
naling. In the presence of oxygen, it undergoes oxidation via ONOO�, �NO2

and N2O3 to nitrite. Nitrogen dioxide (�NO2) can be also formed from
ONOO�, a product of the reaction of �NO with O2

�� or via myeloperoxidase-
catalyzed oxidation of nitrite anion by H2O2 (Scheme 13.11).

EPR spin trapping of �NO, ONOO� and �NO2 is challenging due to the in-
efficiency of trapping and/or instability of the spin adducts when using ni-
trones or nitroso spin traps. Alternative approaches have been proposed and
used for the detection of nitrogen oxides by EPR spectroscopy both in vitro and
in vivo.113–116 This includes the development of novel spin traps based on the
reaction of cis-dienes with �NO or �NO2 to produce stable nitroxides
(Scheme 13.14).117,118 These compounds, called NO cheletropic traps (NOCT),
have shown the ability to trap �NO in organic solvents and in some model

Scheme 13.13 Spin trapping of the hydroxyl radical and the effect of �OH scav-
engers on the identity of the spin adduct formed.
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cellular systems, but their wider application was limited due to their poor
aqueous solubility and stability. To overcome the low stability issue, NOCT
traps are formed in situ by photolysis of the carbonyl precursors.119 Further
reports extended NOCT into the fluorescence detection modality,120–122 and
new chemical structures for improved NOCT probes have been proposed, and
mechanistic details of the trapping process explored.123–127

Also, a spin-trapping approach for �NO and �NO2 using deprotonated ni-
troalkanes has been reported. Upon deprotonation, nitromethane and

Scheme 13.14 NOCT traps for the detection of �NO and �NO2.

Figure 13.5 Effect of hydroxyl radical scavengers on the EPR spectrum recorded during
incubation of the BMPO spin traps with the Fenton reagent (FR).
Reproduced from ref. 109 with permission from Elsevier, Copyright 2006.
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longer chain homologs act as spin traps, reacting, e.g., with �NO and �NO2,
forming stable dianionic nitrosonitro or dinitro spin adducts
(Scheme 13.15).128–130 Although this reaction has been used for the detection
of �NO2,

131,132 it is limited to strong alkaline solutions (pH410) and thus is
not suitable for most biological systems.

One of the features of the chemical reactivity of �NO is its rapid reaction
with metal complexes. This has been utilized to design iron–dithiocarbamates
complexes as spin traps for �NO. As one of the first of such complexes, iron(II)
diethyldithiocarbamate Fe21(DETC)2 (Scheme 13.16) has been synthesized,
and its reactivity toward �NO and EPR spectrum of the resulting nitrosylated
complex characterized.133,134 Low aqueous solubility of the Fe21(DETC)2
complex significantly limits its applicability to detect �NO in biologically
relevant systems. Introduction of the carboxylic functionality or glucamine
(MGD) into the dithiocarbamate ligand (Scheme 13.16) improves the solubility
of the complex, and such probes have been used to detect �NO in cell sus-
pension, isolated tissues and animal models in vivo.135–138

Another class of spin probes for �NO is nitronyl nitroxides.139–141 Trapping
of �NO, followed by elimination of �NO2, results in the formation of the
imino nitroxide product (Scheme 13.17), with a characteristic EPR spec-
trum.139,142,143 Linking the nitronyl nitroxide to pyrene fluorophore enabled
the detection of �NO by fluorescence spectroscopy, due to differences in the
fluorescence quenching capacity between the nitronyl nitroxide and imino
nitroxide moieties.144

Scheme 13.15 Spin trapping of �NO and �NO2 using nitroalkanes under basic
conditions.

Scheme 13.16 Detection of �NO using iron–dithiocarbamate complexes.
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13.3.4 Alkyl Radicals

Alkyl radicals are obligatory intermediates of lipid peroxidation. Their de-
tection can be accomplished using both nitrones and nitroso spin
traps.145–150 The choice of the actual spin trap may be affected by the en-
vironment of the alkyl radical (e.g., lipophilicity) and the requirement for
identification of the radical trapped. Nitroso spin traps typically produce
EPR spectra with a stronger influence from the trapped radical, resulting in
more pronounced hyperfine splitting (see Figure 13.1 vs. Figure 13.4). Like
most carbon-centered radicals, alkyl radicals react rapidly with molecular
oxygen (kB109 M�1 s�1), forming peroxyl radicals.

R� þO2-ROO�

Therefore, the competition between the spin trap and oxygen and/or other
scavengers should be considered, and the spin trap concentration appro-
priately chosen for efficient spin trapping of the species of interest.

13.3.5 Peroxyl Radicals

Efficient trapping of alkylperoxyl radicals and identification of the corres-
ponding spin adducts are challenging tasks due to the instability of the spin
adduct. In fact, numerous claims of the detection of the peroxyl radical spin
adducts have been revised, and the adducts reassigned to alkoxyl radical ad-
ducts.151,152 A homolytic cleavage of the O–O bond in the peroxyl radical spin
adduct results in elimination of the alkoxyl radical and formation of ni-
trosoaldehyde (Scheme 13.18a).153 Trapping of the eliminated alkoxyl radical
by another molecule of the spin traps results in formation of the radical

Scheme 13.17 Reaction of �NO with nitronyl nitroxides.

Scheme 13.18 Formation and decomposition of the peroxyl radical adducts to
selected spin traps.
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adduct, potentially confusing the spectral assignment of the radical adduct
detected. Also, the base-catalyzed heterolytic cleavage of the O–O bond in the
spin adducts has been reported for the peroxyl radical adducts to DMPO
(Scheme 13.18b) and PBN spin traps.154,155 In those cases, elimination of al-
cohol results in the formation of EPR-active a-oxo nitroxide.

13.3.6 Thiyl Radicals

Thiyl radicals are formedupon one-electron oxidation of thiols, typically electron
transfer from the thiolate anion or hydrogen atom transfer from the thiol. Thiyl
radicals can dimerize to form disulfides. In the presence of excess thiols, the
thiyl radicals can also form disulfide radical anion, which subsequently reduces
oxygen to form superoxide and disulfide (as shown for GS� in Scheme 13.11).
Themost common class of spin trap used to detect GS� and other thiyl radicals is
cyclic nitrones, including DMPO and DEPMPO, due to a high rate constant of
trapping reaction and the improved stability of the spin adduct.91,95,156–160 For
both DMPO and DEPMPO, the reversibility of the spin adduct formation was
reported, and the possibility of the addition of the thiol to a double bond of the
spin trap was investigated.161 The possibility of spin adduct formation via the
Forrester–Hepburn mechanism (Scheme 13.4a) was also demonstrated.161 To
avoid the potential occurrence of inverted spin trapping (Scheme 13.4b),
DEPMPO may be a preferred spin trap, due to a wider redox window, when
strong oxidants are used to generate the thiyl radicals.156 DEPMPO and its
mitochondria-targeted analog, Mito-DEPMPO, also produce more stable spin
adducts compared with DMPO.95,162 Because the spectral patterns of the hy-
droxyl radical adduct and thiyl radical adducts are similar for both the DMPO
and DEPMPO spin traps, the hyperfine splitting constants must be determined
and compared with the values of independently prepared thiyl radicals in order
to properly identify the radical adducts. A thiol oxidation-independent gener-
ation of thiyl radicals via photolysis of nitrosothiols or disulfidesmay be used for
spectral characterization of the thiyl radical spin adducts.156,163

13.3.7 Protein-bound Radicals

Protein radicals, with the spin located on amino acid residues, are formed as
intermediates in the catalytic mechanisms of several enzymes as well as the
products of the interaction of proteins with ROS.164–168 Direct detection has
been accomplished in some cases; however, in most cases, the spin-trapping
technique had to be applied to detect and identify the protein-bound amino
acid radicals.168,169 The amino acids involved include tyrosine, cysteine,
tryptophan, histidine and lysine and represent phenoxyl, thiyl and nitrogen-
and carbon-centered radicals.160,170–174 Both nitroso (MNP, DBNBS) and
nitrone (PBN, DMPO) spin traps have been used to detect protein-bound
radicals. Interestingly, depending on the spin trap used, different types of
spin adducts may be formed from the same amino acid radical. For example,
the tyrosyl radical may produce phenoxyl-type (via phenolic oxygen) adduct

Spin Trapping 501

https://www.twirpx.org & http://chemistry-chemists.com



to DMPO, while carbon-centered (via benzene ring carbon) radical adduct is
formed in the presence of the MNP or DBNBS spin trap.170,175,176

Typically, the EPR spectra of protein-bound spin adducts exhibit partial
anisotropy due to the limited mobility of the trapped residue(s).37,38 Al-
though this may limit the sensitivity (line broadening) and make spectral
assignment difficult, immobilization of the spin adduct can significantly
slow the bimolecular pathways of spin adduct decay, resulting in their im-
proved stability and accumulation. This may help in overcoming the sensi-
tivity issue, as well as in the characterization of the spin adducts by
complementary techniques. Furthermore, once a sufficient amount of spin
adduct is accumulated, the protein can be subjected to proteolysis to mo-
bilize the spin adduct and minimize line broadening.37,38

13.4 Derivatization of the Spin Traps for Specific
Applications

Derivatization of spin traps can be realized in different positions for special
applications (Figure 13.6), including subcellular targeting or linking to su-
pramolecular structures.

13.4.1 Targeting Spin Traps to Lipophilic Compartments

To study the lipid peroxidation processes, different PBN and EMPO derivatives
that accumulate in lipophilic compartments have been prepared

Figure 13.6 Examples of the derivatization strategies of the DIPPMPO spin trap for
special applications.
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(Scheme 13.19).177 To determine the penetration of radicals into the membrane
and to trap lipid radicals at a specific depth of the membrane, a series of spin
traps were designed with the position of the radical-trapping nitrone moiety at
chosen depths.178 DEPMPO substituted by a cholesteryl group in position 5 was
designed to target this spin trap to cholesterol-rich membrane domains, and its
ability to trap various radicals including superoxide was reported.179 Bitailed
amphiphilic phenyl-N-tert-butylnitrone derivatives were designed and evaluated
as inhibitors of oxidation of anunsaturated lipid, the 1,2- dilinoleoyl-sn-glycero-3-
phosphocholine.180 Lipophilic spin traps have been also tested as potential
antioxidants for cell protection. FAMPO (Scheme 13.19), a nitrone bearing a
fluorinated amphiphilic carrier, has been developed as a potential cytoprotective
agent against H2O2-, ONOO�- and hydroxynonenal-induced cell death.181

A membrane-specific spin trap, 5-dodecylcarbamoyl-5-N-dodecylacetamide-1-
pyroline-N-oxide (Scheme 13.19), was developed to selectively target intracellular
membranes, with the option of labeling the probe with a fluorescent tag via
strain-promoted alkyne–nitrone cycloaddition for fluorescence microscopic
studies of probe intracellular localization.182

13.4.2 Mitochondrial Targeting

Mitochondria are one of themajor sources of O2
�� in cells, and development of

reliable methods of site-specific detection of free radicals is an active area of
research. The first mitochondria-targeted spin trap (Mito-PBN, Scheme 13.20)
was reported by Murphy et al.183 to study the mechanisms of O2

��-induced
activation of mitochondrial uncoupling proteins. Based on the determined
chemical reactivity of the Mito-PBN spin trap, it was concluded that Mito-PBN
was able to block O2

��-induced mitochondrial uncoupling protein activation
by scavenging carbon-centered radicals. Additional linear nitrones as

Scheme 13.20 Examples of mitochondria-targeted spin traps.

Scheme 13.19 Chemical structures of nitrone spin traps targeted to membranes.
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mitochondria-targeted antioxidant agents have been subsequently reported.184

Those spin traps utilized arylpyridinium cations as themitochondria-targeting
moieties. For the purposes of EPR-based detection of mitochondrial free
radicals, several cyclic nitrone-based mitochondria-targeted spin traps were
developed. Mito-BMPO (Scheme 13.20) was synthesized, its ability to trap
biologically relevant radicals confirmed, and the EPR spectra of radical ad-
ducts characterized.185 The first mitochondria-targeted spin trap reported to
detect mitochondria-generated O2

�� was Mito-DEPMPO (Scheme 13.20).94,95

Thereafter, more mitochondria-targeted spin traps bearing triphenylpho-
sphonium were developed and their mitochondrial uptake characterized,
but their ability to detect mitochondrial O2

�� or other radicals remains to be
established.96,186 Further studies are needed to confirm the ability of the
probes to detect free radicals in respiring mitochondria, and care must be
taken to avoid perturbing mitochondrial function by the spin trap and/or
targeting moiety. For example, triphenylphosphonium-linked compounds
were shown to inhibit mitochondrial complex I.187–191

13.4.3 Grafting Spin Traps in the Supramolecular Structures

It was observed that binding of the spin traps to cyclodextrins (CDs) results in
increased lifetime of the spin adducts and protects the adducts from
bioreduction.108–110,157,192 For example, a significant increase in the lifetime
of the superoxide adduct to the PBN spin trap in the presence of
b-cyclodextrin was reported.110 Determination of the association constant led
to the conclusion that the spin adduct (nitroxide) binds to the CDs stronger
than the nitrone spin trap.193 This suggests that although the nitrone may be
present outside the CD, upon trapping O2

��, it preferentially forms an
inclusion complex, resulting in an increased lifetime of the spin adduct.
However, the persistency of the superoxide spin adducts remained modest
due to the very short half-life of the unbound spin adduct (PBN–OOH) present
in the dynamic equilibrium with the CD-bound adduct. To improve the
stabilizing effect of the cyclodextrins on the spin adducts, linear nitrones
covalently grafted onto a b-cyclodextrin such as CD–PBN (Scheme 13.21) as
spin-traps for O2

�� were developed.111 Although it was estimated that only

Scheme 13.21 General structures of CD-conjugated spin traps.
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25% of the superoxide spin adduct is present as an inclusion adduct at
equilibrium, the persistency of the adduct was significantly improved, with
the EPR signal easily detectable 10 min after its formation.111

To further improve the trapping efficiency of O2
��, cyclic nitrone spin traps

such as b-CDMPO103 and CD–DEPMPO105 (Scheme 13.21) were covalently
bound to b-cyclodextrins. In both cases, the persistency of the superoxide
adduct and the rate of trapping were significantly increased, with the
DEPMPO–OOH lifetime increased by42-fold when conjugated to the b-CD
(from 17 min for DEPMPO–OOH to 40 min for CD–DEPMPO–OOH).105 Bind-
ing the DEPMPO spin trap to b-CD also resulted in slower nonenzymatic and
GPx-catalyzed reduction by GSH. To further improve the spin-trapping be-
havior of the CD-conjugated cyclic nitrones, various DEPMPO-based spin
traps, linked to a b-cyclodextrin with different alkyl chains on the phosphorus
atom or with a long spacer arm linking the trap to CD, were synthesized and
tested.97 Although the persistency of the superoxide adducts was close to the
value previously reported for CD–DEPMPO,105 the limit of O2

�� detection was
significantly improved. However, no significant improvement was observed
with regard to the resistance of the adducts to reduction by ascorbate or GSH.
Embedding the traps in CD still afforded significant protection of the super-
oxide spin adduct from enzymatic reduction by glutathione peroxidase.97

Additional studies aimed to improve the efficiency of the spin trapping of
superoxide by cyclic nitrones, and increased bioavailability included synthesis
of the CD–EMPO derivative where the EMPO cyclic nitrone was covalently
bound to b-CDwhile also derivatized using an alkyl dodecyl chain for increased
lipophilicity.104 Another approach was explored by grafting a calix[4]pyrrole on
the EMPO spin trap (CalixMPO) in order to improve the rate of trapping of
O2

��.194 It was reported that the rate of trapping of O2
�� in DMF as a solvent

can be increased by over two orders of magnitude when compared with the
DMPO spin trap.194 Despite all these advances, only a limited amount of work
has been done to determine the applicability of CD-linked spin traps to detect
biological radicals. While evaluating the efficiency of different cyclic nitrones
to trap extracellular O2

�� generated from RAW 264.7 macrophages,
CD–DIPPMPO showed the most improvement in the detection sensitivity of
the superoxide adduct.106 The trapping improvement was attributed not only
to the protection of the spin adduct by b-CD but also to the impermeability of
the CD-conjugated spin trap, preventing the interaction of the spin adduct
with cell components capable of reducing/metabolizing the adduct. The
CD–DIPPMPO spin trap enabled the measurement of O2

�� production in
unstimulated cells for the first time, with only a low (if any) amount of the
hydroxyl adduct formation.106,195

An alternative to supramolecular chemistry was proposed by grafting for
the first time a DEPMPO derivative on mesoporous silica (Figure 13.7) to
enhance the protection of the spin adducts against bioreductants.53 In
addition to resistance to GSH-mediated reduction, the superoxide adduct
exhibited an exceptional half-life of 3.5 h.53 Although it was demonstrated
that the trap can be used to detect cell-derived O2

��, the spin adduct was
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sensitive to the reduction by ascorbate. Future studies should focus on
particle structural optimization to limit the ability of ascorbate to reduce the
spin adduct and decrease the size of the particles in order to achieve the
desired tissue/cell penetration properties.

13.5 Combination of Spin Trapping with Other
Detection Modalities

13.5.1 Non-EPR Techniques to Detect Spin Adducts or Their
Degradation/Transformation Products

The advantage of EPR spin trapping includes the ability for noninvasive
monitoring of the spin adduct formation as well as spectroscopic character-
ization of the adduct, providing information on the identity of the radical
trapped. However, in addition to the requirement of appropriate instru-
mentation and expertise in EPR, the technique can only report the EPR-active
species, which in the case of spin adducts is typically nitroxide. Because
nitroxides may undergo reduction or oxidation in EPR-silent species
(Scheme 13.14), and because some spin adducts undergo some additional re-
arrangements, as discussed above, the EPR technique may not be sensitive
enough when the rate of spin adduct decay is significantly higher than the rate
of its formation. However, inmany cases, the covalent bond between the radical
trapped and the spin trap is retained during spin adduct degradation/trans-
formation, resulting in the formation of a new product carrying structural in-
formation about the radical trapped. Therefore, an array of various detection
modalities has been developed to complement and/or replace EPR-based de-
tection, resulting in improved sensitivity and/or more detailed structural
characterization of the adducts. These include nuclear magnetic resonance
(NMR),196 high-performance liquid chromatography with absorption,

Figure 13.7 Spin trapping of superoxide using the DIPPMPO-based mesoporous
silica SBA15 spin trap.
Reproduced from ref. 53 with permission from the Royal Society of
Chemistry.
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electrochemical or mass spectrometric detection,197–205 as well as im-
munodetection of the spin adducts206–208 and their in vivo imaging bymagnetic
resonance imaging (MRI).41 NMR and mass spectrometric197,209 analyses
proved to be especially useful in structural characterization of the adducts and
identification of the radicals trapped. Labeling spin traps with NMR-active
nuclei other than 1H or 13C provides unique opportunities for NMR spin
trapping. In the case of spin traps containing a phosphorus atom (e.g.,
DEPMPO, DIPPMPO), 31P-NMR spin trappingmay be used as a complementary
technique to EPR of spin adducts to noninvasively monitor more stable, non-
radical metabolites of the spin adducts.39,196 The immuno-spin-trapping
technique provides unparalleled sensitivity in the detection of the spin ad-
ducts of biological macromolecule-derived radicals (see Section 13.5.2).40,207,208

Conjugation of the anti-DMPO antibody with the MRI contrast agents allows
the detection of radicals in vivo using MRI technology.41 The most recent
development in the in vivo application of spin trapping includes the synthesis of
the 13C-labeled deuterated DMPO spin trap for in vivo free radical detection
using the hyperpolarized 13C-MRI technique.210

13.5.2 Immuno-spin Trapping

Originally developed in 2002, the immune-spin-trapping (IST) technique pro-
vided a novel, rigorous tool to detect free radical formation in biochemical and
biological systems, without the requirement of EPR instrumentation and ex-
pertise, while providing increased sensitivity due to the stability of the detect-
able adducts and sensitive immunodetection techniques. IST combines the
advantages of the chemistry of cyclic nitrone-based spin trapping of radicals
with those of immunological techniques, including sensitivity, higher
throughput and the opportunity to choose from several detection modalities.
The method is based on the use of a nitrone-specific antibody and takes ad-
vantage of the covalent bond formed between the radical trapped and the spin
trap and the fate of the spin adducts to cyclic nitrones. Due to the presence of
the hydrogen atom in position a to the nitroxide nitrogen atom, nitrone-based
spin adducts may undergo one-electron oxidation, forming highly stable ni-
trones (Scheme 13.22). Although the spin adduct is also subject to bioreduction
to the corresponding hydroxylamine derivative, such a process is reversible,
and, ultimately, most radical adducts to cyclic nitrones are transformed into the
corresponding nitrones.

Nitrones bound to macromolecules (e.g., proteins, DNA) can be recognized
using an antibody specific to the nitrone, after separation from the spin trap.
Currently, the only commercially available antibody to the cyclic nitrone is
anti-DMPO, which has been extensively validated in model biochemical
systems, as well as in cells in vitro and animal models in vivo.207 The anti-
DMPO-based IST technique has been used to detect amino acid radicals
produced during exposure of various proteins to H2O2, including myo-
globin,211,212 hemoglobin,213,214 neuroglobin,215 thyroid peroxidase216 and
Cu,Zn-SOD.217 In addition to protein radicals, the IST technique has been

Spin Trapping 507

https://www.twirpx.org & http://chemistry-chemists.com



extended to DNA-based radicals.208,218–223 While the technique does not
provide information about the type of radical trapped/detected per se,
combining IST with other techniques, including EPR, mass spectrometry
and modifications in protein amino acid residues, provides a powerful ap-
proach for characterization of protein-based radicals.224,225 The IST techni-
que in combination with the EPR spin-trapping and mass spectrometry
techniques has been used to study electron transfer between the tyrosine
radical and cysteine amino acid in selected heme proteins exposed to H2O2

or ONOO�.226 IST has been applied to study protein radical formation in
cells in vitro, including H2O2-induced oxidation of hemoglobin in red blood
cells,213 hypochlorous acid-induced catalase inactivation in hepatocytes,227

xenobiotic-induced protein oxidation in HepG2 cells, modification of MPO
in PMA-activated human neutrophils in the presence of sulfite228 and
lipopolysaccharide-induced, ONOO�-mediated protein oxidation in BV2
microglial cells.229 In vivo applications of IST to detect protein radicals in-
clude the genetic model (SOD1G93A) of amyotrophic lateral sclerosis,230 the
maneb- and paraquat-induced mouse models of Parkinson’s disease231 and
the lipopolysaccharide-based mouse model of sepsis.232,233 Conjugation of
the anti-DMPO antibody with MRI contrast agents enabled the IST technique
to be combined with MRI-based detection for in vivo detection and local-
ization of macromolecule free radicals.41

Other approaches for immuno-spin trapping involved the conjugation of
the cyclic nitrone (DMPO or DEPMPO) to biotin moiety.234,235 Although such
spin traps are larger, their potential advantage is the insensitivity of the
assay to the decomposition of the spin adduct, as long as the biotin moiety is
still attached to the macromolecule that formed the radical, and the ability
to use streptavidin-based particles to capture, concentrate and characterize
the trapped macromolecule.
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26. M. Rosselin, B. Tuccio, P. Pério, F. A. Villamena, P.-L. Fabre and

G. Durand, Electrochim. Acta, 2016, 193, 231–239.
27. M. Triquigneaux, B. Tuccio, R. Lauricella and L. Charles, J. Am. Soc.

Mass Spectrom, 2009, 20, 2013–2020.

Spin Trapping 509

https://www.twirpx.org & http://chemistry-chemists.com



28. K. Ranguelova and R. P. Mason, Free Radical Biol. Med., 2009, 47,
128–134.

29. F. Leinisch, K. Ranguelova, E. F. DeRose, J. Jiang and R. P. Mason,
Chem. Res. Toxicol., 2011, 24, 2217–2226.

30. F. Leinisch, J. Jiang, E. F. DeRose, V. V. Khramtsov and R. P. Mason,
Free Radical Biol. Med., 2013, 65, 1497–1505.

31. H. Kaur, Free Radical Res., 1996, 24, 409–420.
32. M. J. Davies, in Electron Paramagnetic Resonance, ed. M. J. D. Bruce

C. Gilbert and D. M Murphy, Royal Society of Chemistry, vol. 18, 2002,
pp. 47–73.

33. T. J. Kemp, Prog. React. Kinet., 1999, 24, 287–358.
34. C. L. Hawkins and M. J. Davies, Biochim. Biophys. Acta, 2014, 1840,

708–721.
35. F. A. Villamena and J. L. Zweier, Antioxid. Redox Signaling, 2004, 6,

619–629.
36. M. J. Davies, Methods, 2016, 109, 21–30.
37. M. Davies and C. Hawkins, Free Radical Biol. Med., 2004, 36, 1072.
38. O. Augusto and S. M. Vaz, Amino Acids, 2007, 32, 535–542.
39. L. J. Berliner, V. Khramtsov, H. Fujii and T. L. Clanton, Free Radical Biol.

Med., 2001, 30, 489–499.
40. R. P. Mason, Redox Biol., 2016, 8, 422–429.
41. R. A. Towner and N. Smith, Antioxid. Redox Signaling, 2018, 28,

1404–1415.
42. J. Vásquez-Vivar, B. Kalyanaraman, P. Martásek, N. Hogg, B. S. S. Masters,
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B. Gallez, PLoS One, 2017, 12, e0172998.

Spin Trapping 511

https://www.twirpx.org & http://chemistry-chemists.com



76. N. B. Nazhat, G. Yang, R. E. Allen, D. R. Blake and P. Jones, Biochem.
Biophys. Res. Commun., 1990, 166, 807–812.

77. R. Michalski, J. Zielonka, M. Hardy, J. Joseph and B. Kalyanaraman,
Free Radical Biol. Med., 2013, 54, 135–147.

78. F. A. Villamena and J. L. Zweier, J. Chem. Soc., Perkin Trans. 2, 2002,
1340–1344.

79. F. A. Villamena, S. Xia, J. K. Merle, R. Lauricella, B. Tuccio, C. M. Hadad
and J. L. Zweier, J. Am. Chem. Soc., 2007, 129, 8177–8191.

80. J. Weaver, P. Tsai, S. Pou and G. M. Rosen, J. Org. Chem., 2004, 69,
8423–8428.

81. S. Goldstein, G. M. Rosen, A. Russo and A. Samuni, J. Phys. Chem. A,
2004, 108, 6679–6685.

82. E. Finkelstein, G. M. Rosen and E. J. Rauckman, J. Am. Chem. Soc., 1980,
102, 4994–4999.

83. G. R. Buettner and R. P. Mason, in Methods Enzymol., Academic Press,
vol. 186, 1990, pp. 127–133.

84. G. R. Buettner and L. W. Oberley, Biochem. Biophys. Res. Commun.,
1978, 83, 69–74.

85. G. R. Buettner, Free Radical Res. Commun., 1993, 19(Suppl. 1),
S79–87.

86. E. Finkelstein, G. M. Rosen and E. J. Rauckman, Mol. Pharmacol., 1982,
21, 262–265.

87. F. A. Villamena, J. Phys. Chem. A, 2009, 113, 6398–6403.
88. F. A. Villamena, J. K. Merle, C. M. Hadad and J. L. Zweier, J. Phys. Chem.

A, 2005, 109, 6089–6098.
89. C. Frejaville, H. Karoui, B. Tuccio, F. Le Moigne, M. Culcasi, S. Pietri,

R. Lauricella and P. Tordo, J. Med. Chem., 1995, 38, 258–265.
90. F. Chalier and P. Tordo, J. Chem. Soc., Perkin Trans. 2, 2002, 2110–2117.
91. H. Zhao, J. Joseph, H. Zhang, H. Karoui and B. Kalyanaraman, Free

Radical Biol. Med., 2001, 31, 599–606.
92. F. A. Villamena, A. Rockenbauer, J. Gallucci, M. Velayutham,

C. M. Hadad and J. L. Zweier, J. Org. Chem., 2004, 69, 7994–8004.
93. K. Stolze, N. Udilova, T. Rosenau, A. Hofinger and H. Nohl, Biol. Chem.,

2003, 384, 493–500.
94. M. Hardy, F. Chalier, O. Ouari, J. P. Finet, A. Rockenbauer,

B. Kalyanaraman and P. Tordo, Chem. Commun., 2007, 1083–1085.
95. M. Hardy, A. Rockenbauer, J. Vasquez-Vivar, C. Felix, M. Lopez,

S. Srinivasan, N. Avadhani, P. Tordo and B. Kalyanaraman, Chem. Res.
Toxicol., 2007, 20, 1053–1060.

96. M. Hardy, F. Poulhes, E. Rizzato, A. Rockenbauer, K. Banaszak,
H. Karoui, M. Lopez, J. Zielonka, J. Vasquez-Vivar, S. Sethumadhavan,
B. Kalyanaraman, P. Tordo and O. Ouari, Chem. Res. Toxicol., 2014, 27,
1155–1165.

97. F. Poulhes, E. Rizzato, P. Bernasconi, R. Rosas, S. Viel, L. Jicsinszky,
A. Rockenbauer, D. Bardelang, D. Siri, A. Gaudel-Siri, H. Karoui,
M. Hardy and O. Ouari, Org. Biomol. Chem., 2017, 15, 6358–6366.

512 Chapter 13

https://www.twirpx.org & http://chemistry-chemists.com



98. J. Vásquez-Vivar, P. Martasek, N. Hogg, B. S. Masters, K. A. Pritchard, Jr
and B. Kalyanaraman, Biochemistry, 1997, 36, 11293–11297.

99. J. Vásquez-Vivar, N. Hogg, P. Martásek, H. Karoui, K. A. Pritchard, Jr
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CHAPTER 14

Biological Applications of
Nitroxide Stable Free Radicals

SARWAT NAZ, JOHN A. COOK, MURALI C. KRISHNA* AND
JAMES B. MITCHELL

Radiation Biology Branch, Center for Cancer Research, National Cancer
Institute, 9000 Rockville Pike, Bethesda, Maryland 20892, USA
*Email: murali@helix.nih.gov

14.1 Introduction
Nitroxyls, more commonly known as nitroxides, are stable organic free rad-
icals. The radical site in a ring structure of piperidinyl (six-membered ring),
oxazolydinyl, pyrrolineyl, and pyrrolidiyl (five-membered ring) derivatives are
stabilized by the tetra methyl substitutions at the two a-sites to confer stability
against conversion to diamagnetic end products. Nitroxide radicals have long
been utilized as biophysical tools for electron paramagnetic resonance (EPR)
spectroscopic studies such as spin labeling because of their stability and their
paramagnetic nature.1 They are used in stereochemically controlled polymer-
ization,2 and as probes in distance measurements in large macromolecules.3

Their diamagnetic precursors such as the nitroso, nitrone, or hydroxylamines
find use in detecting, quantifying and characterizing transient free radicals in
various chemical, radiolytic and enzymatic reactions.4 The various types of
nitroxides and the possible oxidation states upon redox transformation are
shown in Figure 14.1. The oxazolidinyl(I), pyrrolidinyl(II), pyrrolinyl(III) and
piperidinyl(IV) are the most commonly used derivatives for the above-
mentioned applications (Figure 14.1A). The possible oxidation states of the
nitroxides are shown in Figure 14.1B. The nitroxide(VI) can undergo reduction
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to the hydroxylamine(V) or become oxidized to the corresponding
oxoammonium(VII) (Figure 14.1C).

While the chemical and biophysical applications of nitroxides have been
actively explored since the 1960s,5 the anti-oxidant/radioprotective effects of
nitroxides have been identified relatively recently when the five-membered
oxazolidine nitroxide, OXANO, was shown to have superoxide dismutase
(SOD)-mimetic activity although with a significantly lower catalytic rate
constant compared to the native enzyme.6 The SOD-mimetic activity of
OXANO (2-ethyl-2,5,5-trimethyl-3-oxazolidinoxyl) was identified when the
nitroxide or its one-electron reduction product, the hydroxylamine, were
exposed to a flux of superoxide generated by the aerobic xanthine/xanthine
oxidase reaction, whereby a steady-state ratio of nitroxide/hydroxylamine

Figure 14.1 (A) Classes of ring nitroxide radicals. Oxazolidinyl(I); purrolidinyl(II);
pyrrolynyl(III); piperidinyl(IV). (B) Oxidation states. Hydroxylamine(I);
nitroxide(II); oxoammonium(II). (C) Recycling of the nitroxide through
redox reactions. The nitroxide can undergo oxidation to the corres-
ponding oxoammonium or reduction to the hydroxylamine. The oxoam-
monium cation can undergo reduction to the nitroxide by 1-electron or to
the hydroxylamine by a two-electron reduction. The hydroxylamine can
undergo a one-electron oxidation to the nitroxide radical.

520 Chapter 14

https://www.twirpx.org & http://chemistry-chemists.com



was achieved as detected by monitoring the nitroxide using electron
paramagnetic resonance (EPR) spectroscopy. The steady-state ratio of the
nitroxide/hydroxylamine was achieved, and when the nitroxide was moni-
tored by EPR it was independent of whether the nitroxide or the hydro-
xylamine was initially used.6

The putative SOD-mimetic activity of this class of nitroxides was consist-
ent with the mechanism:

RRNO� þO2
�� þH1-RRNOHþO2 (14.1)

RRNOHþO2
�� þH1-RRNOþH2O2 (14.2)

O2
�� þ 2 H1-O2þH2O2 (14.3)

Summing eqn (14.1) and (14.2), yields the superoxide dismutation re-
actions catalyzed by the nitroxide/hydroxylamine pair (eqn (14.3)).

The SOD-mimetic activity was noticed for other oxazolidinyl nitroxides as
monitored by EPR spectroscopy where a steady-state ratio of nitroxide/
hydroxylamine was achieved.6 However, the pyrrolidinyl(II), pyrrolinyl(III) and
piperidinyl(IV) nitroxides tested did not show any reduction to the hydro-
xylamine when exposed to a flux of superoxide generated by the aerobic
xanthine/xanthine oxidase reaction as monitored by EPR spectroscopy. The
lack of change in nitroxide levels of these derivatives suggested that they lack
SOD-mimetic activity unlike the oxazolydinyl nitroxides and were considered
as negative controls in cellular studies testing for antioxidant effects. The
catalytic rate constants for the SOD-mimetic activity of the oxazolydinyl
nitroxides OXANO and cyclohexyl doxyl (CHD) were determined and found
to beB103 M�1 s�1, a rate lower by 6 orders in magnitude than the native
enzyme.7 The smaller molecular weight (B150 Da) of these molecules allows
for higher levels of accumulation in cells and thus affords greater
protection.8 When independent chemical assays for superoxide reactivity
were used, it was found that the piperidinyl nitroxides displayed 2–3 orders
(B106 M�1 s�1) of magnitude higher catalytic rates of SOD mimetic activity
compared to the oxazolydinyl nitroxides OXANO and CHD (cyclohexane
doxyl).7 The higher rate constants in spite of a lack of decrease of nitroxide
levels of Tempo and Tempol as monitored by EPR suggested that the hy-
droxylamine oxidation by superoxide in the SOD-mimetic activity (eqn (14.2))
must proceed at diffusion-limited rates. Independent determination of the
kinetics of eqn (14.2) showed that this reaction proceeded atB102 M�1 s�1.9

The relatively higher catalytic rate constants for superoxide dismutation for
the piperidinyl nitroxides and the relatively slow rate of re-oxidation of the
corresponding hydroxylamine were not consistent with the nitroxide/
hydroxylamine as the redox pair responsible for SOD mimicking activity and
prompted additional studies which identified unique mechanisms of re-
cycling antioxidant reactions.10 In this chapter, the chemical basis for nitr-
oxide radicals’ protective effects in terms of their redox chemistry, recycling
nature of the molecule to restore itself in vivo, the capability as molecular
imaging agents to report on tissue redox status as well as metabolic
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modulators influencing body weight and cancer prevention as dietary
supplement will be discussed.

14.1.1 SOD Mimetic Activity

The lack of change of levels of the nitroxide radical Tempol when exposed to
different fluxes of enzymatically generated superoxide while the catalytic rate
constants of B106 M�1 s�1 prompted a more detailed study of the redox
chemistry of the carbocyclic piperidinyl and pyrrolidinyl nitroxide radicals
since the nitroxide/hydroxylamine pair does not explain the high catalytic
rate constants of superoxide dismutation. Electrochemical studies using
cyclic voltammetry revealed that the nitroxide/oxoammonium pair consti-
tutes a redox couple capable of supporting catalytic reactions such as
superoxide dismutation.9 The hydroxylamine/nitroxide pair is similar to
redox pairs such as the classic antioxidants ascorbate/ascorbyl, tocopherol/
tocopheroxyl, etc. supporting radical-scavenging reactions.

The catalytic superoxide dismutation reaction supported by the nitroxide
radical Tempol and its analogs is consistent with an initial univalent
oxidation by the protonated form of superoxide to the corresponding
oxoammonium cation.

RRNO� þHO2
� þH1-RRNO1þH2O2 (14.4)

The oxoammonium cation undergoes a one-electron reduction to the
corresponding nitroxide at diffusion-limited rates.

RRNO1þO2
��-RRNO� þO2 (14.5)

Summing eqn (14.4) and (14.5), yields the same superoxide dismutation
reaction (eqn (14.3)).

Since the initial step of the superoxide dismutation involves oxidation of
the nitroxide to the oxoammonium cation by the protonated form of
superoxide, the catalytic rate constants were found to be pH dependent
ranging from 105 M�1 s�1 to 5�107 M�1 s�1 in the pH range of 7.8 to 6.0.11 It
was also found that the compounds with lower redox mid-point potential for
the oxoammonium/nitroxide had higher rate constants for the catalytic
dismutation of superoxide.11

The redox transformation between the three oxidation states of the
piperidine ring, namely the hydroxylamine, nitroxide and oxoammonium in
supporting catalytic and stoichiometric antioxidant activity, are shown in
Figure 14.1C and can be summarized as follows. The nitroxide/oxoamonim
cation pair constitutes a redox couple supporting catalytic reactions to
support SOD-mimicking activity. The oxoammonium can be converted to the
corresponding hydroxylamine via a two-electron reduction with endogenous
cofactors such as NADH/NADPH or glutathione. The hydroxylamine can act
as a classic antioxidant such as ascorbate by a univalent oxidation by reactive
oxygen species to generate nitroxide radicals. Thus, this class of compounds
acts as recycling antioxidants participating in catalytic antioxidant defense
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as enzyme mimics (Figure 14.1C, red ellipse) as well as classic antioxidants
(Figure 14.1C, green ellipse), a property unique to them.10

The nitroxide/oxoammonium redox couple was also shown to detoxify
hydrogen peroxide and organic peroxides in a manner similar to peroxidases in
the presence of anyhemegroup containing protein-identifying additionalmodes
of antioxidant defense in this class of compounds.12 The mechanism involves
the redox cycling of the nitroxide/oxoammonium redox couple with the ferri-
heme/oxoferryl heme in the process detoxifying hydrogen peroxide and organic
peroxides. The low molecular weight, membrane permeability through passive
diffusion processes13 and blood–brain permeability of some of the nitroxides
such as Tempol14 and multiple modes of protection make them effective in
protecting against various modes of oxidative stress in live objects globally.

14.2 Nitroxides as Protectors Against Oxidative Stress
The nitroxide radicals’ protective effects in various models of oxidative stress
and mechanistic aspects have been reviewed.10,15,16 Based on these studies
most research has utilized the six-membered piperidinyl ring nitroxide
Tempol for various reasons including low cytotoxicity, high water solubility,
oral bioavailability and its ability to cross cell membranes.8 The toxicologic
and pharmacologic information available for this molecule and the large
body of preclinical work have shown promise for this as a potential candi-
date for clinical translation.17 Tempol exhibits antioxidant activity and reacts
with both reactive oxygen species (ROS) and reactive nitrogen species (RNS)
in vitro and in vivo.10,15 Studies from our laboratory and others have shown
beneficial effects of Tempol in animal models of shock, hypertension, dia-
betes, ischemia–reperfusion injury, spinal cord injury and traumatic brain
injury,18–24 and neurodegenerative models for Parkinson’s disease.25,26 In
this chapter, more recent reports on the use of this molecule as an anti-
oxidant/protectant in multiple models will be presented.

14.2.1 Tempol as a Neuroprotector in a Multiple Sclerosis
Model

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating neu-
rodegenerative disorder, characterized pathologically by central nervous
system (CNS) alterations in the vasculature, inflammatory infiltrates, de-
myelination, glial scarring, oligodendrocyte loss, and axonal damage and
loss.27 The irreversible axonal loss and neurodegeneration associated with
the disease are thought to be major correlates of chronic disability28 that
likely start early in disease.29,30 Most of the knowledge about the patho-
genesis of MS has been derived from murine models, such as experimental
autoimmune encephalomyelitis (EAE) and viral encephalomyelitis. In EAE, a
mouse model of MS, autoreactive T cells producing pro-inflammatory cyto-
kines such as tumor necrosis factor a (TNFa), interferon-g (IFNg), interleukin
(IL)-17 and granulocyte macrophage colony stimulating factor (GM-CSF)
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travel to the CNS to cause the disease.31 Both CD41 and CD81 T cells have
also been implicated in directly contributing to disease pathogenesis.32 While
the results in mouse models have indicated that demyelination and associ-
ated axonal loss appear secondary to inflammation,30 neurodegeneration is
seen prior to inflammatory cell infiltration in EAE and the progressive loss of
function is seen as a distinct event after the inflammatory phase has sub-
sided.33,34 Recent studies have also implicated the role of mitochondrial
dysfunction indirectly contributing to inflammation associated with MS.35

Other emerging evidence implicates ROS and RNS, focusing on superoxide,
nitric oxide and their intermediates, as contributors to several mechanisms
underlying the pathogenesis of MS in the EAE model.36,37 Studies have shown
that ROS drive morphological alterations that promote leukocyte traffic
across the blood–brain barrier (BBB) in the MS mouse model.38,39 Infiltrated
leukocytes produce ROS that induce myelin phagocytosis and therein lead to
myelin breakdown by macrophages, oligodendrocyte damage, as well as ax-
onal and neuronal injury and loss.40,41 Microglia and neurons can generate
peroxynitrite, a principal mediator of the oxidative stress and excitotoxicity
that drive neurodegenerative processes in MS.37,42 The approved therapies for
treating MS fall into two groups: those well tolerated but with partial efficacy,
or those with greater efficacy and increased risk profiles.43,44 Therefore, the
development of orally efficacious, safe and well-tolerated therapeutics with
immunomodulatory and neuroprotective properties remains a priority for
treating patients with MS in the clinic.

A recent collaborative study conducted with our laboratory showed for the
first time that oral administration of the antioxidant Tempol, alone, both
prophylactically and therapeutically limited CNS autoimmune disease and
damage in the most established models of MS.45 Animals on Tempol chow
were spared from severe clinical disease, and showed little evidence of
microglial activation, an early indicator of insult to the CNS preceding in-
filtration and clinical disease in EAE.46,47 Our studies demonstrated potent
immunomodulatory properties of Tempol that have not been described
previously. At doses associated with efficacy in a complex disease model,
the results indicated immune deviation from an inflammatory phenotype
evidenced by cytokine shifts, antibody profile changes and reductions in
antigen-presenting molecules. Additionally, Tempol administration brought
changes in T cell subsets, most notably an increase in CD4þ regulatory T cell
populations. Animals placed on Tempol or control chow for 2 weeks,
immunized, and euthanized 10 days later showed (reduced) a form of
Tempol at 3.0� 1.9 to 5.0� 1.5 nmol kg�1 tissue in brain and 10.6� 4.9 to
40.4� 14.5 nmolmL�1 (mM) in blood in C57BL/6J and SJL/J animals,
respectively (n¼ 3 per group). This suggests that the oral bioavailability of
Tempol through the chow allows accumulation to adequate levels and
provides defense against inflammatory processes. Interestingly, Tempol
reduced the incidence (27% vs. 93% in control-diet animals) of MS in EAE
models as evidenced by the EAE score (Figure 14.2A). When Tempol was
provided after the onset of symptoms (14 days post-immunization), reduced
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severity in the disease was found in treated animals compared to animals on
control food (Figure 14.2B).

Given the evidence for increased levels of ROS and RNS in MS, either prior
to or secondary to inflammatory processes, or secondary to mitochondrial
dysfunction occurring independent of inflammation,48 oral Tempol be-
comes a strong therapeutic candidate in MS as it achieves fully effective
concentrations in tissues where it could exert antioxidant and protective
actions.49 Such protective effects at the level of the target tissue may indeed
contribute to the ability of Tempol to treat established EAE in both active
and passive models of EAE. The fact that Tempol with a molecular weight
of 180 Da is not only cell permeable but also penetrates the blood–brain
barrier14 makes it an optimal candidate to provide protection against
neuropathologies including MS mediated by inflammatory processes.

14.3 Nitroxide Radioprotection
Ionizing radiation (IR) is an important modality in the treatment of cancer
and in some instances may be the single best ‘‘agent’’ for treatment.
However, for many solid tumors, cure with radiation remains elusive. The
success of radiation therapy for cancer patients depends upon achieving a

Figure 14.2 (A) EAE severity score of paralysis as a functionof time after administration
of an immuno-peptide used to induce chronic EAE. Mice were placed on
Tempol in the chow two weeks prior to EAE induction. Tempol signifi-
cantly modulated the severity and onset of disease. (B) EAE severity score
when Tempol was administered after the onset of clinical symptoms.
Reproduced from ref. 45 with permission from Elsevier, Copyright 2017.
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therapeutic index which is measured by a differential effect between cancer
cell cytotoxicity and normal tissue toxicity. Apart from the IR toxicity to
normal tissue seen in cancer patients post-radiotherapy, other radiological
emergencies such as nuclear power plant disasters or terrorist attacks could
place large populations of people exposed to IR doses at risk for a variety of
acute effects, including lethality or long-term late effects encompassing
organ injury and carcinogenesis. Both situations warrant safe and effective
interventions to reduce risks to humans after IR exposure.

Toward this goal, research efforts spanning over more than five decades
have been undertaken to develop safe and effective chemical and biologic
radiation protectors or mitigators.50,51 The term radioprotection implies
several functions, including the protection of individual cells from death
after exposure to radiation. From a clinical perspective, radioprotection can
also include protection against the undesired side effects of radiation
including fibrosis, alopecia, mucositis, skin damage, and the development
of second malignancies. An ideal radioprotective agent would have several
characteristics, including minimal toxicity, ease of administration, and
selectivity for radioprotection of normal tissues compared with tumor.

14.3.1 Nitroxide Radioprotection: In Vitro

After the discovery that nitroxides were SOD mimics and antioxidants
capable of protecting cells against oxidative stress-induced by exposure to
superoxide and hydrogen peroxide, in vitro studies were conducted to de-
termine if nitroxides might protect against ionizing radiation (IR). These
studies demonstrated that Tempol could protect against IR-mediated cell
killing.52 For radioprotection, it was necessary that Tempol be applied to
cells before IR treatment in high concentrations (mM); if applied after IR no
protection was observed. Interestingly, only the oxidized form of Tempol
(nitroxide) provided IR protection; the hydroxylamine did not protect. These
traits identified Tempol as a chemical radioprotector. IR damages cellular
molecules such as DNA predominantly by free radicals (H�, �OH), e�aq, O2

��

and H2O2 resulting from the radiolysis of water.53–55 Highly reactive �OH
radicals generate (in microseconds) longer-lived secondary radicals which
are also capable of damaging biomolecules. Since nitroxides and hydro-
xylamines have similar reactivity with �OH, IR protection by nitroxides as
opposed to hydroxylamines can be mediated through nitroxide scavenging
of secondary radicals.9 The only FDA-approved radioprotector for clinical
use, Amifostine, protects by a similar mechanism. The ability of nitroxides
such as Tempol and other derivatives of nitroxides to freely accumulate in-
tracellularly and their ability to participate in radical–radical recombination
reactions confer them with unique radioprotective capabilities. While sev-
eral antioxidants were shown to display antioxidant effects in cellular studies
in vitro, a feature common with nitroxides and hydroxylamines, only nitr-
oxides were found to be protective against the cytotoxic effects of IR. Thus,
nitroxides were identified as being the first case of non-thiol radiation
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protectors. It should be noted here that while all radioprotectors can provide
antioxidant effects, not all antioxidants (e.g., ascorbate, tocopherol) can
provide radioprotective effects. The unique capabilities of radioprotectors
may be a result of their efficient reactivity with both highly reactive species
such as hydroxyl radicals or secondary radicals with intermediate reactivity
at the target site (DNA).54 This hypothesis was supported by experimental
observations that nitroxides with basic substituents accumulate at the DNA
site more effectively and scavenge the primary and secondary radicals
generated radiolytically.56 The primary and secondary radicals generated by
the more generic oxidants from oxidative stress resulting from exposure to
H2O2 and O2

�� may be spatially more global in the cell and nitroxides,
hydroxylamines and H-atom-donating antioxidants can all be effective in
affording protection in such modalities.57

The structure–activity relationship of this class of compounds and their
oxidation states (hydroxylamine and amine) was studied as radioprotectors
and antioxidants. The ring size, ring substituents and oxidation states of the
test compounds at fixed concentrations were evaluated for protection against
damage induced by exposure to ionizing radiation or hydrogen peroxide in
mammalian cells using the clonogenic assay. The study revealed that the main
determinants governing protection against hydrogen peroxide exposure were
the ring size, redox mid-point potential and oxidation state.56 In the case of
radioprotection, the ring substituents and oxidation state were the main fac-
tors. Compounds containing a basic side chain afforded enhanced protection.

The mechanisms underlying radioprotection by nitroxide radicals were
understood to be by scavenging secondary radicals of radiolysis by radical–
radical recombination reactions. This interpretation was supported by the
fact that hydroxylamines were not effective in radioprotection, unlike nitr-
oxide radicals, in spite of similar rates of reaction with the hydroxyl radicals,
the primary product of ionizing radiation. However, hydoxylamines were
equally effective in protection against oxidative stress induced by exposure to
oxidants such as hydrogen peroxide, organic hydroperoxides, etc., suggesting
that a highly reactive species such as the hydroxyl radical species involved in
causing damage in this modality since it reacts equally efficiently with both
the hydroxylamine and nitroxide.57

14.3.2 Radioprotection: In Vivo

The encouraging in vitro studies of Tempol as an IR protector were extended
to animal models. The toxicity, pharmacology and in vivo radioprotective
effects of Tempol were studied in C3Hmice. Several different concentrations
of Tempol were administered to C3H mice via intraperitoneal (i.p.) injection,
and the pharmacokinetic properties were evaluated.8,58 The maximum tol-
erated dose of Tempol administered i.p. (intraperitoneal) was found to be
275 mgkg�1, which resulted in maximal Tempol levels in whole blood
5–10 min after injection. Five to ten minutes after Tempol injection, mice
were exposed to total body irradiation (TBI). The LD50/30 (the dose of
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radiation that caused 50% lethality at 30 days) for the nontreated mice was
found to be 7.84 Gy; whereas the LD50/30 for the Tempol-treated mice was
significantly higher at 9.97 Gy.58 The dose-modifying factor (DMF) which is
the ratio of LD50/30 (treated divided by control) was 1.3. This was the first
evidence that Tempol could function as an in vivo radioprotector. While
Tempol-H (hydroxylamine, reduced form of Tempol) did not protect cells
from IR cell killing in vitro, it did provide protection in vivo. In vivo,
Tempol-H was rapidly oxidized to Tempol and while its concentration was
lower than Tempol given directly, it was high enough to confer protection.59

In fact, the IR DMF was 1.3 for both Tempol and Tempol-H.
As with any radioprotector of normal tissue there is a concern that

systemic administration might protect tumor as well as normal tissue in a
clinical setting. Therefore, initial preclinical studies focused on topical
application of Tempol with the anticipation that systemic levels of the drug
would be low and hence not sufficient to protect tumor tissue. Preclinical
studies in guinea pigs and mice revealed that topical application was
effective at preventing IR-induced alopecia.60,61 A phase I clinical trial in
brain tumor patients receiving whole-brain radiotherapy suggested that to-
pically applied Tempol may be effective at preventing radiation-induced
alopecia.17 Both the preclinical and clinical studies showed that systemic
levels of Tempol were negligible following topical application. To address
the issue of tumor radioprotection, preclinical studies evaluated Tempol in
tumor-bearing mice.62 Murine RIF-1 tumors were treated with either PBS or
Tempol (275 mgkg�1) 10 min before local IR to the tumor at doses ranging
from 10 to 60 Gy. Thirty days after IR, tumor growth rates were the same in
mice treated with Tempol as in the control group. Furthermore, the
radiation dose that resulted in 50% local control at 30 days was 36.7 Gy in
Tempol-treated mice compared with 41.8 Gy in the control group and was
not statistically different. This study provided evidence that Tempol might
be a selective normal tissue radioprotector.62 Further, studies relating to
redox imaging provided additional information as to the selectivity of
Tempol for normal tissue radioprotection to be discussed later.

Another significant clinical dose limiting toxicity of IR treatment of head
and neck cancers is oral mucositis. Oral mucositis can have adverse effects
on patient quality of life and can disrupt radiotherapy continuity, particu-
larly in the setting of chemoradiation with cisplatin. Tempol (systemic or
topical application) was evaluated using a murine model for protection
against IR- and IR plus cisplatin-induced oral mucositis.63 Cisplatin com-
bined with IR is the standard of care for head and neck cancer treatment.
Fractionated IR (5�8 Gy, daily) resulted in significant large-size lingual ul-
cers and reduction in epithelial thickness within 10–18 days after initiating
IR treatments. For IRþ cisplatin, Tempol by both delivery routes essentially
nearly completely eliminated ulcers. Tempol given 10 min before each IR
fraction by i.p. or topically significantly reduced ulcer size and improved
epithelial thickness reduction for IR treatment (see Figure 14.3A,B).63

To determine if Tempol could protect against IR-mediated oral mucositis
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in a large animal model, miniature pigs were exposed to fractionated IR
(5�6 Gy, daily) targeting the entire oral cavity with Tempol being adminis-
tered 10 minutes before each IR fraction.64 Tempol provided protection for
ulcer size (po0.05 compared to IR alone; see Figure 14.3C). Since only one
concentration of Tempol was used, it remains possible that even better re-
sults could have been obtained with a higher Tempol doses.64

A concern was examined regarding whether Tempol treatment might
interfere with cisplatin-mediated enhancement of IR-induced tumor regrowth
delay. Such was not the case as shown in Figure 14.4A,B, where Tempol

Figure 14.3 Effect of Tempol on ulcer size (A) and epithelial thickness (B) after
fractionated IR (5�8 Gy, daily). (A) Mice were euthanized at day 10 after
the start of IR and their tongues removed and examined for ulceration
with Toluidine Blue. Ulcer size in the two groupswas significantly different
(po0.001). (B) Epithelial thickness on the tongue dorsum before frank
ulceration (i.e., on days 7 or 8). Data are box plots. The lower boundary of
the box represents the 25th percentile of values, whereas the upper
boundary represents the 75th percentile. The horizontal line within the
box represents themedian value. Closed circles above and below the boxes
represent out-of-range values. With permission from ref. 63. (C) Lingual
mucosal lesions/ulcers from minipigs treated with no treatment (control)
or IR (5�6 Gy) with andwithout Tempol (administered 10min before each
IR fraction). The photographs of the tissues were taken at the 18th day
after IR when the inflammation reached a maximum.
Reproduced from ref. 64 with permission from John Wiley & Sons, Copy-
right 2017 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.
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provided no protection to control tumor growth nor protected tumors given
cisplatin, IR and Tempol.63 Collectively, our studies suggest that Tempol has
promise in helping head and neck cancer patients receiving IR treatment.

14.4 Redox Imaging Using Nitroxide Radicals as
Metabolically Responsive MRI Contrast Agents

EPR spectroscopy is the technique of choice to detect and quantify para-
magnetic species including nitroxide radicals. EPR can also be used to
image paramagnetic species in live objects similar to MRI using magnetic
field gradients. EPR imaging was first used to monitor the redox status of
tissue and differences in the redox status between normal and tumor tissues
using the pyrrolidine 3-carbamoyl nitroxide.65 The tumor-bearing leg of a
mouse was placed in the resonator and projection data to construct EPR
images were collected at several time points after administration of the
nitroxide. The reconstructed images revealed that there was significant
heterogeneity in the nitroxide uptake in the tumor compared to the normal
tissue region and further that the rate of reduction of the nitroxide to
diamagnetic state proceeded at a faster rate in tumor tissue. Since
the reduction rate of a nitroxide agent in a tissue/tumor may depend on
the levels of reducing agents such as glutathione (GSH), experiments
were conducted in tumor-bearing mice pretreated with L-buthionine
sulfoximine (BSO), a GSH-depleting agent.66 The EPR images revealed that
the rate of loss of nitroxide levels in the tumor was significantly retarded in
BSO-treated mice, suggesting that the tissue reductant level is one im-
portant determinant in nitroxide level as a function of time. EPR imaging
however was found to be of inadequate spatial and temporal resolution
based on spectral constraints.

Nitroxide radicals having a single unpaired electron are endowed with
paramagnetism and can in principle be used as image-intensity-enhancing
contrast agents similar to gadolinium (Gd31) complexes. MRI studies in ani-
mal models in the 1980s found them to be less effective in terms of relaxivity
and also because of their propensity to be converted to diamagnetic states. The
higher relaxivity of Gd31 complexes, their cell impermeability, and the con-
sequent inertness to undergo biological redox reactions made them optimal
contrast media for perfusion studies in vivo and they are therefore now rou-
tinely used in clinical MRI studies. In spite of these negative factors intrinsic to
nitroxides for use as contrast agents, their cell-permeability and greater volume
distribution are higher than Gd31 complexes (which are essentially extra-
cellular/extravascular agents, partially compensating for lower relaxivity). Their
cell permeability and susceptibility to undergo redox reactions can be made
use of to report on tissue redox status a capability forming the basis of using
these agents for in vivo redox imaging. While the bioreduction in vivo made
them sub-optimal as MRI contrast agents in the 1980s, with the current
capabilities of MRI scanners in terms of signal/noise and efficient pulse
sequences, nitroxides are once again being evaluated as MRI contrast agents.
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T1-weighted MRI scans at every 20 s for B20 min after intravenous ad-
ministration of the nitroxide agent were collected from a mouse with the
tumor-bearing leg and contralateral normal leg placed in the resonator. The
images showed image intensity enhancement after injection with nitroxide
followed by a steady decline.67 The rate of decline was higher in the tumor
region than the normal muscle (Figure 14.5A). The image intensity enhance-
ment can be ascribed to T1 contrast afforded by the paramagnetic state of the

Figure 14.4 Tempol has no effect of SCC VII tumor growth when treated with IR and
cisplatin. (A and B) Tumor-bearingmice were treatedwith IR (5�3Gy, daily
for 1 week), Tempol (275mgkg�1, i.p., 10 min before each IR fraction) and
cisplatin (2.5 mgkg�1, i.p. on days 1, 3, and 5). Arrow marks the day
treatment started. There was no effect of Tempol treatment when cisplatin
was combined with IR treatment demonstrating lack of tumor radio-
protection by Tempol.
Reproduced from ref. 63 with permission from Elsevier, Copyright 2011.
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nitroxide, while the time-dependent decrease could be attributed to clearance
or bioreduction of the nitroxide. Independent studies verified that the loss of
contrast was associated with bioreduction rather than clearance and that the
reduction product was predominantly the diamagnetic hydroxylamine.68

Thus, the kinetics of image intensity loss was understood as representing
the tissue redox status. The more reducing the tissue, the faster the signal
intensity loss. Since tumors are known to have lower oxygenation (hypoxia)
than normal tissue,69,70 the kinetics of signal intensity loss was higher. A redox
map was derived by plotting the rate constants of signal loss in each pixel and
displayed in Figure 14.5B. The redoxmap showed that the reduction rate in the
tumor was faster than in the normal leg and further that the tumor regions
displayed significant heterogeneity in signal loss. Independent analyses of
the tumor tissue revealed that the nitroxide was predominantly converted
to the corresponding hydroxylamine. The fact that there was no change in the
total (nitroxideþhydroxylamine) during the MRI experiment, but there was a
time-dependent loss in signal intensity in a T1-weighted MRI experiment
supports the use of redox imaging to reflect the tissue redox status using
nitroxide agents as redox-responsive MRI contrast agents.

Figure 14.5 (A) Time course of average % signal change in the ROI-1and ROI-2.
Logarithmic values of % signal change in the ROIs are plotted with
time. Decay rate constants were obtained from the slope of linear decay
after peak. (B) Decay rate map overlapped on the corresponding multi-
slice multi-echo image shows the distribution of decay rates with clear
anatomic information.
Reproduced from ref. 67 with permission from the American Associ-
ation for Cancer Research, Copyright 2006.
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Nitroxide radicals, but not the corresponding hydroxylamines, were found
to be both in vitro and in vivo radioprotectors. Salivary gland dysfunction is a
significant late toxicity following the treatment of head and neck cancers with
IR. Using preclinical models, Tempol (both systemic [i.p.] or topical oral gel
application) was shown to significantly protect against IR-induced (5 daily
treatments) salivary gland damage.71–73 It is difficult to keep all salivary
glands out of the IR field used to treat head and neck tumors. Tempol is
paramagnetic, providing the opportunity to monitor tissue levels of Tempol
and the rate of its reduction to the hydroxylamine non-invasively using MRI.
To monitor tissue levels of Tempol, mice were placed in an MRI resonator
such that a traverse slice of 2 mm could be made through the salivary gland
area, normal armmuscle and a tumor (SCCVII) implanted in the contralateral
arm as shown in Figure 14.6A.72 Mice were injected with Tempol, and in-
tensity changes of Tempol as a function of time were monitored by MRI as
shown in Figure 14.6B. Tempol was clearly reduced to the hydroxylamine
(non-paramagnetic) at a two-fold faster rate in tumor as opposed to muscle
(normal tissue) and salivary glands. Since the hydroxyamine is not radio-
protective, these data suggest that higher levels of Tempol would be available
in normal tissue than in tumor to provide radioprotection. In this study two
tumor types (SCCVII and HT29) were evaluated for IR tumor regrowth delay
where Tempol was administered at the same concentration and timing be-
fore each IR fraction as was used in the salivary gland study. No protection by
Tempol was observed for either tumor model.72

14.5 Tempol and Weight
During the course of studies evaluating Tempol as an in vivo chemical radio-
protector an interesting study was conducted. The question posed was if mice
(female C3H/Hen) were exposed to Tempol for a long period of time (weeks) in
their drinking water would this result in any changes in their response to TBI?
Due to the unpleasant taste of Tempol in their drinking water mice refused
to drink; however, with the addition of sugar, mice readily drank Tempol in the
water. The maximum tolerated concentration of Tempol in the sugar-
containing drinking water was found to be 58 mM. Mice were placed on
sugar water (control) or on sugar/Tempol water for several weeks after which
they were exposed to TBI. The response to TBI was the same for both groups,
supporting the view that very high systemic concentrations of chemical radio-
protectors such as Tempol are required immediately before TBI for protection.
Interestingly, the failed experiment yielded an unanticipated result. Expectedly,
the weight of control mice on sugar drinking water was substantially increased
over time; however, the mice on the sugar/Tempol drinking water did not
increase in weight, nor did they exhibit any toxic effects. This finding was
confirmed by repeat experiments (Figure 14.7).74 This study showed that mice
on sugar/Tempol drinking water for their lifespan maintained significantly
lower weight gain than control mice on sugar water; the sugar/Tempol drinking
water was more effective in female as opposed to male mice, Tempol placed in
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bacon-flavored chow was as effective as Tempol in drinking water, and
overall the Tempolmice were healthy and active. An example of body weights of
female C3H/Hen mice on Tempol containing chow for their lifespan is shown

Figure 14.6 (A) Schematic of the placement of the mouse in the resonator and the
slice selected for MRI experiments. A transverse slice (2 mm) covering
the normal muscle tissue (arm), salivary gland, and the tumor in the
contralateral leg were chosen to monitor nitroxide levels as a function
of time. (B) T2 map of the slice and the regions of interest chosen in the
normal leg, salivary gland and tumor to monitor Tempol decay rates.
(C) Representative Tempol decay rates after i.v. injection in a mouse for
the selected ROIs shown in (A) and (B). Tempol reduction rate in tumor
was statistically different when compared to normal leg (po0.01) or
salivary gland area (po0.001).
Reproduced from ref. 72 with permission from the American Associ-
ation for Cancer Research, Copyright 2007.
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in Figure 14.8A.75 Tempol chowmaintained weight in mice approximately 38%
lower than mice on control chow. Figure 14.8B shows that throughout the
lifespan of these mice, food consumption was very similar between controls
and mice on Tempol chow, suggesting that food consumption did not play a
role in the reduced weight of the Tempol chowmice.75 Examination of adipose
tissue from these mice revealed that the Tempol-treated mice had much less
visceral adipose tissue. These findings led us to examine themechanismof how
a nitroxide antioxidant could exhibit such effects.

To gain a better understanding of the molecular mechanism(s) underlying
the influence of Tempol on body weight, the differentiation of mouse 3T3-L1
pre-adipocytes was studied.76 Tempol inhibited differentiation of 3T3-L1 cells,
resulting in a reduction in cellular lipid storage, downregulation of protein
levels of key adipogenesis transcription factors (PPARg and PPARa), down-
regulation of prolyl hydroxylase, and upregulation of HIF-1a. Gene expression
profile studies of selected tissues from mice fed on a Tempol diet indicated
early gene expression changes by Tempol in mice before changes in weight
(14 days) and later when animal weight gain was reduced by Tempol (60 days).
Gene expression (up- and downregulated) in mice treated with Tempol was
most prominent in liver (248 genes), muscle (150 genes) and brain (9 genes).
In addition, gene expression profiles showed IGF-1 expression levels down-
regulated after 60 days on the Tempol diet, consistent with the decreased
systemic IGF-1 levels.76 This observation was in agreement with in vitro

Figure 14.7 Average weight per mouse as a function of time for mice with sugar in
their drinking water (Control) or sugar plus Tempol (58 mM) in the
drinking water (n¼ 10/group). Reproduced from ref. 74 with permission
from Elsevier, Copyright 2002.
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observations in 3T3-L1 cells, showing lower IGF-1 levels as a result of Tempol
treatment.76 IGF-1 regulates tissue growth andmetabolism, and elevated levels
have been shown to increase the risk of several types of human cancer.
Treatment of 3T3-L1 cells with Tempol inhibited the expression of key
adipogenesis factors, adipose differentiation and lipid storage, and may be an
underlyingmechanism, at least in part, of some of the in vivo effects of Tempol
on body weight.76

Obesity is a major health risk which can lead to inflammation, diabetes,
cardiovascular disease and cancer.77–80 Hyperlipidemia coupled with obesity

Figure 14.8 Average weight/mouse (grams) of various groups of C3H/Hen mice (A)
and average food consumption (grams) per mouse/day (B). CBA mice in
this study also demonstrated similar profiles.
Reproduced from ref. 75 with permission from the American Associ-
ation for Cancer Research, Copyright 2012.
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and associated inflammation can result in cardiovascular disease. To study
the effects of Tempol on hyperlipidemia, a well-established atherogenesis
mouse model, apoE�/� was used to determine if Tempol (in chow) could
mitigate any of the factors involved in atherogenesis.81 A high-fat diet (HFD)
resulted in accelerated weight gain in female apoE�/� C57BL6 mice as shown
in Figure 14.9A. When Tempol was added to the HFD, there was a significant
reduction in weight gain (Figure 14.9A). Interestingly, the weights for
apoE�/� mice on a regular diet with or without Tempol were the same, un-
like C3H/Hen mice previously reported,74 underscoring the diversity of
strain differences observed in animal models. ApoE�/� mice on the HFD also
exhibited higher levels of triglycerides and inflammatory markers, IL-6 and
myeloperoxidase (MPO), which were decreased in mice on HFD sup-
plemented with Tempol (Figure 14.9B–D). Decreases were also observed in

Figure 14.9 Weight and plasma lipid parameters for apoE�/� mice fed either a
regular or high-fat diet (HFD) chow with or without Tempol supplemen-
tation. (A) Mean body mass (g) of mice over the time course of the study:
apoE�/� mice fed HFD (&); apoE�/� mice fed HFD plus added TEMPOL
(’); apoE�/� mice fed standard chow (J); apoE�/� mice fed standard
chow plus added Tempol (25CF). * po0.001. (B) plasma triglycerides;
(C) plasma interleukin 6 (IL-6), and (D) plasma myeloperoxidase (MPO).
Both IL-6 and MPO are inflammatory markers.
Reproduced from ref. 81 with permission from Elsevier, Copyright 2015.
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HFD/Tempol mice for total cholersterol, LDL and leptin. Mice on HFD/
Tempol showed a lower aortic plaque area and the components of the pla-
ques were altered.81 This study suggests that Tempol may help in controlling
obesity, metabolic dysfunction, and perhaps stabilize aortic plaques.

Another potential mechanism of Tempol-mediated weight maintenance
dealt with its possible effect on the gut microflora. At a phylum level,
obesity has been linked to a high firmicutes to bacteroidetes ratio.82 Mice
placed on a short-term course of Tempol (gavage) or longer term course
(drinking water) exhibited a reduction in the firmicutes/bacteroidetes ratio
resulting in less weight gain and a reduction in the Lactobacillus genus,
as shown in Figure 14.10A,B.83 This reduction was accompanied by signifi-
cantly lower levels of bile acid hydrolase enzyme activity, which led to an
increase of intestinal taurine-linked b-muricholic acid (Figure 14.10C).
The T-b-muricholic acid is an antagonist of the farnesoid X receptor (FXR),
which is involved in glucose utilization and lipid metabolism, leading to an
overall reduction in fat mass (Figure 14.10D,E).83 Further studies showed
that Tempol enhanced liver glucose catabolism by altering several genes
involved in glucose and lipid metabolism.84 These gene alterations were not
observed in mice raised in germ-free facilities, thus emphasizing the role of
the gut microflora in the Tempol-mediated weight effect.

The initial discovery that a nitroxide free radical such as Tempol would
influence in a nontoxic way the weight of an animal was highly unexpected
and surprising. There has been considerable progress toward understanding
the mechanism(s) responsible for the effect. The mechanism may include
Tempol’s antioxidant properties, but recent results suggest the interaction of
Tempol with the gut microflora may be a predominant mechanism.

14.6 Tempol and Carcinogenesis
In our initial study evaluating Tempol and animal weight, mice on the
Tempol for their lifespan were evaluated for spontaneous tumor incidence.74

Though the number of mice/group was low, there appeared to be fewer
tumors in the Tempol group than the control group. This result was some-
what similar in fact to that seen for mice on a caloric-restricted diet.85–87

To explore the observation with respect to carcinogenesis a series of studies
were initiated in genetically modified cancer-prone mouse models including
ATM, p53 and Fanconi anemia knockout mice. Atm-deficient mice are an
excellent model of the human cancer-prone syndrome ataxia telangiectasia
(AT). AT is a pleiotropic syndrome consisting of neuronal degeneration,
oculocutaneous telangiectasias, growth retardation, infertility, sensitivity
to ionizing radiation (IR) or agents that cause double-stranded DNA breaks,
immunodeficiencies and cancer predisposition, particularly lymph-
omas.88,89 Tempol was chronically administered (10 mg g�1 of bacon-
flavored chow) in the diet of these animals. Treated and untreated
wild-type mice lived a normal murine lifespan of about 1.5 years. However,
the Atm�/� mice were treated with Tempol, and at weaning had significantly
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Figure 14.10 (A) Growth curves of mice on vehicle or Tempol receiving a high-fat
diet (HFD). (B) Gene sequencing analysis (16S rRNA) of genus Lacto-
bacillus cecum content after 5 days of Tempol treatment by gavage
clearly showing a substantial decrease in Lactobacillus in Tempol-
treated mice. (C) Intestinal bile-acid composition of vehicle and
Tempol-treated mice on a HFD for 17 weeks. (D) Fat mass (determined
by NMR) in vehicle and Tempol-treated mice following 16 weeks on a
HFD. (E) Schema showing the effects of Tempol on gut microflora and
associated bile acids hydrolase resulting in lower weight gain.
Reproduced from ref. 83 with permission from Springer Nature,
Copyright 2013.
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increased longevity (62.4 versus 30.1 weeks, po0.01, at the 50% survival
level) compared with untreated Atm�/� mice.90 Tempol treatment prolonged
the appearance of thymic lymphomas and also resulted in decreased ROS,
oxidative damage and oxidative stress in Atm�/� mice. Furthermore, there
was also a significant reduction in weight gain in the Atm�/� mice fed
Tempol. These results confirmed that the reduction in weight gain was not a
result of decreased food intake, lowered metabolism or physical inactivity.90

A different nitroxide, 5-carboxy-1,1,3,3-tetramethylisoindolin-2-yloxyl
(CTMIO) when placed in the drinking water of Atm�/� mice significantly
extended their lifespan (median survival; 379 days versus 109 days for treated
Atm�/� mice as opposed to untreated Atm�/� mice, respectively) by delaying
the onset of thymic lymphomas.91 Further, it was demonstrated that CTMIO
treatment of Atm�/� mice resulted in correction of neurobehavioral deficits
and reduction of oxidative damage to Purkinje cells.91

Tempol treatment of cancer-prone p53-deficient mice also resulted in a
small but significant (25%) increase in lifespan by prolonging latency to
tumorigenesis, demonstrating that oxidative stress and damage are not
necessary for the chemopreventative effects of Tempol.92 However, the
relatively small effect on latency in p53-deficient mice indicated that
Tempol-mediated resistance to oxidative insult was p53-dependent.92

Using Fancd2�/� knockout mice as a model of Fanconi anemia (FA), the
potential role of Tempol, as a tumor-delaying agent for solid tumors, was
studied.93 FA is a genetic disorder characterized by congenital abnormal-
ities, bone marrow failure and marked cancer susceptibility. FA patients
have an elevated risk of developing hematologic malignancies and solid
tumors. Dietary Tempol increased the mean tumor-free survival time of
Fancd2�/� Trp531/� mice by 27% (po0.01), from 308 to 390 days, without
changing the overall tumor spectrum.93 More strikingly, Tempol delayed the
onset of epithelial tumors and increased the mean epithelial tumor-free
survival time by 38% (po0.0001), from 312 to 432 days, in Fancd2�/�

Trp531/� mice. These results indicated that Tempol significantly delayed
tumor formation in Fancd2�/� Trp531/� mice. The reduction in oxidative
DNA damage in Tempol-treated FA fibroblasts and mice suggested that its
tumor-delaying function could possibly be due to its antioxidant activity and
independent of p53 pathways as seen in Atm�/� and p53�/� mouse models.
Our observation that Tempol can modulate weight gain in C3H mice and
from the three cancer-prone murine models established that chronic
exposure to Tempol can act as a chemopreventative agent in wild-type C3H
mice or genetically modified mouse models of human cancers.

14.7 Radiation Countermeasures
Subsequent to the terror events of 9/11 in the United States, workshop
reports and publications questioned the readiness of the United States for
terror or accidental events, particularly those involving nuclear weapons or
reactor accidents.94–97 There was a recognized need for further research in
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the fields of radioprotection/mitigation and IR dosimetry. The NIH Medical
Radiation Countermeasures Program (NIAID) was initiated in 2005 to fund
research into these areas (https://www.niaid.nih.gov/research/radiation-
nuclear-countermeasures-program). One of the primary missions of the
Radiation Countermeasures Program deals with the development of radio-
protectors and mitigators to address acute radiation syndrome (ARS), which
can cause lethality dependent on IR dose and body coverage. A challenge for
this research with respect to ARS is that most chemical radiation protectors,
in order to be effective, must be present before or during the actual IR ex-
posure.50,51 Thus, in a surprise nuclear terror event or an unforeseen nuclear
accident, chemical radioprotectors would not be useful. As discussed above,
Tempol (and other nitroxides) are chemical radioprotectors and would not
be useful in survival protection of an unanticipated IR exposure. However,
individuals (or populations) receiving a nonlethal dose of IR would survive,
but would be susceptible to future cancer induction.98,99 Under these con-
ditions, we proposed that Tempol might be an effective chemopreventative
agent if administered after radiation exposure with respect to reducing or
delaying IR-induced carcinogenesis. As chronic administration of Tempol in
the diet led to a decrease in weight gain in mice, as discussed above, caloric
restriction in rodents leading to decreased weight gain has been shown to
decrease IR-induced carcinogenesis.100,101

A study was designed to expose two different strains of mice (female C3H/
Hen and CBA) to a nonlethal TBI dose of 3 Gy.75 Immediately after IR, two
groups of mice were switched to bacon-flavored chow containing Tempol (0 Gy
Tempol, 3 Gy Tempol). An additional group receiving 3 Gy TBI was switched to
Tempol chow 1 month after IR (3 Gy delayed Tempol). Mice were maintained
on these diets over their entire lifespan. The endpoint for the study was tumor
formation (not to exceed 2 cm diameter) or until humane euthanasia criteria
were met. Each mouse received a comprehensive necropsy examination and
pathology evaluation by a board-certified veterinary pathologist.

As expected, the Tempol diet resulted in reduced weight gain starting at
approximately 10 weeks compared with mice on the control diet (po0.001)
(see Figure 14.8).75 There was no statistical difference in the weights of 0 Gy
Tempol or 3 Gy Tempol mice throughout the study. Weights of the 0 Gy
control group increased rapidly to 25 weeks, peaked at 60 weeks (37 g), and
then slowly decreased as the animals aged. The 0 Gy Tempol group gained
weight similar to control animals up to approximately 5 weeks, followed by a
plateau in weights to approximately 50 weeks (27 g), and then decreased
slowly. The 0 Gy control mice had significantly higher weights (po0.001)
than the 0 Gy Tempol mice from approximately 10–80 weeks with a max-
imum difference of approximately 38% at 55 weeks. Irradiated mice on the
Tempol diet (both those placed on the Tempol diet immediately after IR or 1
month after IR) exhibited near identical weights to 0 Gy controls throughout
the study. The decreased weight gain of mice receiving the Tempol diet could
not be explained by reduced food consumption. Food consumption moni-
tored from weeks 20 to 101 showed no statistical difference among any of the
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groups. The weight and food consumption profiles of the CBA mice were
similar to the C3H mice.

Figure 14.11 A shows a Kaplan–Meier survival curve for C3H/Hen mice.75

There was no significant difference in the lifespan of 0 Gy control versus 0 Gy
Tempol groups. Overall, chronic Tempol food supplementation was well
tolerated by both mouse strains with little untoward toxicity. There was a
substantial reduction in the lifespan for the 3 Gy control group compared
with unirradiated controls (po0.001). Tempol diet supplementation initi-
ated immediately after TBI resulted in a significant survival advantage
compared with the control diet (po0.001), representing an extension in
survival of approximately 34 weeks for C3H mice. Interestingly, delaying
the Tempol diet one month post 3 Gy TBI in C3H mice also provided a
significant survival advantage (23 weeks) compared with the 3 Gy control
(po0.001) (Figure 14.11A). There was no statistical difference between the
3 Gy Tempol and 3 Gy Tempol delayed groups. Similar survival profiles were
observed with the CBA mouse strain.75 The cumulative incidence of
hematopoietic and solid neoplasms for C3H/Hen mice is shown in
Figure 14.11B,C. Both Tempol groups delayed the onset and decreased the
incidence of hematopoietic neoplasms (predominantly lymphomas).
Though the incidence was low, Tempol provided reduced incidence of he-
matopoietic neoplasms in unirradiated controls (po0.016). As for solid
neoplasms, Tempol groups exhibited delayed onset, however, by approxi-
mately 700 days post-TBI the incidence of solid neoplasms slightly increased
over 3 Gy control in both Tempol groups. There were similarities and dif-
ferences between C3H/Hen and CBA mice with respect to neoplasm in-
duction. The rate of hematopoietic neoplasm incidence was accelerated in
C3H mice compared with CBA mice. Tempol also delayed the onset and
incidence of hematopoietic neoplasms in CBA mice. Unlike for C3H/Hen
mice, Tempol delayed both the onset and incidence of solid neoplasms in
CBA mice. These data show that Tempol clearly reduced IR-mediated can-
cers, leading to an increased lifespan. The mechanism(s) responsible for this
finding may involve weight-altering effects, reduction in inflammatory
pathways, and antioxidant activity. It is interesting to point out that nitr-
oxides were reported to be mutagens as measured by the Salmonella typhi-
murium assay and likely to induce DNA damage leading to carcinogenesis.102

Such was certainly not the case when Tempol was used in mammalian
systems such as C3H and CBA mice (Figure 14.11A).75 The lifespan of control
mice and mice on Tempol chow for most of their lifespan exhibited no
difference in survival or cancer induction. In fact, in mammalian cells,
Tempol was found not to be mutagenic or cytotoxic as well as protecting
against mutations induced by hydrogen peroxide and superoxide generated
by hypoxanthine/xanthine oxidase.103 More research will be required to
further expand upon the mechanism of action of Tempol’s influence on
carcinogenesis; however, the lifespan study of mice on Tempol chow opens
the door toward reducing IR-mediated carcinogenesis and may be useful in a
countermeasures situation.
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Figure 14.11 (A) Kaplan-Meier survival plots for C3H mice. Mice were exposed to
either 0 or 3 Gy TBI with or without Tempol food supplementation
initiated immediately after radiation and maintained throughout the
lifespan. (B) Cumulative incidence of deaths for various groups shown in
(A), hematopoietic neoplasms (B), solid neoplasms (C). The number of
mice in each group was 0 Gy C¼ 93; 0 Gy Tempol¼ 89; 3 Gy con-
trol¼ 170; 3 Gy Tempol¼ 161; and 3 Gy Tempol delayed¼ 202.
C¼Control; TP¼Tempol. Statistics using log rank analysis of the sur-
vival curves: 0 Gy C vs. 0 Gy T (p¼ 0.06); 0 Gy C vs. 3 Gy C (po0.001);
0 Gy T vs. 3 Gy T (po0.001); 3 Gy C vs. 3 Gy T (po0.001); 3 Gy C vs. 3 Gy T
delayed (po0.001); 3 Gy T vs. 3 Gy T delayed (p¼ 0.07).
Reproduced from ref. 75 with permission from the American Association
for Cancer Research, Copyright 2012.
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14.8 Conclusions
Over30 years ago the findingsof test tubenitroxide chemistrywere translated to
mammalian cell andanimal systems.Wehadno ideaat the time thatnitroxides
would impact somany diversemammalian biological systems. Nitroxides have
beenshowntohavebroadutility inbiomedical research,which is a testament to
the involvement of free radical processes in a diverse variety of pathological
conditions and the manner in which nitroxides catalytically and/or stoichio-
metrically interact with ROS and oxidized substrates when oxidative stress is
imposed. That nitroxides have been shown to protect against IR-induced le-
thality, tissue injury and carcinogenesis is noteworthy and could be most
beneficial in clinical or countermeasures settings. How nitroxides interact
with complex cellular and signal transduction pathways, some of which utilize
intra- and extracellular free radicals for initiation will be a future challenge and
hopefully will advance the nitroxide and biomedical research field further.
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CHAPTER 15
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Paramagnetic Resonance (EPR)
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15.1 Introduction to EPR Spectroscopy
For more than half a century synthesis of nitroxides combined with EPR
spectroscopy has enabled new fields of research, especially physical studies of
biological molecules and polymers, and animal physiology. The properties of
nitroxides that spawned these studies are their persistence through many
chemical reactions (see, for example, ref. 1), and the anisotropy of g-values and
of hyperfine coupling to the nitrogen nuclear spin (see, for example, ref. 2).
Reaction chemistry is described in other chapters. This chapter focuses on the
EPR spectroscopic properties of nitroxides that make them useful for the ap-
plications discussed in other chapters. Spectra are discussed for magnetically
dilute samples, such as low-concentration solutions or diamagnetic solids that
contain low concentrations of the paramagnetic nitroxide. In these spectra we
can measure the properties of individual molecules. In magnetically concen-
trated samples, which are not discussed in this chapter, spectra are dominated
by intermolecular exchange and dipole interactions.

EPR is the resonant absorption of energy from electromagnetic radiation
that matches the energy separation between the ms¼ �1/2 electron spin
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states in the presence of a magnetic field. The resonance condition is de-
scribed by eqn (15.1).

hn¼ gbeB0 (15.1)

where h is Planck’s constant (6.62607�10�34 J s), n is the microwave
frequency, g is characteristic of the environment of the unpaired electron, be is
the electron Bohr magneton (9.2740�10�24 J T�1), and B0 is the external
magnetic field. For nitroxides, gB2.006. If there is no resolved coupling to
other nuclear spins, the fluid solution EPR signal is a single line. The g value
can be calculated directly from the field position at which the first-derivative
signal crosses the baseline (the zero-crossing point) and the knownmicrowave
frequency, using eqn (15.1). Although approximate values of g and nuclear
hyperfine couplings can be measured directly from the spectra, more accurate
values can be obtained by computer simulation using, for example, the
software package EasySpin.3 The spectrum of CTPO (3-carbamoyl-2,2,5,5-
tetramethyl-3-pyrroline-1-oxyl) in water (Figure 15.1) is typical of rapidly
tumbling nitroxides. There is strong interaction of the unpaired electron with
the 14N nucleus, which has nuclear spin I¼ 1. The hyperfine interaction, with
hyperfine coupling constant designated as AN, splits the fluid solution EPR
signal into three lines that correspond to mI¼ 1, 0, or �1. An individual
molecule has a single value of mI. The observed spectrum is an ensemble
average. Each of the three nitrogen hyperfine lines is split into multiple closely

Figure 15.1 X-band (9.6376 GHz) CW spectrum of 0.5 mM CTPO in air-saturated
water solution obtained with 0.20 G modulation amplitude at 100 kHz,
1 mW non-saturating microwave power, and single 30 s scan. The
positions of the 13C hyperfine lines are marked with *.
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spaced lines because of smaller couplings to the protons of the methyl groups.
The case of AN{B0 is called the high-field limit and results in equally spaced
nitrogen hyperfine lines, as shown in Figure 15.1. When AN is a significant
fraction of B0 the spacings between the three lines are not equal, which is
called the Breit–Rabi effect.4 For example the splittings between low-field
to center-field, and center-field to high-field lines in the spectrum of CTPO
in water at 262 MHz (B0¼ 9.3 mT) are 1.48 and 1.76 mT, respectively, for
a total spacing of 3.24 mT,5 whereas at X-band both spacings are 1.62 mT
with the same total spacing of 3.24 mT as is observed at low field.6 Also,
when the external field is not large relative to the hyperfine couplings,
additional ‘‘forbidden’’ transitions may become observable. For example, as
many as 10 transitions can be observed in EPR spectra of nitroxides at very
low magnetic fields.7

The majority of the unpaired electron spin density of the nitroxide is
located in the antibonding N–O p* orbital. Since oxygen is more electro-
negative than nitrogen, the antibonding orbital has higher electron density
on the N than on the O. Changes in geometry of the nitrogen change the
relative s and p orbital contribution and thus change both AN and the orbital
angular momentum. The polarity of the environment also changes the
electron distribution, and thus changes the magnitude of AN, which there-
fore can be used as a probe of local polarity.8 For many nitroxides, AN in
aqueous solution is about 1.6 mT. The value of AN also changes when the
polarity of substituents is changed. For example, replacement of the typical
gem-dimethyl groups by four electron-withdrawing carboxymethyl groups
decreases AN to 1.22 mT. To simplify the EPR spectra, nitroxides can be
isotopically enriched in 15N, I¼ 0.5, which results in a two-line spectrum.9

The linewidths in the spectra are dependent on unresolved hyperfine
couplings, collisions with O2 or other paramagnetic species in the solution,
collisions with other nitroxides (concentration effect), restricted motion, and
excessive microwave power. Each of these contributions to linewidths is
discussed in the following sections.

15.1.1 EPR Methods

Historically, the most common EPR detection technique has been
continuous-wave (CW) EPR.10 In this method a fixed microwave frequency
is incident on the sample and the magnetic field is swept slowly through
resonance. EPR of nitroxides has been performed at frequencies from very
low (hundreds of MHz) to very high (hundreds of GHz) and the associated
magnetic fields for gB2. The most common frequency is ca. 9–10 GHz
(X-band), which corresponds to resonance at about 0.35 T for nitroxides. The
magnetic field is modulated at kilohertz frequencies, usually 100 kHz, and
the EPR signal path includes lock-in detection at this modulation frequency.
The output of the lock-in detector is the slope of the absorption signal,
yielding the familiar first-derivative EPR spectra as discussed in ref. 10. The
detailed hyperfine splittings and lineshapes in the CW signal depend on,
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and thus report on, the environment of the nitroxide and its motion. At
X-band, samples in non-polar organic solvents such as toluene can be
studied in the micromolar concentration range in 4 mm outside diameter
sample tubes. Water and other polar solvents require smaller diameter tubes
because of the non-resonant absorption of microwaves by the restricted
motions of the electric dipoles in the solvent molecules. Hence, sample sizes
range from ca. 10 to 200 mL of ca. 1 to 1000 mM solutions. 1014 to 1015 spins
provide strong signals in X-band spectrometers. The smaller wavelengths for
higher frequencies require smaller tube diameters and sample volumes.

Pulsed EPR involves applying short pulses of microwaves at a fixed
magnetic field, and observing the response of the spins.11 There are many
versions of pulsed EPR, including sweeping the magnetic field, measuring
relaxation times, and measuring spectra at the selected relaxation time.
Pulsed EPR has been especially important for measuring distances between
spins, which is discussed in Section 15.5.2. T1 and T2 for rapidly tumbling
nitroxides are about 0.5 ms,12 which is much shorter than typical NMR re-
laxation times and limits the complexity of pulse sequences that can be used.

The third major EPR method involves rapid scans of the magnetic field
through the spectrum, at fixed microwave frequency, and without the
modulation and lock-in detection that characterizes CW EPR. Rapid scan
EPR can use higher microwave power than CW, since it is on resonance for
very short times, nearly as short as in pulsed EPR. The signal can be averaged
thousands of times per second. An example of rapid scan for the center-field
line of mHCTPO (3-carbamoyl-2,2,5,5-d12-tetramethyl-3-pyrroline-1-oxyl) is
shown in Figure 15.2. The rapid field scan causes oscillations on the trailing
edge of the signal, which can be removed by Fourier deconvolution, yielding
the absorption spectrum.13 Differentiation with subsequent filtering pro-
vides the familiar first-derivative signal. With modern digital data acqui-
sition and analysis methods, rapid scan EPR of nitroxides in fluid solution
provides up to about a factor of 5 improvement in signal-to-noise (S/N) per
unit acquisition time relative to CW EPR.14

15.1.2 Anisotropy

The electron distribution around most paramagnetic centers has symmetry
lower than cubic, so the g and hyperfine values are dependent on the
orientation of the molecule relative to the direction of the external magnetic
field, which is designated as anisotropy. The axis labeling for nitroxides is
shown in Figure 15.3. The axes of the g and hyperfine matrices may not be
aligned precisely along the molecular axes, although the assumption of
co-linearity is used to simplify this discussion. The gz value (also called gzz) is
the value of g that is observed when the magnetic field is along the molecular
z axis, which is the long axis for the nitrogen p orbital in the p* orbital that
contains the unpaired electron. The g and AN values for tempone in water:
Ax¼ 0.55, Ay¼ 0.63, and Az¼ 3.59 mT and gx¼ 2.0092, gy¼ 2.0061, and
gz¼ 2.002212 are typical of values for many nitroxides.
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15.1.3 Relationship Between Single Crystal, Powder and
Fluid Solution Spectra

If a single crystal of a diamagnetic compound doped with a small amount of
nitroxide is oriented in a magnetic field, the anisotropy of the g and AN can
be measured. X-band spectra calculated for orientations of a crystal with the
magnetic field along the magnetic x, y, or z axes are shown in Figure 15.4.
These axes are called the principal axes of the system. The spectra show the
differences in positions of the signal and in the hyperfine splittings when
the magnetic field is along the three principal axes which arises because of
the anisotropy in g and AN. The center of the three-line patterns is at lower
field and AN is smaller when the magnetic field is along the x or y axes than

Figure 15.2 X-band rapid scan spectrum of the center line of mHCTPO and
comparison of rapid scan and CW EPR spectra of mHCTPO. Magnetic
field scans were from low field to high field using 9.5 cm diameter
external coils. (A) As-recorded sinusoidal rapid-scan signal obtained
with a scan rate of 1.8 MG/s. A total of 1024 averages were recorded in
about 0.9 seconds using a Bruker SpecJet II digitizer. The incident
microwave power was about 80 mW (B1¼ 0.014 mT). (B) Slow-scan
absorption spectrum obtained by deconvolution of signal in (A).
(C) First derivative spectrum obtained by pseudomodulation of the
signal in (B). First derivative spectrum was filtered using a fourth-order
Butterworth filter allowing less than 2% broadening of the linewidth.
(D) Single scan of a field-modulated first-derivative CW EPR spectrum
of the same sample, obtained in 0.9 s using about 5 mW incident
microwave power, 10 kHz modulation frequency, 0.9 ms conversion
time, 1024 points, 0.013 mT modulation amplitude. Modulation ampli-
tude, power, and fourth-order Butterworth filter were chosen to maxi-
mize S/N while allowing less than 2% broadening of the linewidth.
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along the z-axis. For molecules with orientations intermediate between the
principal axes, resonance occurs at positions that are intermediate between
what is observed when the field is along the axes.

The spectrum of a randomly oriented powder sample of an immobilized
nitroxide is the superposition of spectra for all orientations with respect to
themagnetic field. A powder sample could be obtained by crushing the single
crystal or, more commonly, by dissolving the radical in a solvent mixture
that forms a glass when it is cooled below the glass transition temperature.
Formation of a glass is important for acquiring powder (immobilized)
spectra. If the solvent crystallizes the solute is excluded from the lattice and
may become magnetically concentrated, which prevents characterization of
the isolated radicals. In the X-band powder spectrum of an immobilized
nitroxide the spacing between the low-field maximum and the high-field
minimum corresponds to 2 Az. All other orientations of the molecule have
resonances between these two extremes. The most probable orientations are
near the x, y plane. At X-band these orientations give resonances near the
center of the spectrum, which is why the amplitude of the first derivative
spectrum is greatest near the middle of the spectrum.

At higher microwave frequency, B0 increases so the g anisotropy results in
larger spacings between the centers of the hyperfine split multiplets as shown
in Figure 15.5 for Q-band (34 GHz) than at X-band (Figure 15.4). At Q-band the
higher probability of orientations in which the magnetic field is in the
magnetic x, y plane than along the z-axis and the higher g values in the x, y
plane shift the maximum amplitude toward the low-field end of the spectrum.

15.1.4 Motion of Nitroxides

The extent to which anisotropy is averaged by molecular tumbling depends
on the tumbling correlation time, tR. The inequivalent resonant positions

Figure 15.3 Axis definitions used to describe the orientation dependence of molecu-
lar g and AN values. The orbital that contains the unpaired electron has
substantial N pz character.
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that are averaged by tumbling are the combined effect of the g and AN an-
isotropy. At X-band typical nitroxide g and AN values correspond to a spread
in resonance fields of 2.3, 1.2, and 4.3 mT for the mI¼ 1, 0, and �1 lines,
respectively, as sketched in Figure 15.6. The corresponding values inMHz
are 64, 34, and 120 MHz for the mI¼ 1, 0, and �1 lines, respectively. When
tumbling correlation rates, 1/tR, are substantially less than the spread in
resonance frequencies that arise from the g and AN anisotropies, a static
limit rigid lattice spectrum is observed. As the tumbling rate increases, there

Figure 15.4 Simulated X-band (9.655 GHz) single-crystal spectra of a nitroxide
doped into a diamagnetic host. Spectra are shown for the magnetic
field along the x, y, and z molecular axes of the radical. The spectra for
an oriented crystal are compared with the powder spectrum that could
be obtained crushing the crystal to form a randomly oriented powder or
by freezing a solution in a solvent that forms a glass. The parameters
that were used in the EasySpin simulation were gx¼ 2.0092, gy¼ 2.0061,
gz¼ 2.0022, Ax¼ 14.8, Ay¼ 17.6, and Az¼ 100.2 MHz.
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is increasingly effective motional averaging of the anisotropy and the EPR
lineshapes become motion-dependent. This motional dependence of the
EPR lineshapes of nitroxides provides insights into the motions of spin
labels attached to organic polymers and biological molecules on the time
scale of tR between less than a few ns and about 100 ns, as illustrated in
Figure 15.7 for spectra at X-band. In the fast tumbling limit the isotropic
g and AN values are observed. At X-band the spread in rigid lattice resonance
frequencies increases in the order mI¼ 0omI¼ 1omI¼�1 (Figure 15.6), so
for a given tumbling rate the effectiveness of averaging decreases in that
order and the linewidth increase in the order mI¼ 0omI¼ 1omI¼�1
(Figure 15.7). Even though the lines are of different width and height, the
integrated area under each of the three lines is the same.

At Q-band the anisotropy that is averaged by tumbling (Figure 15.5) in-
creases in the order mI¼ 1o0o�1 so the low-field line is the narrowest in
the intermediate tumbling regime (Figure 15.8). Since the inequivalences

Figure 15.5 Simulated Q-band (9.655 GHz) single-crystal spectra of a nitroxide
doped into a diamagnetic host. Spectra are shown for the magnetic
field along the x, y, and z molecular axes of the radical. The spectra for
an oriented crystal are compared with the powder spectrum that could
be obtained crushing the crystal to form a randomly oriented powder or
by freezing a solution in a solvent that forms a glass. The parameters
that were used in the EasySpin simulation were gx¼ 2.0092, gy¼ 2.0061,
gz¼ 2.0022, Ax¼ 14.8, Ay¼ 17.6, and Az¼ 100.2 MHz, which are the
same as in Figure 15.4.
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that are averaged by tumbling are larger at Q-band than at X-band, faster
tumbling (shorter values of tR) is required to achieve the fast-motional limit.

Spectra shown in Figures 15.4, 15.5, 15.7 and 15.8 were calculated using
the shareware program EasySpin,3 which is available on the web (http://www.
easyspin.org) and can be used to simulate many types of EPR spectra,
including the slow-motion nitroxides. The software runs on the MatLab
platform. If the rigid-lattice parameters are known, the simulations provide
values of tR. With less precision, one can use the Kivelson model of line
width dependence on tumbling15,16 to find tR. Instructions for a student
laboratory experiment that uses nitroxides to determine tR are provided

Figure 15.6 In the spectrum for a nitroxide that is rapidly tumbling in fluid solution
the g and AN anisotropy is averaged such that giso¼ 1/3 (gxþ gyþ gz) and
AN¼ 1/3 (Axþ Ayþ Az). The relationship between the average values and the
values along the principal axes are marked. The X-band experimental
spectra for tempol in water and in glassy trehalose are used as examples.
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in ref. 17. In the motional regime in which tumbling is fast enough to largely
average g and AN anisotropy, but still leave differences in the widths of the
three 14N hyperfine lines, the widths can be expressed as

DBpp¼ AþBmIþCm2
I

A, B and C are coefficients that can be calculated from g and AN aniso-
tropies, in units of magnetic field. The nuclear magnetic quantum number,
mI, is 0 for the center line, so the width of the center line defines A.

Figure 15.7 X-band intermediate tumbling spectra calculated using the same g and
AN values as for Figures 15.3 and 15.4 with tR¼ 0.5, 1.5, 4.0 and 10 ns.
Signal amplitudes are scaled to constant values.
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15.1.5 Half-field Transitions

When there is dipolar interaction between two nitroxides in a rigid lattice
(either powder or glassy solution) there can be a spin transition that is
describable as an Dms¼ �2 transition. At fixed microwave frequency,
this transition occurs at half the magnetic field of the normal Dms¼ �1
spin transition, and is commonly called the half-field transition. The
ratio of the intensity of the half-field transition to that of the gE2 tran-
sitions can be used to calculate the distance between the spins up to
about 10 Å.18 Some reports state that this transition is characteristic of a
triplet state. However, the transition can be observed in samples con-
taining randomly oriented S¼ 1/2 species, such as monomeric nitroxides,

Figure 15.8 Q-band intermediate tumbling spectra calculated using the same g and
AN values as for Figures 15.3 and 15.4 with tR¼ 0.5, 1.5, 4.0 and 10 ns.
Signal amplitudes are scaled to constant values.
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if the concentration is sufficiently high. If the relative intensity extrapo-
lates to zero at low total spin concentration, the half-field transition is
due to intermolecular interactions between monomers, rather than a
triplet or triplet-state dimer.18,19

15.1.6 Dinitroxides

Nitroxides can be combined with many other free radicals to exploit special
spectroscopic characteristics. Of particular interest are molecules that con-
tain two nitroxides, which are called dinitroxides. In fluid solution the EPR
spectra are strongly dependent on the ratio of the exchange interaction,
J, between the two radicals to AN (Figure 15.9).20 As J increases the spectrum
evolves from the usual three-line spectrum with equal intensity lines to a
multi-line signal. In the strong interaction case with JcAN, the dimer
exhibits a five-line pattern in which the apparent nitrogen hyperfine coup-
ling is half of the value for the corresponding monoradicals because each
unpaired electron is delocalized over both nitrogens. If the exchange inter-
action is dominated by through-space interactions, motions may vary
conformations and modulate J. In flexible dinitroxides lines 2 and 4 for the
five-line pattern are broader than lines 1, 3, and 5, which is an example of
what is sometimes called ‘‘alternating linewidths.’’ Changes in these spectra
can be used to monitor dynamics in solution, reaction equilibria, and
strengths of orbital interactions.20 Cleavage of a disulfide linker in a
dinitroxide can be used to monitor redox potentials.21

Figure 15.9 Changes in X-band spectra of a dinitroxide as J increases, calculated for
n¼ 9.852 GHz, g¼ 2.006, AN¼ 16.0 G, and Gaussian absorption line
width of 0.2 G for J¼ 0, J¼ 0.5 AN, J¼ 2 AN, and JcAN.

20
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15.2 Selection of Acquisition Parameters for CW
Spectra

Acquisition of CW spectra of nitroxides requires selection of acquisition
parameters including incident microwave power, modulation amplitude and
time constant, each of which can impact line width and lineshape. In add-
ition, concentration of the sample can affect line width and shape. General
guidance is provided in this section. These matters are discussed in greater
detail in Quantitative EPR10 and in the manuals provided with spectrometers.

15.2.1 Microwave Power (See Figure 4.5, on p. 47 of ref. 10)

The EPR signal is the net result of absorption and emission of energy at the
resonant frequency. The ratio of the equilibrium populations of the upper
and lower energy levels (ms¼ �1/2) can be calculated using the Boltzmann
eqn (15.2).

nupper
nlower

¼ e�DE=kT (15:2)

At 9.4 GHz, DE¼ 6.228�10�24 J and T¼ 293 K, which gives
kT¼ 4.04�10�21 so DE/kT{1 and the ratio of the populations is close to one.
The actual ratio of populations at X-band for T¼ 293 K isB0.998. The almost
equal populations of the upper and lower energy levels mean that if energy is
absorbed by the spin system at a rate that is faster than electron spin re-
laxation, the population ratio may become even closer to 1, which decreases
signal intensity and is called saturation. The EPR transition is caused by the
magnetic field in the resonator, B1, which is proportional to the square root
of incident power

B1¼L OP (15.3)

where L is the resonator efficiency.
When comparing results with the same resonator it is convenient to de-

scribe experiments in terms of P. However, when comparing results obtained
with different resonators, conversion of P to B1 is needed. In the absence of
saturation, the EPR signal increases linearly with B1. Well-engineered spec-
trometers have low-noise sources, so the noise in a spectrum is independent
of B1 except at relatively high power, and S/N increases linearly with B1. To
accurately measure the number of spins in a sample, B1 should be low en-
ough that the spectrum is in the linear response regime. A power saturation
curve is a plot of the signal amplitude vs. square root incident power (or B1),
and can be used to determine the linear response range. However, a quick
check can be performed by changing the incident power by 6 dB, which is a
factor of 4 in power, and a factor of 2 in B1. If you increase the incident power
by 6 dB the signal should double in amplitude. If it does not, the incident
power is too high and a lower power should be selected.
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The shape of the power saturation curve depends on the relaxation times
and the lineshape. If the line is a single spin packet, which has a Lorentzian
lineshape, then it is described as homogeneously broadened. If there is
unresolved hyperfine splitting, the line is described as inhomogeneously
broadened. The peak-to-peak line width, DBpp, of a Lorentzian EPR line is
given by

DBpp
� �2 ¼ 4

3
1

g2T2
2

1þ g2B2
1T1T2

� �
(15:4)

It is helpful to rewrite this in the form:

DBpp
� �2 ¼ 4

3g2T2
2
þ 4B2

1T1

3T2
(15:5)

which shows that at low microwave power the line width is determined by T2,
but at higher microwave power, and especially with T14T2, the line is power-
saturation broadened. In the case of an inhomogeneously broadened line, as
a Lorentzian spin packet broadens it adds intensity at the field of the
neighboring lines. With enough overlapping lines, the amplitude at a given
field may stay approximately constant as the power increases. See, for ex-
ample, line c in figure 8 in ref. 22. The shape of the curve depends on whether
you plot the amplitude at a given magnetic field or the peak of the spectrum.
These differ because of the line broadening. If you know the efficiency of a
resonator and have approximate values of the relaxation times, you can make
an estimate of B1 that is likely to saturate the signal, using the formula for the
saturation factor, S:

S¼ 1
1þ g2B2

1T1T2
(15:6)

where g¼ 1.76�108 rad s�1mT�1. The goal is to have S as close to 1 as is
practical. For example, for a rectangular X-band cavity resonator, the effi-
ciency is approximately 0.1 mT/OW and T1 and T2 are about 0.5 ms for low
concentrations of small-molecule nitroxides in fluid solution at room tem-
perature. EPR spectrometers typically have a maximum power of ca. 200 mW,
so 20 dB attenuation provides 2 mW incident on the resonator. Two mW
corresponds to 0.0045 mT at the sample. These values give S¼ 1/(1þ 0.16)
which is not a very conservative value, so lower power should be used.

15.2.2 Modulation Amplitude (See Figure 1.11, p. 11 in ref. 10)

Detection of the EPR signal in a CW experiment involves modulation of the
magnetic field at a rate is that fast relative to the sweep rate as is described in
detail in ref. 10. The most common modulation frequency is 100 kHz. For
the most precise lineshapes the modulation amplitude should be less than
about 1/10 of DBpp. However, modulation amplitudes up to about 1/3 of DBpp
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cause relatively small broadening, and modulation amplitudes approxi-
mately equal to DBpp enhance S/N at the expense of line broadening.

At the other extreme, if the line is only 0.005 mT wide, then not only
do you need a very small modulation amplitude, but there will also be
distortion by the 100 kHz modulation. Any pair of frequencies produce
f1� f2 so there are 100 kHz sidebands on the EPR signal when it is detected
with 100 kHz modulation. Using the conversion factor of 28 MHz mT�1,
100 kHz corresponds to sidebands that are about 3.5 mT above and below the
main signal. Usually, these sidebands are within the hyperfine-broadened
EPR line and are not seen, but, with a very narrow line, the sidebands cause
observable broadening and may be observable superimposed on the main
transition.

To calibrate a spectrometer’s modulation amplitude, use a sample with
a narrow-line signal, such as particles of LiPc (lithium phthalocyanine),
BDPA (1 : 1 a,g-bisdiphenylene-b-phenylallyl), or a dilute, degassed solution
of a trityl radical. With modulation several times DBpp, the peak-to-peak
separation in the observed spectrum is about 90% of the input modulation.
The quantitative lineshape is discussed in Poole (pages 407–408).23

Although a large modulation amplitude (up toBDBpp) distorts the EPR
signal, the integrated area remains proportional to signal intensity, so some-
times to get good integrals it is useful to improve S/N by overmodulation.

15.2.3 Time Constant (See Quantitative EPR10 Figure 1.12,
p. 12, and Figure 4.3, p. 42)

It is good practice to choose a time constant such that the detection system
responds in about 1/10 of the time it takes to pass through a line. For more
details see eqn (4.1) on page 43 of ref. 10. For example, if the line is 0.1 mT
wide, and the scan is 10 mT in 100 s, the field scan will pass through the
spectral line in 1 s, so the maximum time constant that would not distort
the spectrum would be 0.1 s. To obtain maximum benefit from filtering, the
time constant should be set equal to the acquisition time per data point.
Selection of a slower scan with a longer time constant may be a more
effective strategy for improving S/N than signal averaging many scans in the
same total acquisition time, especially if lines are very narrow and there is
even a small drift in the magnetic field or frequency.

15.2.4 Effect of Concentration on Nitroxide Linewidth

One might assume that if the S/N is lower than desired, a strategy to improve
the spectrum is to increase the nitroxide concentration. However, lines
in EPR spectra may be broadened if the concentration becomes too high.
Examples are shown in Figure 15.10. The broadening due to high concen-
tration can be distinguished from the broadening that arises from
incomplete motional averaging of anisotropy because the collisions increase
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all linewidths similarly, whereas the impact of incomplete motional
averaging is smallest for the centralmI¼ 0 line at X-band or the low-field line
at Q-band. Concentration effects on linewidths are greater the lower the
viscosity of the solution and the higher the temperature, because both of
these factors increase the collision frequency. The concentration effect is
also greater the narrower the EPR lines, the larger the hyperfine splittings,
and the larger the tendency to aggregate. In fluid solution it usually is
necessary to keep concentrations of nitroxides lower than about 1 mM to
minimize concentration broadening.

The collisions cause dipolar and exchange interactions between spins.
For nitroxides in solution, the primary line-broadening effect is Heisenberg
exchange (HE).

1
T1HE

¼ 1
T2HE

¼ kHE R½ � (15:7)

where kHE is the Heisenberg exchange rate constant, and [R] is the
concentration of the nitroxide in millimole/liter. Biller et al. found k¼ ca.
2–6 in units of 106 mM�1 s�1 for nitroxides in solution.24 Thus at 1 mM
concentration, HE increases the 1/T2 relaxation rate by about a factor of 2.
The 1/T2 relaxation rate is related to the Lorentzian linewidth by

DBpp mTð Þ¼ 6:56� 10�9 mT s
T2 sð Þ (15:8)

A typical nitroxide T2 of 0.5 ms corresponds to DBpp¼ 0.013 mT. A small
increase in T2 due to collisions with other nitroxide has a relatively small
impact on overall linewidth for a signal with a substantial amount of

Figure 15.10 Broadening of the spectra of a nitroxide in fluid solution as a function
of concentration. DB is the offset from the center of the spectrum.
1 Gauss¼ 0.1 mT.
Reproduced from ref. 68 http://mrsej.ksu.ru/contents.html#13103 under
the terms of the CC BY-SA 4.0 license https://creativecommons.org/
licenses/by-sa/4.0/.
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unresolved hyperfine interaction, but makes a dramatic difference for nar-
row lines in the spectra of CTPO (Figure 15.1).

15.2.5 Collisions with Paramagnetic O2

In fluid solution, collisions with small, rapidly relaxing O2 enhance the
nitroxide relaxation rates viaHeisenberg exchange, analogous to what occurs
when nitroxides collide. Heisenberg exchange between O2 and the nitroxide
is very effective in enhancing relaxation because the T1 of the O2 is much less
than the T1 of the nitroxide, and because the transitions of the O2 extend
over a range of g-values that are different from that of the nitroxide. This
relaxation enhancement may broaden the CW EPR spectra of the nitroxide
to the point that line widths are greater than proton hyperfine splittings,
and proton hyperfine is not resolved. CTPO provides a good example
(Figure 15.11). In air-saturated water the O2 concentration is about 0.2 mM,
and one observes only the three lines due to 14N coupling. Upon purging
with N2, the 1H couplings to the methyl groups and the proton in the
4-position of the ring become resolved. This highly resolved spectrum is

Figure 15.11 X-band (9.651 GHz) spectra of the center line (mI¼ 0) line for 0.2 mM
CTPO in water for air-saturated solution or nitrogen-purged solution
at 293 K obtained with 0.05 G modulation amplitude and 0.5 mW
microwave power.
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sensitive to the microwave power, modulation amplitude, [O2], temperature,
viscosity and concentration of the nitroxide itself. A major application of this
phenomenon is in vivo oximetry, in which the line width or directly meas-
ured relaxation time of trityl, nitroxide or analogues of LiPc can be used to
monitor of the concentration of O2.

25

15.3 Relaxation Times
A qualitative understanding of electron spin relaxation times is important
for selecting parameters for acquiring CW spectra. Understanding of the
factors that impact relaxation are crucial to the design and selection of
nitroxides for specific applications. A more detailed analysis of relaxation
provides insights into dynamic processes and the fundamental nature of the
phenomena that are reported by EPR spectra of nitroxides.

15.3.1 Methods to Measure Relaxation Times

Early studies of nitroxide relaxation in fluid solution used CW power sat-
uration (eqn (15.4)). Typically T2 was estimated from the CW line width
based on eqn (15.8). This procedure works well for the nitroxide (SO3)2NO

2�,
which is known as Fremy’s salt, because there is no unresolved hyperfine
splitting. However, for many other nitroxides there is unresolved proton
hyperfine splitting which contributes to the linewidth and results in arti-
ficially shortened values of T2 if eqn (15.8) is used. More et al.26 used
continuous-wave power saturation together with as complete hyperfine
simulation of lineshapes as possible to estimate T1 and T2. Calibration was
done with Fremy’s salt.

For most nitroxides direct measurement of relaxation times by pulsed EPR
is needed to get accurate results. Spectrometers for measurement of relax-
ation times are marketed by Bruker (such as the E580 X-band and
E560 W-band spectrometers). For details of pulsed EPR see ref. 11. Briefly,
the spectrometer uses a pulse pattern generator to create pulses a few tens of
ns long, which are amplified by a high-power microwave amplifier, such as
traveling wave tube (TWT) amplifier. The pulses are directed to a resonator
that is designed to have high bandwidth. The free induction decay (FID) or
echo is detected, amplified and digitized. The time-domain response is then
interpreted in terms of the relaxation times. Common sequences are the
Hahn echo sequence p/2–t–p–t-echo varying t to measure T2 and the in-
version recovery sequence p–T–p/2–t–p–t-echo varying T to measure T1. An
FID can be measured instead of an echo. Complexities in the contributions
to the decay or recovery time necessitate care in interpretation of the results,
as explained in ref. 27. For example, since many factors in addition to T2
influence the echo decay time constant in solids, the experimental value is
usually called Tm, the phase memory time, rather than T2. In low-viscosity
fluid solution Tm typically isBT2.
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15.3.2 T1 in Fluid Solution

Typical room-temperature values of T1 for rapidly tumbling nitroxides at X-band
are about 0.5–1.0 ms12 and increase to 1.7–5 ms for more slowly tumbling
spin-labeled lipids.28 In dilute fluid solution from which oxygen has been re-
moved, a nitroxide is jostled by its neighbors, translates, rotates and undergoes
conformational changes which provide a variety of relaxation mechanisms that
can be modeled as the sum of contributions from spin rotation, modulation of
AN and g anisotropy, and a thermally activated process eqn (15.9).12,27,29,30

1
T1

¼ 1
TSR
1

þ 1

Tg
1
þ 1
TA
1
þ 1
T therm
1

(15:9)

The contribution from spin-rotation (eqn (15.10)) reflects the coupling
between rotational and spin angular momenta.31–33

1
TSR
1

¼
P3

i¼ 1ðgi � geÞ2

9tR
(15:10)

where i¼ x, y, z and ge is 2.0023. 1
TSR
1

is independent of resonance frequency
and decreases as tR increases. It can be distinguished from other contri-
butions to relaxation in fluid solution by the absence of dependence on
microwave frequency.

Modulation of the large anisotropic (dipolar) nitrogen nuclear hyperfine
coupling by molecular tumbling (the END process, eqn (15.11)) is a major
contributor to nitroxide relaxation in certain motional regimes.34–36

1
TA
1
¼ 2

9
I I þ 1ð Þ

X

i

Ai � �Að Þ2J oð Þ (15:11)

where Ai is a component of the nitrogen hyperfine coupling in angular fre-
quency units, Ā is the average nitrogen hyperfine, I is the nitrogen nuclear
spin, o is the resonance frequency, and J(o) is the Bloembergen, Purcell,
Pound (BPP) spectral density function (eqn (15.12)).

J oð Þ¼ tR
1þ otRð Þ2

(15:12)

In the rapid-tumbling regime the BPP spectral density function is indis-
tinguishable from the Cole–Davidson spectral density function (15.13),
which has been found to give better agreement than BPP with the tem-
perature dependence of nitroxide 1/T1.

37,38

JCD oð Þ¼ 1
o
sin b arctan otð Þð Þ

1þ otð Þ2
� �b=2 (15:13)

where b characterizes the distribution of tR values. The smaller the value
of b, the wider the distribution. For b¼ 1, JCD(o) reduces to JBPP(o). The
Cole–Davidson function was developed to interpret dielectric relaxation.
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The frequency dependence of
1
TA
1
depends on tR (eqn (15.12)). For tR in the

range of 4–50 ps for small nitroxides in low-viscosity solutions, otR changes

fromo1 at 250 MHz to41 at 34 GHz. For otR41,
1
TA
1
increases aso decreases.

For otR{1,
1
TA
1
is independent of o and increases as tR increases. Because

1
TA
1

is proportional to g2 I(Iþ 1), where g is the gyromagnetic ratio, the ratio
1
TA
1

� �
for 14N

	 
�
1
TA
1

� �
for 15N

	 

¼ 1:36. The 15N/14N isotope effect on 1/T1

can be used to confirm the contribution from the END mechanism.6,38

Modulation of g anisotropy by molecular tumbling is described by
eqn (15.14).34,35

1

Tg
1

¼ 2
5

o
g

� �2 Dgð Þ2

3
þ dgð Þ2

� 

J oð Þ (15:14)

where Dg¼ gz� 0.5(gxþ gy), dg¼ 0.5(gx� gy). This term is increasingly
important at higher microwave frequencies.

For nitroxides in viscous water/glycerol solutions at 1.9, 3.1 and 9.2 GHz at
room temperature, 1/T1 was larger than predicted by eqn (15.11), (15.12) and
(15.14).29 The additional process dominated relaxation for tR4B3�10�9 s,
and the magnitude of the contribution increased with decreasing frequency
between 9.2 and 1.9 GHz. This contribution was modeled as a thermally
activated process, eqn (15.15).39,40

1
T therm
1

¼Ctherm
o
oref

� �
ttherm

1þ otthermð Þ2
(15:15)

where ttherm¼ tc
0 exp(Ea/RT), Ea is the activation energy, tc

0 is the
pre-exponential factor, Ctherm is the coefficient for the contribution of the
thermally activated process, and oref¼ 9.5 GHz.

It has also been proposed that modulation of dipolar interaction with
solvent nuclei contributes to nitroxide relaxation in fluid solution.35 Although
this relaxation mechanism has been shown to be significant for trityl radicals
at 250 MHz when otRB1,41 it has not been observed for nitroxides.

The contribution from spin rotation is independent of o, and decreases as
tR increases. The contributions from modulation of g- and A-anisotropy
(END process) depend on both o and tR. The contribution from the ther-
mally activated process depends on o, but not tR. For rapidly tumbling
nitroxides, T1 decreases with decreasing o between about 34 and 3 GHz
because of the frequency dependence of the END process. However, for
rapidly tumbling nitroxides, this trend does not continue at lower frequen-
cies because the END process becomes frequency independent. The fre-
quency dependence of 1/T1 between 34 and 3 GHz is smaller when tR¼ 10 ps
than when tR¼ 50 ps. The thermally activated process has a maximal impact
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on T1 in the range of 1–2 GHz. These three processes are sufficient to model
1/T1 over between 250 MHz and 35 GHz. The net effect of the contributions
from spin rotation, modulation of anisotropy by tumbling, and the thermally
activated process is that for small rapidly tumbling nitroxides there is a
maximum in relaxation rate at about 1–2 GHz and relaxation rates become
smaller again at lower frequency. Consequently, relaxation rates at very low
frequency (e.g., 60 MHz, 250 MHz) are similar to those atB9.5 GHz, which is
fully consistent with the earliest estimates of nitroxide relaxation rates.12,42

15.3.2.1 Effect of Collisions on T1

As discussed in Section 15.2.1, the room temperature populations of the
ms¼ �1/2 spin states at X-band are approximately equal. Thus, half of the spins
have one orientation, and half have the other orientation. Upon collision of two
free radicals with the same energy, Heisenberg exchange results in themolecules
diffusing apart with either the spin with which they came, or with the spin of the
other radical. If there is no difference in their resonant fields, there is no spin
relaxation. If, however, the radicals had different nuclear spin states, then the
effect of the spin exchange is to exchange with the thermal energy of the lattice
(the solvent) the energy difference between the two nuclear spin states. This is an
HE contribution to the T1 relaxation mechanism. Because of the nearly equal
spin-up spin-down populations, relaxation occurs in only half of the encounters.
This is in contrast with T2, where every exchange involving a different nuclear
spin state results in T2 relaxation, whichmakes the concentration dependence of
T1 less than for T2. There is another factor that decreases the effect of collisions
on T1. When radicals diffuse close enough to undergo spin exchange, they have
multiple close encounters and reencounters within the solvent cage. There is a
roughly 50 : 50 chance that the radical will emerge from the encounter with the
same spin that it had before the encounter, even if the other radical with which it
collided had the opposite spin. This reencounter phenomenon also helps aver-
age out any anisotropy in the spin exchange.43 The concentration dependence of
T1 and T2 both depend on the charge on the radical, the type and concentration
of counter-ion, the strength of interaction with solvent molecules, including
H-bonding ability, and the electron spin density at the periphery of the radical.
These factors are all in addition to temperature and viscosity.

15.3.3 T2 in Fluid Solution

For dilute nitroxide solutions, T2 is dominated primarily by incomplete
motional averaging of g and AN anisotropy (Figure 15.6), which has been
analyzed in detail by the group of Jack Freed.44 In the limit where the
anisotropy is fully averaged T1 may dominate T2 and T2BT1.

If the nitroxide concentration is high enough, the collisions and the exchange
rate become fast enough to broaden the spectra (Figure 15.10), and then at very
high concentrations, collapse the spectrum into one line, which narrows as the
concentration increases further. These patterns are commonly illustrated in
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NMR texts under the topic of ‘‘dynamicNMR.’’ See, for example, p. 292 in ref. 45.
In the intermediate exchange and coalescence regions (where the collapse to a
broad line occurs) the lineshape depends on the energy separation and the rate
of exchange, but near the slow exchange limit, the onset of broadening depends
on the rate of exchange but not on the separation. Thus, in the slow exchange
region, the measured T2 depends on the collision rate, independent of the
magnitude of the hyperfine line being averaged. In the intermediate exchange
and fast exchange regions, T2 does depend on the magnitude of the separation.

The observed EPR spectrum of a free radical in solution is a superposition
of an ensemble of molecules with all possible combinations of nuclear spin
states. Any resolved hyperfine means that electron and nuclear spin relax-
ation are slow relative to the energy splitting from the hyperfine interaction.
If the 14N, for example, were relaxing rapidly, one would see only one line,
not three. Consequently, the observation of the nuclear hyperfine tells us
that the radicals are in the slow exchange regime. Using the results of the
prior paragraph, we know then that each collision between radicals with
different nuclear spin states will result in line broadening and T2 relaxation.

15.3.4 T1 in Immobilized Samples

For immobilized nitroxides, spin–lattice relaxation is described by the sum
of contributions from the direct, Raman, local mode and thermally activated
processes.

1
T1

¼ 1
Tdir
1

þ 1
TRaman
1

þ 1
T local
1

þ 1
T thermal
1

(15:16)

The earliest discussions of spin lattice relaxation were at very low tem-
peratures46 and focused on the direct process (eqn (15.17)) in which there is
an exact match of the unpaired electron spin flip energy (the Zeeman energy)
with a lattice phonon energy and direct transfer of energy occurs.

1
Tdir
1

¼ AdirB
4
0T (15:17)

where Adir is an experimentally determined adjustable parameter, B0 is the
magnetic field, and T is temperature. The B40 field dependence and the linear
dependence on temperature are characteristic of the direct process for a
compound with an odd number of electrons, including S¼ 1/2 nitroxides. The
direct process typically dominates relaxation at relatively low temperature.

The two-phonon Raman process involves a virtual excited state with an en-
ergy that is less than the Debye temperature. The energy that is transferred from
the spin system to the lattice is the difference between the energies for ab-
sorption to and emission from this virtual excited state.47 For S¼ 1/2 nitroxides
the contribution to T1 from the Raman process is given by eqn (15.18).48

1
TRam
1

¼ ARam
T
yD

� �9

J8
yD
T

� �
(15:18)
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where ARam is an experimentally determined adjustable parameter, and J8 is
the transport integral eqn (15.19), that was developed to model heat capacity.

J8
yD
T

� �
¼
ðyD=T

0
x8

ex

ex � 1ð Þ2
dx (15:19)

Well below the Debye temperature, the contribution from the Raman
process is proportional to T9, but above the Debye temperature the limiting
temperature dependence is T2. For nitroxides in glassy organics the T2

dependence has been observed above about 100 K.38

The local mode involves a discrete vibrational frequency, usually for a mo-
lecular species. This contribution to relaxation is described by eqn (15.20).49,50

1
T local
1

¼ Aloc
eDloc=kBT

eDloc=kBT � 1ð Þ2
(15:20)

where Aloc is an experimentally determined adjustable parameter, and Dloc is
the energy of the local mode. This contribution typically is greater than the
Raman process at higher temperatures.38

Thermally activated processes such as rotation of methyl groups, rotation
of amino groups, or hopping of a hydrogen-bonded proton can absorb
energy from the spin system when the rate of the process is comparable to
the resonance frequency of the spin system. The temperature dependence
of this contribution is described by eqn (15.21).51

1
T1

¼ Atherm
2tc

1þ o2t2c

	 

(15:21)

where Atherm is an experimentally determined adjustable parameter, tc is the
correlation time for the thermally activated process, tc¼ toce

Ea/kBT, Ea is the
activation energy for the thermally activated process, toc is the pre-exponential
factor, and o is the electron spin Larmor frequency in angular frequency units.
Unlike the Raman, local-mode or Orbach processes, this contribution to
relaxation depends on the Larmor frequency. It has maximum impact when
otcE1, so when this process dominates, the relaxation rate exhibits amaximum
as a function of temperature that is dependent on the Larmor frequency.

Spin–lattice relaxation rates for nitroxides in glassy solvents have been
observed to decrease as the molecular weight increases.37 Relaxation is faster
in low-polarity sucrose octaacetate than in sorbitol which can hydrogen
bond to the nitroxide. At temperatures between 100 and 300 K relaxation is
independent of frequency between X- and Q-band and is dominated by a
combination of the Raman and local-mode processes. The contributions to
relaxation from the Raman and local-mode processes are correlated – factors
that increase one process also increase the other. There is substantial
similarity in the relaxation processes for a variety of nitroxides.37
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15.3.5 Tm in Immobilized Samples

At temperatures below about 80 K, Tm for nitroxides is largely determined by
nuclear spin diffusion of spins in the environment and is in the range of
2–4 ms in most proton-containing lattices. If the solvent is deuterated, Tm
increases dramatically.52 As the temperature is increased toward the glass
transition temperature of the solvent, Tm becomes shorter due to increasing
motional averaging of g and AN anisotropy. Above about 80 K, Tm for methyl-
containing nitroxides is strongly impacted by rotation of the methyl groups
at rates that are comparable anisotropies in the electron–proton couplings.
The rates of methyl rotation are determined by local steric effects and do not
depend upon the size of the molecule or the properties of the solvent. In
spin-labeled proteins, Tm at about 100 K decreases as the local concentration
of methyl groups increases.53

15.4 Design of Nitroxides for Particular EPR
Applications

The synthetic versatility of nitroxides permits tailoring nitroxides for EPR
applications. We focus here on two examples. Other examples are in other
chapters of this volume.

15.4.1 Nitroxides for In Vivo Imaging and Physiology Studies

Applications of nitroxides to in vivo physiology and imaging studies require
understanding of the mechanisms of spin relaxation of the probes. The
calculations in a highly cited paper,35 convinced many people that nitroxides
would not be useful relaxation probes at the low microwave frequencies that
are required for in vivo experiments. However, the rapid scan estimate of T2
for a nitroxide at 250 MHz,54 and subsequent demonstration at NCI of
pulsed EPR imaging of nitroxides,55,56 gave new impetus for development of
nitroxides for in vivo imaging.

The in vivo rate of reduction of nitroxides to diamagnetic analogs is
structure dependent.57 Stability is greater for five-membered rings than for
six-membered rings.58 Nitroxides have been designed, for example, to cross
the blood–brain barrier and permit brain imaging.59–61 In vivo stability of
nitroxides can be enhanced to permit in cell imaging by replacing gem-
dimethyls with gem-diethyls.62 Dinitroxides have been designed to monitor
in vivo redox status.21,63

15.4.2 Methyl Rotation and Distance Measurements Using
Nitroxides

Double electron–electron resonance (DEER, also called PELDOR) is a
powerful technique for measuring distances in proteins and other biomo-
lecules and in polymers. It uses several multiple-pulse methods, some with a
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single microwave frequency and some that use two microwave frequencies.
For introductions, see Schweiger and Jeschke11 and Tsvetkov et al.64

Distances have been measured between various free radicals, Cu(II)
and Gd(III) labels. The most common label used is the one abbreviated
MTSL. This label can be attached to cysteines that are naturally occurring
or introduced by site-directed mutagenesis. In a DEER experiment the
longer the Tm relaxation time, the longer the interspin distance that can be
measured.

N

SSO2CH3

O

MTSL

As in most nitroxides, MTSL contains gem-dimethyl groups adjacent to the
N–O moiety. Although these labels are useful for many biomedical appli-
cations, they have a disadvantage that limits the distances measurable with
DEER. In the temperature range that would otherwise be convenient for
measurement of distances between nitroxide spin labels, methyl rotation
shortens Tm, (Figure 15.12). The effect of the methyl groups on Tm can be
eliminated by using nitroxide derivatives in which the methyl groups have
been replaced by cyclohexyl groups as in amino-acid-DICPO or

Figure 15.12 Temperature dependence of spin echo dephasing rates 1/Tm in 1 : 1
water:glycerol for (’) amino-acid DICPO, or (K) MTSL.
Reproduced from ref. 65 with permission from John Wiley & Sons,
Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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carboxymethyls.65,66 There is a much smaller effect of coupling to the
distant methyl groups of the methyl esters than of the directly attached
methyls.66 The importance of eliminating the methyl group effect on
nitroxide relaxation is that the methyl groups shorten Tm in the liquid
N2 temperature region where it would be convenient to perform DEER
measurements. Longer Tm facilitates measuring longer distances between
spins. Using lower temperature to lengthen Tm requires using He, which is
more expensive and less readily available than N2. Combining the concept
of distance measurement with the ideas about anisotropy, DEER measure-
ments at higher microwave frequency permit measurement of the relative
orientations of the spin labels. The combined effect of the anisotropy in g
and AN on distribution of intensity in the EPR spectrum results in Q-band
(ca. 34 GHz) being near optimum for distance measurements using DEER,
unless anisotropy and the orientation selection that it enables is the key
parameter to study, in which case higher frequency is preferable.

Amino-acid-
DICPO

Further Reading
For a general introduction to CW EPR, see Quantitative EPR.10

The basic references on relaxation are ref. 27 and 67.
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