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Preface

It is known that there are delicate links and fine parallels between an art and science.
Both these spheres of human endeavor involve a unique combination of profes-
sional skill and creative search. Sometimes, an intuitive line of a great poet or
philosopher may be likened to the opening of a new horizon in science. Thus, the
composer Maurice Ravel in his famous “Bolero” allegorically depicts the process of
birth and development of an epochal discovery that gives rise to many advantages.
Like that opening musical movement, the first publication on synthesis a nitroxide
by Fremi in 1825 initiated, after a long lag period, the birth and rapid development
of a novel class of stable nitroxide radicals which happened to be extremely
important in both aspects, basic and applied.

At present, the science of nitroxides widely extended her “hands” to chemistry,
physics, and biology. The application of nitroxides ranges from use as spin labels
and antioxidants in biological studies, charge carriers for energy storage, basis for
magnetic materials' mediators in polymerization reactions, functional spin probes
for pH, oxygen, and thiol levels to catalysts in chemical and electrochemical oxi-
dation reactions.

Classical and modern physical chemistry and chemical physics, chemical
kinetics, organic, inorganic, and quantum chemistry provide an arsenal of physical
methods and establish a basis for the investigation of structure and action mecha-
nism of processes involving nitroxides.

This book embraces all principal aspects of structure and physicochemical action
mechanisms of nitroxides. It is a view of nitroxides by a physicochemist with
long-term experience in the area. The book is not intended to provide an exhaustive
survey of each topic but rather a discussion of their theoretical and experimental
background and recent developments. The literature of nitroxides is so vast, and
many scientists have made important contribution in the area that it is impossible in
the space allowed for this book to give a representative set of references. In fact, for
each section in this area one can write several books. The author apologizes to those
he has not been able to include.
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Research on nitroxide which combines their fundamental importance for human
welfare and intellectual fascination for investigation will promote solving exciting
and complicated problems in chemistry, biology, and physics.

Chapter 1 of the monograph is a brief outline of 175 years history of nitroxides.
Chapters 2 and 3 form the theoretical and experimental chemical background for
nitroxide numerous application. Chapter 4 is a general survey of fundamentals of
electron spin resonance and nuclear magnetic resonance, and main physical
methods directly related to nitroxide. Advantages in design and use of nitroxide
biradicals are reviewed in Chap. 5. Chapter 6 presents a review on the use of
tethered nitroxide—fluorophore molecules as probes of redox status, antioxidant
activity, oxidative stress, and free radical reaction. Nitroxide-mediated polymer-
ization (NMP) is the subject of Chap. 7. Chapter 8 describes role nitroxides as the
base for magnetic materials. Involving nitroxide radicals and their derivatives in
biological processes is in focus of Chap. 9. Applications of nitroxides as spin labels
and probes constitute the contents of Chap. 10. Chapter 11 is devoted to the use of
nitroxyls to solve some of the physicochemical problems.

The monograph is intended for scientists and engineers working in the fields of
chemistry, physics, and biology in which nitroxyls currently find or would find their
application. Book, as a whole, and separate chapters can be used as a subsidiary
manual for instructors, graduate and undergraduate students of university chem-
istry, physics, and biophysics departments.

Department of Chemistry, Ben-Gurion University of the Negev and Institute of
Problem of Chemical Physics, Russian Academy of Science provided excellent
conditions for writing this book for which the author is extremely grateful.

Moscow Region, Russia/Beersheba, Israel Gertz I. Likhtenshtein
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Chapter 1 ®)
Nitroxides: 170 Years of History oo

1.1 Long Preamble of a Tale (1845-1960)

As an each way, a long road of the 174 years history of stable radicals bearing a
>N—0 group has started with the first step. This step has been made in 1845 by
Edmond Frémy (1814-1894), a director the Muséum national d’histoire naturelle,
who was one of understanding chemists of nineteenth century [1]. Edmond Frémy
published numerous articles in the Annales de Chimie et de Physique, seven volumes
of Traité de chimie générale, and ten volumes Encyclopédie Chimique, in collabora-
tion with several other scientists. But his main advantage, which left memories in the
chemical history, was a synthesis and characterization of disodium nitrosodisulfonate
(potassium nitrosodisulfonate, Frémy’s salt (Fig. 1.1a).
A synthesis of potassium nitrodisulfonate,occurring by the following scheme:

HNO, +2HSO; — HON(S03),”~ + H,0
3HON(S03),>” +MnO, + H" — 30N(S03),*~ + MnO,(s) + 2 H,0
20N(S03),>” +4K" — K4[ON(SO3),],(s)

now can be readily performed in a high school student chemical laboratory. Fremy’s
salt is long-lived radical in water and other solvents in unaerobic conditions. Nev-
ertheless, a rapid and highly exothermic decomposition of this compound occurs
spontaneously in air that is a serious limitation for its applications.

Next step in the area was done by O. Piloty and B. G. Schwerin in 1901 [2]
who prepared the first organic radical containing >N—0. The radical was named as
“porphyrexide” (Fig. 1.1b). Heinrich Wieland and Moriz Offenbacher reported in

© Springer Nature Switzerland AG 2020 1
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Fig. 1.1 Structures of pioneering nitroxides

1914 the synthesis of diaryl nitroxides in which the >N—-o group is attached to two
conjugated system (Fig. 1.1c) [3]. About 60 years after, stable di-tert-butyl nitrox-
ide (Fig. 1.1d) was synthesized by Kentaro Hoffmann and Audrey T. Henderson
[4]. In 1961, in the frame of G. A. Razuvaev chemical school, Lebedev et al. pre-
pared 2,2,6,6-tetramethyl-1-piperidinyloxil from acetone and ammonia (Fig. 1.1e)
[5]. Portraits of the first discovers of nitroxide chemistry are presented in Fig. 1.2.
The synthesis of all nitroxides cited above was a remarkable achievement. However,
the resulting compounds were not adapted to further modification.

Edmond Frémy Heinrich Otto Wieland Grigory A. Razuvaev

Fig. 1.2 Portraits of the first discovers of nitroxide chemistry
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1.2 “Golden” Decade (1962-1972)

From period 1962-1972 practically all corner-stone ideas in the area of nitroxides
were exposed and developed. These ideas were sustained by fundamental theoret-
ical and experimental investigations in chemistry and physics of nitroxides. First
nitroxides, presented in Fig. 1.1, though their principle importance, did not find wide
application and were not be able to serve as a basis for synthesis of new paramagnetic
compounds in a broad scale.

Until 1962, chemists adhered to the paradigm that the most chemically reactive
portion of a radical can be a group bearing spin electron. This paradigm was broken
by M. B. Neiman and E. G. Rozanzev (Figs. 1.3 and 1.4), who introduced nitroxide
reactions with a nitroxide (Fig. 1.1e) without direct involvement of the spin cen-
ter. A novel class of stable nitroxides radicals presented in publication [6, 7] was
first met with skepticism, and even strong criticism, from qualified and very pro-
fessional members of the scientific community. But, later, more and more young
enthusiasts joined the ranks of scientists applying this new tool in their research,
and ever increasing reports of nitroxides were published. These pioneering works
have laid a chemical basis for the method of numerous nitroxide applications, spin
labeling in particular. As a consequence, rapid and extensive progress in the area and
a real burst of works on synthesis and application of nitroxide in chemistry, physics,
biology, and even in medicine have been broken. The theoretical and experimental
data presented in this book clearly demonstrate both history and the current progress
within the nitroxide “empire” of about publications.

In parallel, the dependence of ESR spectra of nitroxides on their molecular dynam-
ics in solutions was demonstrated. The radical motion leads to averaging of spin

Fig. 1.3 Professor Moisey
B. Neiman (1889-1967)




4 1 Nitroxides: 170 Years of History

Fig. 1.4 Gertz 1. Likhtenshtein, Anatoly L. Buchachenko, Eduard G. Rozanzev and Nikolay N.
Semenov (1977)

electron spin nuclear interaction and to a drastic change of the ESR spectra. Correla-
tion time for isotropic and anisotropic rotation 7 for a nitroxide on a homogeneous
media in the area of fast (. = 1072 10710 s) and slow (r. = 107 10~3 s) motion
can be estimated in the frame of theory developed by Kivelson [8] and Freed [9].

At the end of 1960 new classes of stable radicals, a-Nitronyl nitroxides [10] and
Doxyl nitroxides performed by the J. F. W., Keana group Fig. 1.5 [11], possessing
great potential for further wide applications, were synthesized.

Fig. 1.5 Doxyl nitroxides
[11]
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In the pioneering work of Golubeyv et al. [12], the first stoichiometric oxidation of
alcohols to ketones mediated by an oxoammonium species with N*-oxyl fragment
was demonstrated.

Decisive breakthrough in the spin-labeling area was occurred owning a whole cas-
cade of pioneering works of Howard McConnel and his collaborators. In the first pub-
lication in this series [13], a spin label, 2,2,6,5-tetramethyl-3-isocyanatopyrrolidine-
1-oxyl, was covalently tethered to bovine serum albumin and to poly-L-lysine [13].
The nitroxide ESR spectra in solution indicated sensitivity of the nitroxide segment
rotation to molecular motion of the labeled compound. Binding of a spin-labeled
hapten, the 2,4-dinitrophenyl hydrazone of 2,2,6,6-tetramethyl 4-piperidone nitro-
gen oxide to antidinitrophenyl antibody was proved by the estimation of the rotational
relaxation time of the bound hapten using analysis of the nitroxide ESR spectra [14]
(Fig. 1.6).

Powerful potential capacity of spin-labeling method for study conformational
transitions in proteins, which are necessary for its functional activity, was illustrated
by the McConnell group on example of hemoglobin. Two reactive B-93SH groups in
horse hemoglobin were modified with N-(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl)
iodoacetamide [15]. The ESR spectra of the labeled hemoglobin labeled were depen-
dent on the degrees of oxygenation. The Hill constant n, a measure of the cooperativity
of sigmoidal oxygen binding, was found to be n = 2.3 for the labeled hemoglobin,
as compared to n = 3 for native hemoglobin. It was concluded that each of subunit
of the protein tetramers undergoes a substantial conformational change when that
subunit binds a molecule of oxygen. To tackle the problem of allosteric interactions
in enzymes and proteins not having a quaternary structure, in works of G. I. Likht-
enshtein group [16-18] the enzyme lysozyme was spin labeled by the hystidine-15

Fig. 1.6 Professor Harden
McConnel (1927-2014)
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group located at the distance 15 A from the substrate-binding center. Addition of
specific inhibitors NAG and NAG-NAG induces distinct changes in ESR spectra,
which were in a good quantitative agreement with the extent of the substrate binding.
Similar transglobular effect was also detected in spin-labeled myoglobin [17].

The first work on the use spin labeling in enzyme catalysis has been published
by L. J. Berliner, H. M. McConnell in 1966 [19]. It was shown that the nitroxide
spin-labeled substrate, DL-2,2,5,5-tetramethyl-3-carboxypyrrolidine- p-nitrophenyl
ester, can be used to study the activity of the proteolytic enzyme a-chymotrypsin.
The most conclusive work in the investigation of active serine group in proteolytic
enzymes based on phosphate and nitrobenzene derivatives was carried out by Hsia
et al. [20]

One of remarkable achievement of the spin-labeling methods has been quantitative
characterization of flexibility of model and biological membranes. Incorporation of
hydrophobic nitroxide probe 2,2,4,4-tetramethyl-1,2,3,4-tetrahydro-"y-carboline-3-
oxyl into the sodium dodecyl sulfate remarkably decreased in the rate of tumbling of
the probe as compare with its motion on solutions, which is quantitatively described
by arotational correlation time, 7. [21]. Progress in the study of biological and model
membranes with the use of the steroid and lipid spin probes was demonstrated in
the works of Keana [11] and MacConnell [15] groups. For example, in sonicated
phospholipid dispersions of the walking leg nerve fibers of Homarus americanus,
and in erythrocytes oriented by hydrodynamic shear, the nitroxide probes motion
with rotational diffusion frequencies of the order of 107 to 108 s~! was revealed. The
first approach for quantitative investigation of lateral diffusion in membranes with
the use of spin labels was developed by McConnell and McFarland [15], Hubbell
and McConnell [22]. In a typical experiment, small drops of a lipid spin probe were
inserted to films of oriented multilayers of lecithin. Because of radical diffusion,
the probe ESR spectrum changes from a singlet, which is the characteristic of large
local concentration, to a triplet for diluted radicals. Analysis of the process kinetics
allowed to calculate the coefficient of translational lateral diffusion.

The application of nitroxide radicals to covalent modification and the study of the
structure, dynamic and conformational changes of nucleic acids (poly rA, poly rU,
and poly rG) were based on the principles established for proteins [23—25]. The pos-
sibilities of non-covalently bound nitroxide probes were first demonstrated in [24].
As early as in 1968, A. M. Vasserman, A. L. Buchachenko, A. L. Kovarskii, and
M. B. Neiman have shown powerful potentiality of nitroxide spin-label methods in
investigation molecular dynamics and microstructure of high molecular mass com-
pounds [26]. The first observation of effect of nitroxide on radical polymerization,
that is inhibition with nitroxide mono- and biradicals, was made in 1966 by the M. B.
Neiman group [27]. The inhibiting effect of the nitroxides on styrene polymerization
at 50 °C, initiated by azodiisobutyronitrile, was interpreted as a cross-recombination
of nitroxides and polymer radicals which led to the process termination.

Synthesis and investigation of the chelate complex Cu*2-Schiff bases ligand
derivative of TEMPO, which appeared to be the first transition metal complexes
with paramagnetic ligands, were carried out in 1969 [28].
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Method of double spin labeling, invented by Likhtenshtein in 1968 [29], is based
on specific modification of chosen groups of the object of interest by two or several
spin labels, nitroxides, or complexes of paramagnetic metal followed by the analysis
of effects of the spin—spin interactions on the label ESR spectra. This approach allows
to estimate the distance between the paramagnetic centers up to 2.5 nm [29-32].
Later, the higher sensitivity of spin—lattice relaxation time of a radical to interactions
between the radical and paramagnetic ions up to 100 nm was demonstrated [17, 18,
33]. In parallel, the effects of spin-exchange interaction on the labels ESR spectra
were used for establishment of structure of systems under investigation, such as
iron—sulfur clusters in nitrogenase, ferredoxins, and non-heme protein [34].

The first version of method of spin label-spin probe method (SLSPM) proposed
by Likhtenshtein and coworkers [35] was based on a dynamic exchange spin—spin
interaction of a stable radical, mostly nitroxide, attached to molecular object of
interest with a spin probe which are chemically inert paramagnetic species capable
of diffusing freely in solution. The value of the dynamic exchange rate constant
kex depends on microviscosity, steric hindrances, and distribution of electrostatic
charges, and the method was intensively employed for investigating microstructure
of object under interest [17, 18, 36-38]. In parallel, a variant of the SLSP method
based on direct measurement of electron spin—lattice relaxation times was developed
in Hide group [39].

Principles of application of nitroxide spin-label method as a tool for experimental
investigation of proteins molecular dynamics (“breathing”) have been formulated at
the end of 1960 by Likhtenshtein [40, 41] and then were implemented in collaborative
works. Parameters of motion of a nitroxide in the labeled protein may serve as
characteristics of surrounding media dynamics. For example, the monitoring motion
of hydrophobic nitroxide spin probe in binding site of human serum albumen revealed
low amplitude wobbling of the probe with the correlation time 7. &~ 10~ s modulated
by the binding site dynamics [41]

Protective antitumor activity of nitroxide in animals was demonstrated in pioneer-
ing work of N. P. Konovalova, M. B. Neiman, E. G. Rozanzev, and Emanuel N. M.
in 1964 [42]. Later in 1970, G. Sosnovsky and M. Konieczny have performed synthe-
ses anticancer drugs belonging to the class of alkylating agents containing aminoxyl
radicals [43].

Continuous wave electron—electron double resonance (CW ELDOR) indepen-
dently reported in 1968 by the Hyde and Freed [44], Bendersky and Blumenfeld
[45] groups allowed to resolve problems that are not accessible in the CW-ESR.
The ELDOR spectra were shown to be sensitive to very slow rotations which may
provide unique information on the details of molecular dynamics and can be used
for distance estimation between centers bearing spin electron.

Thus, chemical and physical contributions within the “golden” decade have
formed the basis for subsequent progress in the area. In subsequent decades, funda-
mentals and tendencies laid out in the “golden” period were intensively developed
and number of publications in the area accelerated almost in a geometric progression
[46—49] and references therein.
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1.3 New Era

Starting from the pioneering works of Ya. S. Lebedev and his colleagues [50], prob-
lems of poor resolution of the 3 cm ESR have been solved by the use of the high-field—
high-frequency (148 GHz), high-resolution 2-mm EPR spectroscopy. The compre-
hensive review on advanced biomolecular EPR spectroscopy addresses both the EPR
and NMR communities has been recently published [51]. New contributions of K.
Mebius and W. Lubiz groups to high-field—high-frequency EPR were summarized.

Synthesis of imidazoline and imidasolidine nitroxides (Fig. 1.7) markedly
expanded ability of nitroxides for its applications as spin labels, ligands for materials
with ferromagnetic properties, inhibitors in polymer processing, and initiators for
“living” radical polymerization [52, 53] and references therein.

Figure 1.8 shows photography of leaders of groups involved in the nitroxide spin
labeling till 1979.

Measurement of distance between spin labels by analysis of line shape of ESR
spectra using new computation methods was carried out for double and multiple
labeled proteins and enzymes [54]. Various aspects of spin-label magnetic reso-
nance studies on lipid—lipid and lipid—protein interactions with integral proteins were
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Fig. 1.7 Nitroxide derivatives: piperidine A, nitronyl B, imidasoline C, and imidasolidine D, and
nitronyl D
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Keena, George Sosnovsky, Kalman Hideg

reviewed [55-57]. Synthesis and determination of structural characteristics of mag-
netic all-organic radical liquid crystals were in focus of the program developed by
R. Tamura with colleagues [58].

Works of 1970-1990 on chemical modification of DNA with nitroxide derivatives
and ESR examination of structure and dynamics of the labeled biopolymer have laid
the basis for further detail investigations in this extremely important area of molecular
biology [59, 60]. After the first publication on labeling of linear polymers such as
of cotton, silk, and wool by trichlorotriazine-based nitroxide [61], a series work
on the investigation of cotton fibers and cellulose was reported by Marupov and
Likhtenshein groups [62] and references therein.

Hundreds of complexes transition metals with nitroxide ligands were synthesized
and investigated (for review see [63] and references therein).

The CW ESR saturation techniques were employed for the investigation of depth
of immersions of nitroxide spin probes radicals up to 40 A in lipid phases of biomem-
branes [64]. High sensitivity of spin—lattice relaxation parameters of nitroxide was
also taken into consideration at development of theory of very slow motion (7. =
1073-107% 5) [65].
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A new impact in nitroxide-mediated polymerization has started when P. G. Grif-
fiths, E. Rizzardo, and D. H. Solomon showed that it was possible to prepare well-
controlled and living (homo-, co) polymer by radical polymerization in the presence
of nitroxyl radical as a controlling agent [66—68]. Since its discovery nitroxide-
mediated radical polymerization (NMP) was proved to be a powerful method to syn-
thesize well-defined macromolecular architectures with precisely controlled topolo-
gies, compositions, microstructures, and functionalities [69—73]. A significant con-
tribution in the area has been brought by the groups of Solomon [69], Grishin [70],
Fisher [71], and Bagryanskaya [72]. Kinetic aspects of the nitroxide-mediated radical
polymerization were discussed in details in comprehensive review [73].

Significant progress in the high-field—high-frequency (HFHF) ESR has been
achieved [74-76] especially owning to the design of millimeter-wave quasi-optic
technique, permitting the construction of a 9-Tesla, 250-GHz (1.2 mm) [55]

After remarkable invention of echo-detected ELDOR (three-pulse ELDOR, PEL-
DOR, double electron—electron resonance DEER) by Milov et al. [77] and its first
application, a real burst of development of new ESR pulse methods has been broken
[78-92]. Other methods used for the study of nitroxide labeling objects are four [80,
89, 90] and five-pulse techniques [91, 92], method to determine the effective satura-
tion factor of nitroxide radicals for dynamic nuclear polarization (DNP) experiments
in liquids [83], two-dimensional ELDOR [84]), high-frequency pulsed ENDOR/EPR
[85], double and multiple quantum coherence pulsed ESR (DQC ESR) [79, 81], and
ESR spectra hole burning [87].

The invention and use of site-directed mutagenesis in combination with modern
ESR spectroscopy gave new breath to the nitroxide spin-labeling method. Site-
directed spin-labeling (SDSL) designed by Hubbell group [93] is the substitution
of a selected amino acid for cysteine via the site-directed mutagenesis technique
following chemical modification with a sulfhydryl reactive nitroxide radical,
S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro- 1H-pyrrol-3-yl) methyl methanesul-
fonothioate) (MTSL). The main advantage of the SDSL is the possibility to
overcome the limitations of a choice of amino acids suitable for the labeling in
native proteins. The efficiency of combination of the site-directed spin-labeling with
the advance pulse techniques can be illustrated by numerous works, for example
in studies of T4 Lysozyme [94] and mutants maltose-binding protein (MBP) 09-11
[95].

Recently, new spin-labeling approaches have been shown to be an attractive alter-
native to the traditional method of nitroxide spin labels for pulse dipolar ESR (PD
ESR). The first one, based on high-spin Gd** (S = 7/2) complexes, was designed
and developed in Goldfarb group [96]. A combined method, utilizing NMR and
EPR spectroscopies, was employed to compare different types of nitroxide-based
and Gd(III)-based spin labels attached to isolated RBDs of the polypyrimidine tract-
binding protein 1 (PTBP1) and to short RNA fragments [97] in complexes with short
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RNAs. An idea of the use of carbon-centered triarylmethyl (trityl) radicals instead
of nitroxides for nanometer distance measurements was first introduced and realized
in 2012 [98]. Nowadays, triarylmethyl radicals TMA are successively used as spin
labels for studies on the structure of proteins and nucleic acids utilizing site-directed
spin labeling (SDSL) and pulse dipolar EPR spectroscopy [99, 100].

Spin oximetry, first reported by Subczynski and Hide [101], is a version of spin
label-spin probe method [35, 39] in which molecular oxygen plays role of spin
probe. A method invented for measurement of the oxygen diffusion—concentration
product was based on the dependence of the spin—lattice relaxation time 7'} of the spin
label, detected by using saturation recovery (SR), on the bimolecular collision rate
with oxygen. Various aspects of the spin oximetry applications have been reviewed
[102-104].

As it was pioneered in [105], EPR spectra of stable nitroxides of the imidazoline
and imidazolidine types are sensitive to pH and can serve as spin pH probes. Data on
synthesis and application of a wide set of pH-sensitive nitroxides of different sensi-
tivity, stability to reduction, lipophilicity and its covalent-binding macromolecules
have been reported [106, 107]. To quantitatively determine SH groups in high- and
low-molecular weight compounds, a disulfide biradical (RS-SR), where R is imi-
dazoline residue, has been used [108, 109]. The biradical is shown to participate in
a thioldisulfide exchange reaction with compounds containing SH groups. In this
case, the ESR spectra of the biradical RS-SR and the resulting monoradical R-SH
are different.

Nitroxide radicals have found various applications in the field of materials science.
The landmark was the discovery by M. Kinoshita group et al. in 1991 [110] who
prepared the first purely organic ferromagnet with respect to a nitronyl nitroxide,
2-(4-nitrophenyl)-4,4,5,5-tetramethylimidazoline- 1-oxy-3-oxide Since then, stable
nitric oxide structures have been widely used as the spin source and building block
for the elaboration of organic or molecule-based magnetic materials [58, 111, 112].
In the last two decades, m -conjugated superparamagnetic organic compounds includ-
ing polymer magnets with stability at ambient temperature and/or higher magnetic
ordering temperatures have been attracting attention as models of multispin systems
and potential magnetic devices [113]. Novel molecular magnets Cu(hfac)2LLR with
nitronyl ligands were prepared and investigated in details in Ovcharenko group [114].

The spin redox probe techniques utilizing ability of nitroxides to be reacted with
reducing agent to corresponding hydroxyl amine are widely used for quantitative
characterization of redox processes and protection from radical damage by CW ESR
spectroscopy [115—118] and references therein.

Novel methods of fast and sensitive analysis of antioxidant status of biological
systems, spin redox probing and spin trapping, investigation of molecular dynamics,
models for studies of photophysical and photochemical processes, and construction
of new magnetic light-sensitive materials are based upon the use of dual fluorophore—
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nitroxide compounds were designed and developed [119-126]. In pioneering work
of Likhtenshtein and colleagues [120], three fundamental effects were first demon-
strated, namely (1) The nitroxide fragment is a strong quencher of the fluorescence.
(2) The radical photoreduction can lead to the decay of the EPR signal and the dras-
tic increase of the fluorescence intensity. (3) The photoreduction kinetics strongly
depends on molecular dynamics of environment. Next principle step was a series
of excellent papers by Blough and Simpson [123] in which the potential of these
tethered, optically switching molecules as potent redox and radical trapping probes
was realized. A significant contribution to the synthesis and use of the dual com-
pounds was made by the groups of Bottle [124] and Braslau [125]. Dual fluorescence
nitroxide compounds are effectively used as convenient photochemical and photo-
physical models and form the basis for photoswitching magnetic materials [126] and
references therein.

Stable nitroxide free radicals were utilized as antioxidants in animal models and
human diseases (e.g., cancer) to protect processes of formation reactive oxygen
species, ROS (0,7, H,O,, *OH) involving oxidative stress [127—-130]. The works, in
which the principle possibility of effectiveness of the spin trapping was demonstrated,
came to the lightin 1968 [131], later numerous theoretical and experimental studies of
the spin trapping of inorganic and organic radicals were carried out [132, 133]. After
sited above pioneering works [42, 43], biologically active spin-label molecules have
been the focus of biophysical, biochemical, and synthetic and medicinal chemical
studies [134—136]. A noticeable contribution to the theory of spin relaxation and its
application was made in the works of Eaton and Eaton [137].

1.4 Concluding Remarks

Author of this review wrote in the first book on spin labeling:

Likhtenshtein G. I.: Spin-Labeling Method in Molecular Biology. Moscow, Nauka (In Rus-
sian). 1974: “It is thus our hope that spin labeling will continue to be an effective tool for
solving various complicated problems in molecular biology”. Now after 45 years, itis evident
that present-day reality has surpassed all optimistic expectations. As far as concern outlook
for further developments, there are all reasons to believe that slow but permanent progress
in the area would continue in the next decades. Nevertheless, who knows, new unexpected
bright ideas would be launched and implemented and ensure vigorous success, unexpected
today.

Portraits of scientists who significantly contributed in nitroxide chemistry, physics, and its
miscellaneous applications are displayed in Fig. 1.9.
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Chapter 2 ®)
Nitroxide Basic Physical Properties oo

2.1 Introduction

Nitroxides belong to the class of heterocyclic compounds with typical structures of
five- or six-membered heterocyclic derivatives of piperidine, pyrrolidine, imidaso-
line, imidasolidine, nitronyl, in particular (Figs. 1.2 and 1.7). Ninety-seven nitroxide
structures were listened in a table presented in comprehensive review [1].

In a non-conjugated nitroxide

HsC CHs

HC N CHg
o)

the unpaired electron is located mainly on the nitrogen and oxygen atoms and only
slight delocalized for adjacent alkyl groups. The unpaired electron is considered to
reside in the p orbital. According to a nitroxide molecular orbitals (MO) diagram,
which is in the first approximation close to nitric oxide diagram, N—-O-moiety has
five fully bonding orbitals with unpaired electron resulting in one on of the fourth
antibonding m*m*-orbitals (single occupied molecular orbital (SOMO) (Fig. 2.1).
The nitrogen and oxygen are held together by 2.5 bonds. Nitroxide radicals feature
a (7)2(;r *)1 three-electron bond between a nitrogen atom and an oxygen one.

The unpaired electron in the antibonding orbitals weakens over bonding of the
nitrogen to oxygen (N-O-). Therefore, the transfer of the electron away from the
antibonding orbital significantly stiffens the N-O-* bond. Conversely, the transfer of
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Fig. 2.1 Molecular orbitals diagram of NO fragment. https://en.wikipedia.org/wiki/Molecular_
orbital_diagram

additional electron density into the antibonding additionally weakens over the N-O~
bond. The aforementioned features of the NO molecule substantially determine its
physicochemical properties and redox potential, in particular. The resulting magnetic
moment is determined by the electronic spin only. The value of the intrinsic electron
spin moment is a product of g-factor (free electron g-value is 2.002319) and Bohr
magneton (Bg = 9.274009994(57) x 107> J T~ 1).

The nitroxide radical fragments are stabilized by the steric screening imparted
by its four adjacent methyl groups and by quantum mechanical interaction of the
unpaired electron on oxygen and electron pair on nitrogen (three electron bond). In
certain conditions, these structural features protect the radicals from reduction or
other processes.

The preference for a planar (sp2 hybridization) or pyramidal (sp3 hybridization)
geometry around the N atom and the partitioning of the spin density between the N
and O atoms are strongly dependent on the nature of the substituents. The change in
hybridization of the nitrogen atom from sp2 to sp3 that occurs on reduction causes
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Fig. 2.2 Six deduced conformations (N1-N6) around the nitroxide center and their corresponding
Newman projections: N1 (has a syn and an anti b-R group), N2 (with anti b-hydrogen atom and a
syn b-R group), N3 (with an anti-R group and an anti-hydrogen atom), N4 (with an anti-ring), N5
(with two syn hydrogen atoms), and N6 (with the radical centre fused to an aromatic ring). Reprint
from reference [1], Copyright 2012, American Chemical Society

change torsional strain which is small for six-membered rings, but increases for five-
membered rings. Conformation N1-N6 radicals around the nitroxide center and their
corresponding Newman projections are presented in Fig. 2.2 [1].

Unique chemical stability of nitroxide is partly due to the strong delocalized three-
electron bond within the radical center between the nitrogen and the oxygen atoms
conferring its substantial thermodynamic stability, and as a result, prohibition on
dimerization between the radicals with the free energy of about 146 kJ/mol Insignif-
icant weight of the ionic resonant structure 95.6 kJ/mol is actually extinguished
nucleophylic ability of auTpokcumos [2].

2.2 Spin Electron-Spin Nuclear Interactions in Nitroxides

The total spin Hamiltonian of the system of an electron and many nuclear spins are
given by [3-5]

H = ﬁe+ﬁN+ﬁeN+ﬁNNv 2.1)

and composed of the single-spin Zeeman energies, Hamiltonian for interaction in
the applied magnetic field along the z-axis, the hyperfine interaction and the intrinsic
nuclear—nuclear interaction, respectively. Generally, both the spin and orbital angular
momentums of the electron contribute to nuclear magnetic moment. The following
equation shows the total energy related to electron transitions in EPR:

AE = gepteSB+ Y gninilni(l — o)) + Y aiSily 2.2)
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The first two terms correspond to the Zeeman energy of the electron and the
nucleus of the system, respectively. The third term is the hyperfine coupling between
the electron and nucleus where a; is the hyperfine coupling constant.

Two mechanisms with the different physical origins can contribute in coupling
between electron and nuclear spins. The hyperfine interaction between the electron
and the nuclear spins consists of the isotropic Fermi contact interaction and the
anisotropic dipole—dipole interaction. The Fermi contact interaction is the magnetic
interaction between an electron and an atomic nucleus when the electron is inside
that nucleus. The electron—nuclear spin interactions for an electron in an s-symmetry
orbital non-s-symmetry orbital are expressed as follows:

167

Hyp = TVIMBMNS(r)[S I, 1=0 (2.3)
where y;, up, and un are the gyromagnetic factor of the nuclear spin, the Bohr
magneton, and the nuclear magneton, respectively. S and I are the spin operators for
the electron and the nucleus, and / is the angular momentum operator for the electron.
The nuclear magnetic moment my originating from the nuclear spin quantum number
I is m; = 2I 4+ 1. Therefore, for nitrogen isotopes UN(I=1),m=1,0,—1and
for PN (I = 1/2), m; = 1/2, —1/2. Selection rules for ESR-transitions: Amg = +1,
AmI =0.

The contact interaction is given by

Hey =Y a,S: . 2.4)

where §e and J » are the spin and nucleus operators, respectively,
and

% 8
Iy = —Yeyu— W (R, (2.5)
4 3

where 1 is the vacuum magnetic permeability, Rn denotes the coordinates of the
nth nucleus, y, and y. are the nuclear gyromagnetic ratio and the electron gyro-
magnetic ratio, respectively; l(R,,)I? is the spin density of s-electron on the nucleus
p. The intrinsic interaction between nuclear spins includes the direct dipole—dipole
interaction, the indirect interactions mediated by virtual excitation of electron—hole
pairs, and the intranuclear quadrupole interaction.

The second mechanism is dipole—dipole interaction between electron and nuclear
spins and is given by the term

~~d n/m [ % T 3/\n'l{n'ml{n'm'/\m
Hiyy = ﬂ’“y(n-m—" B J>, .6

NN £ 4 R} R?

n<m n;m n;m
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Fig. 2.3 Hamiltonian for anisotropic hyperfine dipolar of anisotropic electron spin with anisotropic
nuclear spin [4]

where R, is the distance between electron and nucleus. i (S.) and J, are the spin
and nucleus operators.

For asymmetric molecules, the dipolar interaction depends on the electron spin—
electron nuclei distances and on their orientations, which links interacting spins
referred to the direction of the applied magnetic field. This interaction can be
described by a matrix of parameters A, A,,, and A, corresponding to the prin-
cipal axes of the radical. The appearance of the spectrum will change depending on
the orientation of the molecule relative to the magnetic field.

For anisotropic hyperfine dipolar of anisotropic electron spin with anisotropic
nuclear spin, Hamiltonian is shown in Fig. 2.3 [4].

(=29) () )] o,

Hip = —8IUB&n/n[SxSyS:] - _<%c_v> <r2—3y2) _<3_jz)

:S'Adip'l

2.3 Relationships Between the Structure and Properties
of Nitroxide

Review [6] described the relationships between the structure and properties of nitrox-
ide spin labels, methods for their synthesis, advances in methods for their incor-
poration into biomolecules, and selected examples of applications in biomolecule
structural investigations. Various aspects in this area are covered in the original
articles.

Density functional and ab initio (MP2) coupled cluster methods indicated that the
spin density is distributed roughly evenly between the oxygen and nitrogen atoms
except for (CF3),.
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Fig. 2.4 Structure and label of the Proxyl a and Tempo b spin-probe molecules Michele Pavone
[8]. Reprint from reference [8], Copyright 2010, American Chemical Society

e Synthesis and properties of diradicals in which nitronyl nitroxide fragments and a
fused-thiophene bridge lie in the range 2.6-8.5° were described [7]. The planarity
of nitroxides makes the Kekulé-type coupler units effective bridges to transmit
magnetic interactions by a spin polarization mechanism. According to the magnetic
susceptibility measurements, supported by density functional theory calculations,
the singlet—triplet energy splitting (2 J/kg) ranges from — 130 to —80 K. The singlet
diradicals D demonstrated two one-electron reversible electrochemical oxidation
peaks and two-electron quasi-reversible reduction peaks resulting in the formation
of the corresponding bis(oxoammonium) dication or bis(aminooxidanide) dianion.

Stereoelectronic, environmental, and dynamical effects in the proxyl and TEMPO
(Fig. 2.4) were investigated in [8]. The parameter-free PBE023 density functional,
which includes an amount of exact exchange, and the polarized double-basis set
NO7D tailored for DFT-based calculations of magnetic parameters were employed.

According to the calculation, in the planar NO moiety of Proxyl, both N and O
atoms exhibit a sp2 hybridization, whereas in the non-planar case of TEMPO, the
N hybridization is close to sp3. It was shown that pyramidalization at the nitrogen
center allows for the direct involvement of the nitrogen s-type orbital in the SOMO
(Fig. 2.5), leading to a large direct contribution to the Fermi contact term.

The following findings were also pointed out: (1) Vibrational effects are rele-
vant in the case of Proxyl, with a shift of -2 G, whereas they are negligible in the
case of TEMPO. (2) Dynamical effects are not markedly affected by the presence
of the solvent; i.e., the hceN shifts from the minimum energy structure are -2 G
in the case of Proxyl and smaller than 1 G for TEMPO. (3) The isotropic nitrogen
hyperfine coupling constant (hccN) experimental values in nonpolar solvents were
found to be 14.2 and 15.28 G for Proxyl and TEMPO, respectively. (4) The hccN
value increases when going from a planar to a pyramidal nitroxide conformation.
(5) The planar structure is the minimum energy configuration for Proxyl, while in
the case of TEMPO it corresponds to a transition state governing inversion between
two equivalent pyramidal energy minima. (6) Calculating the hccN and Ag;,, values
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Fig. 2.5 Isodensity surface of Proxyl’s SOMO from a planar configuration (left) to a pyramidal
one (right) [8]. Reprint from reference [8], Copyright 2010, American Chemical Society

for the Proxyl and TEMPO is close. (7) The hceN shift, when going from gas phase
to nonpolar solution, is in qualitative agreement with the experimental observations
regarding a similar nitroxide (-1 G). Three tables summarized data on structural and
magnetic parameters of proxyl and TEMPO in the gas phase, structural and mag-
netic parameters of proxyl and TEMPO in DMSO and isotropic nitrogen hyperfine
coupling constant.

The calculation of large nitroxides in condensed phases based on geome-
tries, vibrational frequencies, and potential energy surfaces computed at the DFT
level was carried out employing AMBER force-field program [9]. Environmen-
tal and short-time dynamic effects on the hyperfine and gyromagnetic g-factor
tensors of Proxyl, TEMPO, and (2-methyl-3-oxo-2-phenyl-2,3-dihydro-1H-indol-
1-yl)oxidanyl molecule (INDCO) were taking in consideration. The partial atomic
charges were calculated with the restrained electrostatic potential (RESP) procedure,
by fitting an electrostatic potential grid computed for the nitroxide molecules. The
HF/6-31 G (d) level of theory was used for study the partial atomic charges. The sug-
gested model is based on a least squares fitting of the electrostatic potential with the
addition of hyperbolic restraints on the charges of non-hydrogen atoms, which reduce
the charges on buried carbons. Molecular dynamic calculations for Proxyl led to the
following sequence in the values of hcc (in G): 13.4 (vacuum), 13.9 (toluene), 15.3
(water), while experimental ay are 14.2 and 16.4 for toluene and water, respectively.
For TEMPO, hcc (in G) are 14.6, (vacuum), 15.0 (toluene), 16.4 (water), and experi-
mental values are 15.5 and 17.3 for toluene and water, respectively. The minima and
transition state together with their relative energies for structures of DTBN, Proxyl,
and TEMPO were also calculated. For PROXYL, transition state energy calculated at
AMBER level was found to be 2.56 kcal mol~!, and for TEMPO, the correspondent
value is 5.11 kcal mol~!. The average number of solvent molecules coordinating the
NO moiety is two in aqueous solution and one in methanol. For Proxyl, both water
molecules lie in the molecular plane approximately along the directions of the two
lone pairs. The calculation showed that the behavior of the g tensor is dominated
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by component g,,, and that Agjs, and g, have parallel trends while g,, and g.. are
almost unchanged, and dynamical effects do not influence the g tensor.

A systematic study of structure and physical properties of the INDCO has
been undertaken [10]. Geometry optimization of INDCO performed by the QM
(PBEO/NO7D) or MM (AMBER) level produces an almost flat structure. A nitrogen
isotropic hyperfine coupling constant (ay) of 7.9 Gauss was calculated. Hyperfine
coupling constants (in G) of the nitrogen and hydrogen atoms in the INDCO molecule
were also calculated on the minimum structure in gas phase and in benzene and were
listed in the table. The overall vibrational correction of ay amounts 1.2 G. Calcu-
lated ay values were found to be 9.1 G in gas phase and 9.3 G in benzene which is
in agreement with experiment (9.25 G). The values of the g tensor computed on the
energy minimum and those averaged along the MD trajectories (2.00593) are close
to the experimental value of 2.00598.

Density functional and ab initio (MP2, coupled cluster) methods were used to
obtain insight into the molecular structures, harmonic vibrational frequencies, inver-
sion barriers, and hyperfine coupling constants of nitroxides: (i) acyclic: dimethy-
laminoxyl (Me;NO), bis(trifluoromethyl)aminoxyl (CF3),NO, and di-tert-butyl
nitroxyl[(Me;C),NOJ; (ii) cyclic: aziridine-N-oxyl, azetidine-N-oxyl, pyrrolidine-
N-oxyl and piperidine-N-oxyl; and (iii) imino nitroxides [11]. Scheme of the opti-
mized structures of several nitroxides studied in this work is shown in Fig. 2.6. The
cyclic aziridine-N-oxyl exhibits an inversion barrier of ~hc 3500 cm™! compared to

(d)

Fig. 2.6 Scheme of the optimized structures of a bis(trifluoromethyl)aminoxyl (CF3)2NO,
b aziridine-N-oxyl, ¢ azetidine-N-oxyl, d pyrrolidine-N-oxyl, e piperidine-N-oxyl, f imino nitroxide
[11]. Reprint from reference [8], Copyright 2010, Schweizerische Chemische Gesellschaft
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only ~hc 500 cm™! for the other nitroxides. The possibilities that some of the chiral
derivatives may be dominated by molecular parity violation in their dynamics were
discussed.

Effects of solvent on structural and electronic characteristics of 4-amino-2,2,5,5-
tetramethyl-3-imidazoline-N-oxyl (ATP)

were evaluated in detail, employing the density functional theory (DFT) [12]. All
calculations were carried out with the use of the original program Priroda. The
calculation an aqueous sphere around a spin label protonated at the position of the
ring nitrogen N4, ATI(H*), was started with a small system (ATI(H*) + 2H,0)
and then expanded to 41 water molecules when a complete hydrogen-bonded water
network surrounding ATI(H") was formed (Fig. 2.7). Calculations showed that (1)
ATT protonation occurs at the nitrogen atom of the imidazoline ring rather than at
the amino group. (2) Direct proton transfer between the amino group and N4 atom is
hindered kinetically. (3) Spin density on the nitrogen atom of the nitroxide fragment
increased with an extension of a water shell around ATI. (4) Protonation of ATI
leads to a decrease in a spin density on the nitrogen atom of the nitroxide fragment
> N-Oe. (5) The ring nitrogen N4 is characterized by higher affinity to proton, as
compared to the amino group. (6) The energy of the transition state [ATI-H*] of the
interconversion process ATI(H) T ATI(-NH;3") is higher than the energies of ATI(H*)
and ATI(-NH3*) by 55.2 and 23.8 kcal/mol, respectively (Fig. 2.8). (7) The energy
difference between EATI(-NH3*)-(H,0)41 and EATI(H*)-(H,0)41 is 19.1 kcal/mol,
which is smaller than Egas. (8) Both protonation and hydration of ATI caused certain
changes in calculated bond lengths and valence angles. The authors concluded that
a hydrogen-bonded cluster of HO n > 41 water molecules could be considered as an
appropriate model for simulation of ATT hydration effects.

The calculation also revealed the following peculiarities of the hydration process
(Fig. 2.9): (1) The most significant changes in charge distribution occur in the nitrox-
ide fragment N2—-O1 and in the amino group and N4—-H bond. (2) Hydration of ATI
and ATI-(H+) molecules causes a rise in the positive charges on their N2 atoms.
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Fig. 2.7 Chemical structures of protonated 4-amino-2,2,5,5-tetramethyl-3-imidazoline-N-oxyl,
ATI(H"), surrounded by water molecules: a ATI(H +) surrounded by five H,O molecules; b ATI(H*)
surrounded by 16 H,O molecules; ¢ ATI(H*) surrounded by 41 H,O molecules [12]. Reprint from
reference [12], Copyright 2004, American Chemical Society
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(3) The negative charges on O1 atoms become smaller. (4) Effects of water-induced
redistribution of charges on the N4-H bond and amino group are different in cases
of protonated and deprotonated ATI.
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A B

(gas phase) (hydrated)

Fig. 2.9 Electric charges on atoms of deprotonated (top pictures) and protonated (bottom pictures)
ATI molecules: a spin-labels in the gas phase; b spin-labels surrounded by 41 water molecules. For
deprotonated form, negative charges of the nitrogen atoms N4 and N7 decrease after a spin-label
hydration, while the hydration of pe ATI(H*) results to a certain increase in the values of negative
charges of N4 and N7 atoms. Calculation also revealed positive charges of hydrogens in the amino
group and the positive charge of the hydrogen atom bound to the N4 atoms [12]. Reprint from
reference [12], Copyright 2004, American Chemical Society

Figure 2.10 presents the distribution of spin densities over the atoms of proto-
nated and deprotonated ATI molecules in the gas phase or surrounded by 41 water
molecules.

The electronic structure of nitronyl nitroxide 2-phenyl-4,4,5,5-tetramethyl-4,5-
dihydro 1H-imidazole-1-oxy1-3-oxide (NitPh) was investigated by conventional and
polarized neutron diffraction and compared to those obtained by various theoretical
ab initio calculations [13]. It was found that in the 0-N-C-N-0 fragment, most of
the spin density the 0-N-C-N-0 fragment is equally shared between the four atoms
of the two NO groups: 0.27 (O) and 0.27 (N). In addition, the bridging sp2 carbon
atom carries a significant negative spin density (—011), while delocalization of the
unpaired spin onto the phenyl fragment is weak.

Modulating spin delocalization in conjugated nitroxides, 2-(N-aminoxyl-N-tert-
butyl)-benzothiazols, was carried out using UB3LYP/cc-pVDZ//UB3LYP/6-31G
[14]. In solvent CH,Cl,, this radical exhibits UV-Vis absorbances at 476, 512, and
558 nm and solution ESR hyperfine coupling constants (hfc) of ay (NO) = 9.16,
(ring N) 2.67 G, ag = 1.05, 1.31, 0.33, 0.43 G. In the same conditions, the nitroxide
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Fig.2.10 Spin densities on atoms of ATI (top pictures) and ATI(H +) (bottom pictures) molecules:
a spin-labels in the gas phase; b spin-labels surrounded by 41 water molecules [12]. Reprint from
reference [12], Copyright 2004, American Chemical Society

hce observed for isoelectronic 2-(N-aminoxyl-N-tert-butyl)-benzimidazole is 10.0—
10.2 G. Distribution of spin densities was estimated from ESR hyperfine coupling
(a) using the formulae a@_p-cy) = (=22 G)p(w-[C]) and apy) = 30 G)p[N]), where p
are the estimated spin densities for p-carbons and nitrogens. The hyperfine constants
showed that spin density throughout the benzothiazole ring is about 10% from the
total value and the sp3 carbons attached to the nitroxide nitrogen has <1-2% spin
density. The optimized structure with the N-O group syn to the thiazole nitrogen
was found to be lower in energy than the anticonformer by 7.5 kcal/mol.

The analysis of the high-resolution W-band (95 GHz) pulsed ELDOR-detected
NMR (EDNMR) and 244 GHz cw EPR spectra yielded precise electron Zeeman
parameter, gy, N hyperfine, A, and 4N quadrupole, P.,, tensor components for
the perdeuterated nitroxide radical 3-hydroxymethyl-2,2,5,5-tetramethylpyrrolin-1-
oxyl dissolved in deuterated frozen solvents of polar or unpolar, protic, or aprotic
character (ortho-terphenyl, methanol, propanol, glycerol, aniline, phenol, and water)
[15]. The results, obtained on the basis of semi-empirical and DFT quantum chem-
ical calculations, indicated that the principal values of all the magnetic interaction
parameters primarily depend on the nitroxide hydrogen-bond situation and the type
of hydrogen-bond donor group of the solvent. To characterize the heterogeneity
of the nitroxide local environment A_, hyperfine and P,, quadrupole values of the
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Fig. 2.11 a The g, versus A,; plot showing g, values extracted from the analysis of the 244 GHz
cw EPR spectra and A_; values obtained from W-band EDNMR recordings. The dashed line shows
the best linear least squared fit with a slope of (—9.5 + 0.3) x 107> MHz ™! (or —2.59 4 0.07 T~ ).
b The P_; versus A plot using values obtained from W-band EDNMR experiments. The dotted and
dashed lines show best linear least-square fits (with the slopes of + (18 = 2) x 1073 and 4+ (17 &
1) x 1073) including and excluding data for water, respectively. The red-, green- and blue-colored
squares denote nitroxide fractions assigned to nitroxide forming zero, one, or two H-bonds with the
solvent molecule, respectively (color figure online) [15]

perdeuterated nitroxide radical in different matrices, W-band EDNMR spectra were
recorded. Figure 2.11 demonstrates perfect linear correlation between the hyperfine
A, and g-tensor g,, components with an R-squared coefficient R* = 0.994.

According to the author’s discussion, A,; is expected to react to polarity changes
in non-bonding as well as H-bonding situations through changes in the spin density
distribution of the N—O bond as a consequence of charge displacements between
N and O in the N-O bond. The effective g,, value of nitroxide radicals is, among
other perturbations, significantly affected by additional matrix perturbations of the
n-7 energy gap of the O-atom in H-bonding situations.
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Chapter 3 ®)
Nitroxide Chemical Reactions Geda

3.1 Introduction

After the pioneering work of Neiman et al. [1], the possibilities of modifying nitrox-
ides without affecting the free valence appeared to be practically unlimited. Modern
synthetic chemistry represents a rich and wide arsenal for carrying out almost any
projects in these fields.

Nitroxides possess unique properties and chemical reactivity. A radical power of
the N-oxyl moiety is partially redeemed due to the formation of a three-electron bond.
This property provides chemical inertness with respect to many biological and other
molecules under ambient conditions. The chemical activity increases with increasing
temperature, which in particular is used in syntheses and living polymerization.
On the other hand, nitroxides readily react with active radicals, which allows them
to be used as antioxidants and intermediate agents in the living polymerization.
Another avenue is the use of nitroxyls for analyzing antioxidants and establishing the
antioxidant status in biological systems objects. Nitroxides are very weak nucleophyl
reagent.

Nitroxyl radicals, oxoammonium cations, and hydroxylamines form a stable
organic redox triad with efficient one- and two-electron transfer (Scheme 3.1).

In the pioneering work of Golubeyv et al. [3], the first stoichiometric oxidation of
alcohols to ketones mediated by an oxoammonium species with N*-oxyl fragment
was performed. Since then, numerous applications of aminoxyl radicals in organic

R e R : e, H* R

+N=0 N-O N-OH

R’ R’ R’
oxoammonium cation nitroxide radical hydroxylamine

Scheme 3.1 Redox triad: oxoammonium cations, nitroxyl radicals, and hydroxylamine anion [2].
Reprinted from [2], Copyright 2007 American Chemical Society
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oxidation reactions have focused on catalytic methods in which the oxoammonium
species is (re)generated by a stoichiometric secondary oxidant. The chemical activity
of the N-oxyl and N*-oxyl moieties is mainly determined by their redox potential.

3.2 Nitroxide Redox Potential

The standard redox potential of nitroxides dictates the thermodynamic possibility
and, to a large extent, the kinetics of the reactions with the participation of these
compounds. Tables presented in review [4] listened the following data on: (1) exper-
imental aminoxyl/oxoammonium and N-hydroxyimide/imidoxyl redox potentials,
(2) effect of ring structure on the calculated one-electron potentials for oxidation
of cyclic aminoxyl radicals, (3) redox potential of the aminoxyl to oxoammonium
redox process for various N-oxyl radicals, (4) redox potentials (V vs. NHE) of N-
aryl hydroxylamines, hydroxyamic acids, and other acyclic N-hydroxy derivatives
as determined by cyclic voltammetry (CV) or differential pulse voltammetry, and
(5) second-order rate constants of the reaction of phthalimide N-oxyl (PINO) with
substrates containing activated C—H bonds.

The value of the midpoint potentials (E/,), for 48 nitroxyl/oxoammonium pairs
varies in the range from 0.67 to 1.31 eV, for 16 N-hydroxyimide/imidoxyl pairs
from 0.57 to 1.12 eV, and for 18 redox potential of the nitroxyl to oxoammonium
redox process for various N-oxyl radicals in a range 0.57-1.20 eV. The following
general conclusions were made regarding the redox potential data presented: (1) The
change of potentials for oxidation of cyclic nitroxyl radicals was explained by the
change in hybridization of the nitrogen atom from sp2 to sp3 that occurs on reduction
and causes change torsional strain; (2) this change is small for six-membered rings,
but increases for five-membered rings; (3) an attachment of aromatic groups to the
radical rings leads to the significant increase of the potential; and (4) replacing the
group t-Bu by SOj leads to a substantial decrease in the nitroxide redox potential.

The oxidation and reduction potentials of 54 piperidine, pyrrolidine, isoindoline,
and azaphenalene nitroxides, substituted with COOH, NH,, NH;*, OCH3, OH, and
NO, groups nitroxides were calculated using G3(MP2)-RAD//B3-LYP/6-31G(d)
gas-phase energies and PCM solvation calculations at the B3-LYP/6-31G(d) level
[2]. This approach gave theoretical values of oxidation and reduction potentials within
40 mV of experimental values. Effects of level of the theory used for geometry opti-
mization on the adiabatic ionization energies, on the adiabatic electron affinities,
and on the oxidation potentials of various nitroxides were listen in corresponding
tables. As a result of the calculation, the following conclusions were drawn: (1)
The overall ring structure has more effect on the electrode potentials than the inclu-
sion of substituents; (2) piperidine and pyrrolidine derivatives have intermediate
oxidation potentials but on average pyrrolidine derivatives display more negative
reduction potentials; (3) isoindoline derivatives show higher oxidation potentials
and more negative reduction potentials; (4) within a ring, the substituents have a
relatively small effect with electron donating groups such as amino and hydroxy
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groups; (5) the oxidized species and electron-withdrawing groups such as carboxy
groups stabilize the reduced species; and (6) azaphenalene derivatives display the
lowest oxidation potentials and negative reduction potentials. In addition, the cal-
culations revealed the following patterns: (1) the five-membered cyclic nitroxides
(pyrrolidine and isoindoline derivatives) have reduction potentials centered around
—1570 mV; (2) the six-membered cyclic nitroxides (piperidine and azaphenalene
derivatives) have reduction potentials centered at —1370 mV; (3) piperidine and
pyrrolidine derivatives show oxidation potentials centered around 830 mV; (4) the
highest for the isoindoline derivatives centered around 1020 mV; and (5) the low-
est oxidation potentials are seen for the azaphenalene. Derivatives centered around
510 mV. It was suggested that azaphenalene derivatives show even lower oxidation
potentials than piperidines due to the fact that the positive charge in the cation species
can be delocalized onto the ring by hyperconjugation.

The redox potential of piperidine nitroxides and N-oxoammonium cation couples
modified at the C4 position was measured, and the nitroxide structure-reactivity rela-
tionship was evaluated [5]. It was concluded that the superoxide dismutase activity
of a nitroxide can be controlled based on its redox potential.

Redox potentials of a wide group of nitronyl (NN) and imino nitroxides with
methyl, phenyl, iodo, and cyanosubstituents (Fig. 3.1) were determined by CV [6].
Nitronyls studied underwent reversible one-electron reduction, which formed the
oxoammonium cation. The oxidation potentials £, of NNs were calculated as the
mean potentials of the anode (E Zi) and cathode (E ;i) peaks. The reduction potentials
Eq of NNs were calculated by the equation Eeq = (E ;2 +E ,”,2) /2. The experiments
revealed the following trends in the values E.q depending on the structure of the
nitroxides: (1) The highest potential, E..q = 1.41 V, is required for the reduction of
pyrazol-4-yl-substituted 1a, (2) the alkyl derivatives 1b—1e and 1i of this nitroxide

Fig. 3.1 Nitroxides used in o8
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were reduced at slightly lower potentials E.q ~ 1.23-1.26, (3) the stronger elec-
tron_accepting substituent in 11, In, and 1o led to a decrease in E,¢q to ~1.2 'V, and
(4) the lowest E.q ~ 0.9 V is inherent in 1f, 1j, 1k, and 1p.

In the case of the oxidation potential, the tendency is as follows: (1) Pyrazol-4-
yl-substituted NNs 1la—1e and 1i, pyrazol-3-yl-substituted NN 1g, imidazole-4-yl-
substituted NNs 1j and 1k, and methyl-substituted NN 1 m are characterized by
the lowest values of Eox ~ 0.35-0.40 V, (2) as the electron accepting properties of
substituents increased in the series 1n, 1o < 11 < 1f, 1h, Eox gradually increased
0.55 and 0.81 V on passing to 1p, (3) changes in Eox correlate with the ability of
the N-O group to act as a Lewis base in reactions with transition metal ions, and (4)
imino nitroxides are oxidized irreversibly.

The redox potentials of seven aromatic nitroxides derived from fert-butyl phenyl
nitroxide

were determined by CV in non-aqueous solution, and the first oxidation potential
to the formation of the corresponding N-oxo ammonium cation was assigned [7].
The electrochemical experiments were conducted in a three-electrode glass cell. A
platinum wire and a saturated calomel electrode (SCE) were used as a counter and
a reference electrode, respectively. The following general conclusions were made:
(1) The electrochemical reduction of the aromatic nitroxides reveals an irreversible
wave, and (2) the first oxidation potential as well as the reduction potential strongly
depend on the electron donating and withdrawing substituents of the compounds.
The experimental values of oxidation and reduction potentials of the studied nitrox-
ides were tabulated. The following experimental results and their explanation were
reported: (1) The reduction potentials of the aromatic nitroxides (1.13—-140 eV) are
relatively low compared to TEMPO (1.61 eV) probably due to the mesomeric effect
of the aromatic cycle, stabilizing the negative charge on the oxygen; (2) for the neutral
nitroxides having the ester and sulfonate ester electron-withdrawing groups a shift
of 150 mV toward less negative potentials took place; (3) the negatively charged
nitroxides are more prone to reduction than their corresponding neutral nitroxides
with potential shifts of 150 and 220 mV, respectively; (4) the observed high-potential
shift from 0.918 to 0.358 mV in the case of the carboxylate was explained by charge
effect; and (5) the proximity of the carboxylate group in the ortho position and the
rigid structure of compound allow for a cyclic conformation of the corresponding
N-oxo ammonium via an intramolecular electrostatic interaction, which can stabilize
the nitroxide structure.

The redox potentials of 25 cyclic nitroxides from four different structural classes
(pyrrolidine, piperidine, isoindoline, and azaphenalene) (Fig. 3.2) determined exper-
imentally by cyclic voltammetry in acetonitrile were found to be influenced by the
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Fig. 3.2 Nitroxides investigated in cyclic voltammetry and theoretical studies [8]. Reprint from
[8], Copyright 2008, American Chemical Society

type of ring system, ring substituents and/or groups surrounding the radical moiety
[8]. The redox potentials, E, of the oxidation of the nitroxide, were estimated as
half the sum of the anodic (Epa) and cathodic (Epc) peak potentials. In addition, the
potential values were calculated by high-level ab initio molecular orbital calcula-
tions with agreements with experimental data. Exceptions are the azaphenalenes, for
which is an extraordinary discrepancy (mean absolute deviation of 0.60 V). It was
found that for investigated nitroxides, the peak separation, Epa — Epc, ranged from
65 to 109 mV and for the unsubstituted ring systems, the order of oxidation from most
easily oxidized to least easily oxidized is: piperidine (2a, 0.577 V), azaphenalene
(3a,0.736 V) > isoindoline (4a, 0.771 V). Azaphenalenes were more easily oxidized
than the piperidine derivatives, which was attributed to the ability of the aromatic
ring of the azaphenalene to stabilize the cation.

Orbital diagrams showing the singly occupied molecular orbital (SOMO) of the
parent nitroxide radicals and the highest occupied molecular orbital (HOMO) of the
oxidized species are presented in Fig. 3.3. Oxidation potentials of monosubstituted
isoindoline nitroxides plotted with respect to the Hammett constant of the functional
group (o), an empirical constant based on the electronic effect of the subsistent,
showed the linear correlation.

The kinetics and thermodynamics of comproportionation of eight pairs of oxoam-
monium and hydroxyammonium salts 3H+ were investigated, and the effect of sub-
stituents and heterocyclic ring structure on the comproportionation equilibrium con-
stant K4 was revealed [9]. The following finding was shown: (1) Experimental val-
ues of the reduction potentials E;, dissociation constants of R,NO* and R,NOH to
R,NO- hydroxyammonium cations pKasp,, the equilibrium constant K4; (2) the values
of bond dissociation energies D(O—H) for hydroxylamines in water (0.972-0.734 V
vs. NHE), (3) pH dependences of reduction potentials of nitroxyl radicals; (4) linear
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Fig. 3.3 B3LYP/6-311+G(3df,2p) orbital diagrams showing the singly occupied molecular orbital
(SOMO) of the parent nitroxide radicals and the highest occupied molecular orbital (HOMO) of
the oxidized species [8]. Reprint from [8], Copyright 2008, American Chemical Society

free energy relationships between redox potentials (E/,), dissociation constants of
hydroxyammonium cations Kzy,, and the equilibrium constant K4; (5) correlations
with the inductive substituent constants oy for the radicals of piperidine and pyrro-
lidine series, values of pK3H, and E|,, (6) increasing in —I-effects of substituents
which reduces the overall equilibrium constant of the reaction K4; (7) dissocia-
tion energies for hydroxylamines in water; and (8) correlation between the Pauling
Group Electronegativity (Eg) of substituents versus redox potentials (E/;) for the
5-membered ring hydroxylamine/aminoxyl radicals in MeOH (0.1 M Bu4NClO,)
and phosphate buffer (0.1 M, pH 7.4) was also established [10].
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Fig. 3.4 A redox equilibrium between oxoammonium salts and trace amounts of corresponding
nitroxide [12]. Reprint from [12], Copyright 2017, American Chemical Society

The influence of the structure of 21 nitroxyl radicals on the thermodynamics and
the kinetics of the reverse comproportionation reaction of R,NO* and R,NOH to
R,NO' in aqueous H,SO,4 was investigated [11]. pH dependences of reduction poten-
tials of nitroxyl radicals E;,, and bond dissociation energies D (O-H) for hydrox-
ylamines in water were determined. The experiments indicated: (1) the linear free
energy relationships between the reduction potentials Ey/;, dissociation constants of
hydroxyammonium cations K3H+, and the equilibrium constant K4; (2) for the rad-
icals of piperidine and pyrrolidine series, values of pK3H* and E,;, correlate with
the inductive substituent constants o1; and (3) a correlation between the basicity of
nitroxyl groups and reduction potentials of oxoammonium cations takes place.

Three new homologous TEMPO oxoammonium salts and three homologous
nitroxide radicals have been prepared, and their oxidation properties of the salts
have been explored [12]. Overall paramagnetism in the oxoammonium salt solu-
tions revealed by EPR spectroscopy was explained by a redox equilibrium between
oxoammonium salts and trace amounts of corresponding nitroxide (Fig. 3.4). This
equilibrium was confirmed by electron interchange reactions between nitroxides with
an N-acetyl substituent and oxoammonium salts with longer acyl side chains.

Nitronyl nitroxides (NNs) are capable of scavenging physiologically rel-
evant reactive oxygen (ROS) and nitrogen (RNS) species, namely superox-
ide, nitric oxide (NO), and nitroxyl (HNO). The redox properties of 2-(4-
carboxyphenyl),-4,5-dihydro-4,4,5,5-tetramethyl- 1 H-imidazolyl- 1-oxy-3-oxide
monopotassium salt, cPTIO, 4,4,5,5-tetramethyl-2-[4-trimethylammoniophenyl]-2-
imidazoline-3-oxide-1-yloxy methyl sulfate (NN*), and 4,4,5,5-Tetramethyl-2-[4-
trimethylammoniophenyl]-2-imidazoline-1-yloxy methyl sulfate (IN*), including
determination of the equilibrium and rate constants of their reduction by HNO and
ferrocyanide, and reduction potential of the couple NN/hydroxylamine of nitronyl
nitroxide (hNN), were investigated [13]. The reduction potential of the NNs and
iminonitroxides (Ins), product of NNs reaction with NO were calculated based on
their reaction constants with ferrocyanide. The values of the reduction potential
were found to be for NN/hNN (E'( ~ 285 mV) and IN/hIN (E’ =~ 495 mV). Obtained
data on equilibrium and bimolecular rate and constants for the redox reactions of
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NNs and Ins were tabulated. A correlation between the reduction potential of cyclic
oxammonium derivatives and substituent Hammett o* constants was established.
In addition, the rate constants of the reaction of the NNs with HNO were measured
to be equal to (1-2) x 10* M~! s~

N-tert-Butyl-N-2-pyridylhydroxylamines were characterized using NMR, elec-
trochemistry, and density functional theory [14]. Substitution of the pyridyl ring in
the 3-, 4-, and 5-positions was used to vary the reduction potential (Eq) of the
nitroxyl/oxoammonium redox couple by 0.95 V. The values were found to follow
Hammond’s correlation. DFT computations of the electrochemical properties agreed
with experiment. Electrochemical studies of the reduction and oxidation reactions of
five different organic nitroxyls have been performed across a wide pH range (0-13)
[15]. The hydroxylammonium pK, was determined by NMR. The resulting Pour-
baix diagrams illustrate structural effects on their various redox potentials and on pH
(Fig. 3.5). Evidence was also given for the reversible formation of a hydroxylamine
N-oxide when nitroxyls are oxidized in alkaline media. Several conclusions have
been drawn from the Pourbaix diagram: (1) the oxoammonium reduction potential
is pH insensitive, (2) the potential is insensitive to the identity of the buffering elec-
trolyte, and (3) the nitroxyl reduction potential is pH-dependent and has a break in
slope, corresponding to the hydroxylammonium pK,.

3.3 Oxoammonium Cation Reactions

The oxoammonium species can be commonly generated by a stoichiometric sec-
ondary oxidant such as NaOCl, bromine, NO,/O,, hypervalent iodide species, or
electrochemically. The species may be isolated as a stable salt, and it serves as two-
electron oxidant in a number of organic oxidation reactions. The first reaction of the
oxidation of alcohols by oxoammonium cation was demonstrated by Golubev et al.
[2]. Primary alcohols were oxidized to corresponding aldehydes, while secondary
alcohols were oxidized to ketone. This approach has been commonly used for alcohol
oxidation including in industrial scale what attracts particular interest [16—19].
Oxidation of alcohols containing a S-oxygen atom, using 4-acetylamino-2,2,6,6-
tetramethylpiperidine-1-oxoammonium tetrafluoroborate, in the presence of pyri-
dine, yielded dimeric esters, while in the presence of 2,6-lutidin, the product is
aldehyde [20]. The betaine is oxidized by the oxoammonium salt to give an N-
acylpyridinium ion that serves as an acylating agent for ester formation. A suggested
mechanism for oxoammonium cation oxidations premised on nucleophilic additions
to the oxygen atom of the positively charged nitrogen—oxygen double bond. The
rates of oxidation of a series of primary, secondary, and benzylic cycle of alcohols
oxidation oxoammonium salt with CF3 moiety have been found to oxidize alcohols
more rapidly than does with CHj3 (Fig. 3.6). The rate of oxidation of meta- and
para-substituted benzylic alcohols displays a strong linear correlation to Hammett
parameters (r > 0.99) with slopes (p) of —2.7 and —2.8, respectively (Fig. 3.7). It was
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Fig. 3.6 Illustration of
effect of structure of
oxoammonium cation on an
alcohol oxidation [21].
Reprint from [21], Copyright
2017, American Chemical
Society
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Fig. 3.7 Hammett plot of the rates of oxidation of substituted benzyl alcohols by 1 and 5; kga is the
rate constant for oxidation of benzyl alcohol, and kx is the rate constant for oxidation of substituted
benzyl alcohol [21]. Reprint from [21], Copyright 2017, American Chemical Society

suggested that the rate-limiting step in the oxidations involves hydride abstraction
from the carbinol carbon of the alcohol substrates.

A novel TEMPO-based oxoammonium salt, 2,2,6,6-tetramethyl-4-(2,2,2-
trifluoroacetamido)-1-oxopiperidinium tetrafluoroborate, and its corresponding
nitroxide were synthesized and characterized [21]. The rates of oxidation of pri-
mary, secondary, and benzylic alcohols by the nitroxide in acetonitrile solvent at
room temperature have been determined. The rate of oxidation of meta- and para-
substituted benzylic alcohols displayed a linear correlation to Hammett parameters
(r>0.99) with slopes (p) of —2.7 and —2.8, respectively. This finding indicated that
the rate-limiting step in the oxidations involves hydride abstraction from the carbinol
carbon of the alcohol substrate.

The mechanism of an NO,-assisted, nitroxide-catalyzed aerobic oxidation of alco-
hols was evaluated using a set of sterically and electronically modified nitroxides
with azaadamantane nucleus [i.e., TEMPO, AZADO (1), 5-F-AZADO (2), 5,7-DiF-
AZADO (3),5-MeO-AZADO (4), 5,7-DiMeO-AZADO (5), oxa-AZADO (6), TsN-
AZADO (7), and DIAZADO (8)]. s [i.e., TEMPO, AZADO (1), 5-F-AZADO (2),
5,7-DiF-AZADO (3), 5-MeO-AZADO (4), 5,7-DiMeO-AZADO (5), oxa-AZADO
(6), TsN-AZADO (7), and DiAZADO (8)] [22]. The introduction of an F atom at
a remote position from the nitroxyl radical moiety on the azaadamantane nucleus
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enhanced the catalytic activity under typical NO,-mediated aerobic oxidation con-
ditions. The kinetic profiles of the azaadamantane-N-oxyl-[AZADO -, 5-F-AZADO
-, and 5,7-DiF-AZADO]-catalyzed aerobic oxidations were investigated, revealing
that: (1) AZADO showed a high initial reaction rate compared to 5-F-AZADO and
5,7-DiF-AZADO (Fig. 3.8), (2) AZADO-catalyzed oxidation exhibited a marked
slowdown, resulting in ~90% conversion, (3) 5-F-AZADO-catalyzed oxidation
smoothly reached completion. Experiments with Oxa-AZADO, TsN-AZADO, and
DiAZADO supported evidence for the electronic effect on the catalytic efficiency
of F atom at a remote position from the nitroxyl radical moiety on the azaadaman-
tane nucleus to enhance the catalytic activity under NO,-mediated aerobic oxidation
conditions.

4-acetamido-2,2,6,6-tetramethylpiperidine- | -oxoammonium tetrafluoroborate
(1) in wet CH3CN at room temperature oxidatively cleaved benzylic ethers and
related ArCH,OR substrates to give the corresponding aromatic aldehyde and alco-
hol in high yield (Fig. 3.9) [20]. Primary or secondary alcohol products are further
oxidized by 1 to give carboxylic acids and ketones, respectively. The oxidation likely
involves a hydride abstraction from the benzylic carbon. In addition, the following
findings were reported: (1) oxidation of alcohols containing a f-oxygen atom in the
presence of pyridine by 1 yields dimeric esters; (2) in the presence of 2,6-lutidine the
product is a simple aldehyde; (3) the betaine is oxidized by the oxoammonium salt
to give an N-acylpyridinium ion; and (4) a series of alcohols containing a f-oxygen

OH Nitroxyl Radical (1 mol %) o]
\O’ NaNO, (10 mol %) U

( AcOH (1 M), air balloon, rt

GC conv. (%)

Fig. 3.8 Illustration of the electronic effect on the catalytic efficiency of the heteroatoms under
NO,-assisted aerobic oxidation conditions [22]. Reprint from [22], Copyright 2014, American
Chemical Society
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Fig. 3.9 Benzylic ethers and related ArCH,OR substrates are oxidative cleavage of enzylic ethers
[20]. Reprint from [21], Copyright 2014, American Chemical

substituent were oxidized to aldehydes in the presence of 2,6-lutidine. Suggested
mechanism for oxoammonium cation oxidations premised on nucleophilic addi-
tions to the oxygen atom of the positively charged nitrogen—oxygen double bond
(Fig. 3.9).

Facile oxidation of primary amines to nitriles using a stoichiometric quantity of
4-acetamido-2,2,6,6-tetramethylpiperidine- 1-oxoammonium tetrafluoroborate I was
performed in CH,Cl, — pyridine solvent at room temperature with yield of 75-95%
(Fig. 3.10) [23].

At room temperature, benzylic amines bearing electron-withdrawing substituents
were oxidized in 12 h, while aliphatic amines in 24-36 h. The detailed oxidation mech-
anism, taking ethylamine as the substrate and the 2,2,6,6-tetramethylpiperidine-1-
oxoammonium cation (TEMP-O+) as the oxidant, was computationally investigated
using the B3LYP/6-311+G* level of DFT theory (Fig. 3.11). The mechanism involves
a hydride transfer from the amine to the oxygen atom of I as the rate-limiting step.

HNJ\

+
N
A~ 0 BF¢ 15 |
L e examples
B hikg CH,ClI, RGN 75 - 95% yield
pyridine

room temperature

Fig. 3.10 Oxidation of primary amines to nitriles (Scheme 3.1, 1) a% [23]. Reprint from [23],
Copyright 2017, American Chemical Society
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Efficient reduction of O, to water is a challenge in energy conversion and many
aerobic oxidation reactions. It was demonstrated that the electrochemical oxy-
gen reduction reaction (ORR) can be achieved at high potentials by using solu-
ble organic nitroxyl and nitrogen oxide (NO,) mediators [24]. The combination of
nitroxyl/NOXx species, such as 2,2,6,6-tetramethyl-1-piperidinyl-N-oxyl (TEMPO),
or sodium nitrite, mediated sustained O, reduction with overpotentials as low as
300 mV in acetonitrile containing trifluoroacetic acid. The nitrogen oxide catalyst
drives aerobic oxidation of a nitroxyl mediator to an oxoammonium species, and the
electrolysis potential is dictated by the oxoammonium/nitroxyl reduction potential.
The oxoammonium species are reduced by cathode. The overpotentials accessible to
this ORR system were found to be significantly lower than widely studied molecular
metal-macrocycle ORR catalysts.

3.4 Nitroxide Cross-Coupling Reactions

Cross-coupling reactions of nitroxides with organic C—centered radicals (OCCR)
(Fig. 3.12) comprehensively reviewed by Bagryanskaya and Marque [25] are
attracted special interest. The review discussed the data on 75 carbon- and
heteroatoms-centered active radicals and 100 nitroxides. Numerous examples of the
involving of the cross-coupling stages in various chemical processes and methods of
the processes investigation were described. General trends and specific effects in the
frame of the multiparameter approach were also discussed in detail.



48 3 Nitroxide Chemical Reactions

@ 4= (b

'\ 3 "
1 R4 p SOMO parchrity o
o .9 rng FROR R
_|__‘.' W w'E'% —_ 2y ‘{a 187 i
| I i

" Ny SOMO SOMO="
oS

Fig. 3.12 Orbital diagram for the SOMO interactions and the energy profile of the cross-coupling
reaction between a nitroxide and a C-centered radical [26]. Reprinted from [26] Copyright 2012
American Chemical Society

Orbital diagram for the SOMO interactions and the energy profile of the cross-
coupling reaction between a nitroxide and a C-centered radical are presented in
Fig. 3.12 [26].

In Fig. 3.12, the SOMO of the nitroxide is described as a three-electron bond
orbital with the odd electron located in the w* orbital. Factors affected on the
efficiency of the cross-coupling reaction are: (1) the energy gap, (2) the overlap-
ping between the SOMOs of the nitroxide (SOMO 7t*) and the alkyl radical, (3)
the spin density in the SOMOs, (4) strength of stabilization of the alkyl sRS (low
electron density on the coupling sites), (5) bulkiness of the alkyl radical v (large
steric hindrance) that increases the activation energy of the process, and (6) the
polarity (electron-withdrawing groups modifying the stabilization, matching of elec-
trophilic/nucleophilic character) of the radicals. Quantitative experimental data on
reactions in which the cross-coupling plays a key role were summarized in tables: (1)
values of rate constant kc at room temperature for various active radicals and nitrox-
ides and in various solvent ranging from 9.5 to 520 M~!S~!; (2) data on Arrhenius
parameters, pre-exponent factor A., energy activation Eac and values of bond dis-
sociation energies [BDEs(C—H)] for the cross-coupling reaction of nitroxides and
C-centered radicals; (3) values of bond dissociation energies [BDEs(C-H)] and sta-
bilization (cRS), polarity (o), and steric (v); (4) descriptors for selected C-centered
radicals corresponding re-evaluated rate constants k. for the cross-coupling with
nitroxides; (5) correlation of log kc at room temperature with a linear combination
of the molecular descriptors; (6) values of polarity (o) and steric (v) molecular
descriptors for selected nitroxides; and (7) steric effect accounted for by v takes into
account both the hampered approach of the nitroxide by the congested radical center
and the rehybridization sp2 — sp3 impeded by the bulkiness of the groups attached
to the radical center [26].

To determine the cross-coupling rate constant (k.), several pathways for the con-
stant determination were suggested [25-28]. The reaction rate of cross-coupling
after photo homolysis can be measured by methods of time domain absorption spec-
troscopy or EPR [25]. Radical clock reactions involve a competition between a uni-
molecular radical reaction with a known rate constant and a bimolecular radical reac-
tion with an unknown rate constant to produce unrearranged and rearranged products
[27]. In the C-centered radical nitroxide trapping (competitive method), scavenging
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of the C-centered radicals in the presence of two nitroxides, No (k. unknown) and N
(k. known) provides indirect measurement of k. [28]. Time-Resolved Chemically
Induced Dynamic Nuclear Polarization (TR CIDNP) has been proved to be a pow-
erful method for investigation of radical processes [29, 30] In TR CIDNP, the NMR
spectra of emission or absorption of reactants and products are detected. The analysis
of the spectra yielded information on the intermediate radical pairs and mechanism
of the reaction studied. For example, the measurements of the CIDNP intensity of
the alkoxyamine in the absence and in the presence of nitroxide and at different time
delays between the laser pulse and radio frequency pulse ty provide the observed
alkoxyamine formation rate constant kpsq. The dependence of k,psg On the nitroxide
concentration gives the value of cross-coupling rate constant k..

A key role of the radical cross-coupling in a chemical reaction can be illus-
trated by an example of reaction of hindered amine light stabilizers (HALSs), which
includes the generation of nitroxides from amines [31]. Thermodynamically favored
proposed cycle for the nitroxide regeneration and competitive amine formation via
H-atom abstraction from an alkoxyamine and subsequent aminyl radical formation
are schematically illustrated in Fig. 3.13.

Along with the effects of the electron structure of nitroxides in various solvent,
values of the dipole moment (), dielectric constant (&), cohesive pressure (c), nor-
malized Reichardt solvent polarity constant (EY), EPR nitrogen hyperfine coupling
constant (ay) (spin density on the NO moiety) can also affect on values of the cross-
coupling rate constant k.. [25]. For example, linear trends were observed between k.
the cohesive pressure ¢, the normalized Reichardt solvent polarity constant EY, [32]
and the nitrogen hyperfine coupling constant ay.

Effects polarity and sterics on the rate constant of cross-coupling of alkyl radicals
were investigated in detail [33]. The analysis of the experimental data led to the
following conclusions: (1) congestion around the nitroxide moiety and the bulkiness
of the alkyl radical destabilize the transition state (TS) and cause the decrease in k.,

Fig. 3.13 HALS mechanism R*
[31]. Reprinted from [31], Nitroxide .
Copyright 2012 American _ | \Non
Chemical Society [31] ~
P ’ X
,NO _Ro
:w\{ { \h _XH
N\ R'
NOOR \N‘ )
W \ ’ 0-(9"
G N "
NOO' B0 /A e
B~ )
=%
N' -
B Yy
ROOH . . .. 7



50 3 Nitroxide Chemical Reactions

(2) the increase in the polarity of the substituents on the nitroxide moiety destabilizes
the reactant state, increasing k., and (3) the steric effect is better ascribed to an entropy
effect, which is in turn affected by the stabilization/polarity effect.

3.5 Nitroxides in Electrocatalysis

N-Oxyl compounds represent a diverse group of reagents that find widespread use as
electro catalysts for the selective oxidation of organic molecules in both laboratory
and industrial applications [34-62].

In pioneering research Semmelhack and co-workers, it was found that TEMPO
can act as an electrocatalyst for alcohol electrooxidation [34]. The reaction between
electrogenerated TEMPO* with primary alcohols in the presence 2,6-lutidine, as a
base, was fast, even at —60 °C, and up to 40 catalytic turnovers were achieved.
Secondary alcohols were oxidized at significantly slower rates. On the basis of
deuterium kinetic isotope effects and Hammet relationship, four potential routes
TEMPO-catalyzed alcohol oxidation were considered: (1) direct hydride abstraction
from the alcohol by the oxoammonium to afford hydroxylamine and an oxocar-
benium ion that undergoes subsequent deprotonation, (2) electron/proton transfer
from alcohol to oxoammonium, generating TEMPO, H*, and an alkoxyl radical, (3)
nucleophilic attack of an alkoxide at the nitrogen atom of TEMPO™" to generate a
reactive N-O adduct, and (4) nucleophilic attack of the alkoxide at the oxygen atom
of TEMPO" to generate a reactive O—O adduct.

In the past decades, numerous works on electrocatalysis with nitroxides as cat-
alysts have been carried out. Among them: electrooxidation of menthol [35], [68-
Methyl-38,5a-dihydroxy-16a,17a-cyclohexanopregnan-20-one [36], carbohydrates
and carboxylated cellulose [37], racemic SEC-benzylic alcohols [38] lignin (-
0O-4 model compound [39], oxidation of primary and secondary amines to give
the corresponding nitrile or carbonyl [40], oxidation of tertiary amines catalyzed
by 4-BzO-TEMPO [41], oxidation tetrahydroisoquinolines and related compounds
[42], electrochemically induced C—H functionalization sing bromide ion/ 2,2,6,6-
Tetramethylpiperinyl-N-oxyl dual redox catalysts in a two-phase electrolytic sys-
tem [43], synthesis of nitriles from aldehydes dehydrogenation of saturated N-
heterocycles [44], propargyl acetates to provide o,a-dihaloketone [45], termi-
nal alkenes by Pd(OAc), catalysis with Co-catalytic TEMPO [46], oxidation of
thioamides to benzothiazoles and thiazolopyridines [47], oxidation of glycerol to
1,3-Dihydroxyaceton [48], and 5) electrocatalytic oxidation of L-tyrosine by a nitrox-
ide [49]. However, the reactions of alcohols and their derivatives attract particular
attention.

A comprehensive survey of the electrochemical properties and wide electrocat-
alytic applications of aminoxyls, imidoxyls, and related reagents were reviewed
[4]. The following aspects of electrocatalitic systems were described: (1) electro-
chemistry of TEMPO and other aliphatic cyclic aminoxyl derivatives; (2) elec-
trochemical properties of TEMPO; (3) structural effects on the electrochemical
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properties of cyclic aminoxyl radicals; (4) electrochemical reactions mediated by
TEMPO and related cyclic aminoxyl radicals; (5) alcohol oxidation mechanism of
aminoxyl-mediated process; (6) performance of aminoxyl derivatives, (7) coop-
erative copper/aminoxyl catalysis; (8) oxidation of synthetic alcohol; (9) amine
oxidation; (10) C-H functionalization; (11) palladium co-catalyzed reactions; (12)
alkene aminooxygenation; (13) alkyne hydroxybromination; (14) oxidation of sulfur-
containing compounds; (15) electrochemistry and electrochemical applications of
imidoxyl derivatives including electrochemical properties of N-Hydroxyphthalimide
in alcohol oxidation and other NHPI-mediated electrooxidation reactions, and (16)
electrochemistry of other N-oxyl radicals.

Numerous quantitative experimental data were tabulated: (1) experimental
aminoxyl/oxoammonium redox potentials, (2) redox leveling in the 1 e /H*
hydroxylamine/aminoxyl redox couple, (3) effect of ring structure on the calcu-
lated e~ potentials for oxidation of cyclic aminoxyl radicals, (4) experimental N-
hydroxyimide/imidoxyl redox potentials versus NHE (5) redox potential of the
aminoxyl to oxoammonium redox process for various N-oxyl radicals potentials,
(6) redox potentials (V vs. NHE) of N-aryl hydroxylamines, hydroxyamic acids,
and other acyclic N-hydroxy derivatives as determined by CV or differential pulse
voltammetry, (7) redox potential of heterocyclic N-hydroxy derivatives, (8) second-
order rate constants of the reaction of phthalimide N-oxyl (PINO) with alcohol sub-
strates, and (9) second-order rate constants of the reaction of PINO with substrates
containing activated C—H bonds.

Figure 3.14 demonstrates an example of electrochemical processes involving
TEMPO and phthalimide N-oxyl (PINO).

Fig. 3.14 Example of
nitroxide redox reactions [4].
Reprinted from [4],
Copyright 2012 American
Chemical Society
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Fig. 3.15 Correlation
between the Pauling group
electronegativity (Eg) of
substituents versus redox
potentials (E1,2) for the
five-membered ring NUTIG
hydroxylamine/aminoxyl
radicals in a MeOH (0.1 M
BuyNClOy4) and b phosphate
buffer (0.1 M, pH 7.4) [4].
Reprinted from [4],
Copyright 2012 American
Chemical Society
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A linear relationship between the Pauling group electronegativity of the sub-
stituent and the hydroxylamine/aminoxyl redox potential of the corresponding
PROXYL derivative is shown in Fig. 3.15.

The voltammetric technique was used to determine the catalytic activity for
TEMPO-mediated electrooxidation of a series of primary and secondary alcohols, for
example, benzyl alcohol [50]. A mechanism for electrocatalytic oxidation of benzyl
alcohol by TEMPO was proposed. Alcohol electrooxidation in CH3;CN with TEMPO
as electron—proton transfer mediators and N-methylimidazole as an added base was
carried out [51]. A series of TEMPO analogs and bi- and polycyclic nitroxides with
a range of redox potentials for the oxidation of alcohols under basic conditions
was examined using chronoamperometry and CV techniques [52]. In addition, cat-
alytic rate constants for the oxidation of butanol in both chemical (by NaOCl) and
electrochemical oxidation processes were obtained. The experiments showed that
reaction rates exhibit opposite trends with respect to the nitroxide/oxoammonium
redox potential. Specifically, it was found that: (1) for the less hindered nitrox-
ides, which exhibit comparatively low redox potentials, the reaction run much faster
than TEMPO derivatives when NaOCl is used as the oxidant; (2) the rates are faster
with higher-potential TEMPO derivatives under electrochemical conditions; (3) low-
potential nitroxide mediators are more rapidly oxidized by NaOCI and exhibited
higher steady-state concentration of the oxoammonium relative to high-potential
nitroxides; (4) the increased rate of alcohol oxidation by low-potential aminoxyl
mediators under chemical oxidation conditions correlates with the more rapid gen-
eration of the corresponding oxoammonium species under these conditions; (5) the
reaction driving force is more significant than steric effects in nitroxide-mediated
electrochemical oxidation of alcohols; and (6) linear free energy correlations for
aminoxyl-catalyzed oxidation of 1-butanol takes place (Fig. 3.16).

Immobilization of nitroxyl mediators on electrode surfaces significantly enhanced
rates of alcohols oxidation and facilitates isolation of products as compare with
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methods that use dissolved nitroxide mediators [53]. For example, pyrene-tethered
TEMPO derivative was noncovalently immobilized at electrodes coated with multi-
walled carbon nanotubes [54]. In preparative electrolysis experiments with a series of
alcohol substrates and the immobilized catalyst, turnover numbers and frequencies
approached 2000 and 4000 h~!, respectively. The reaction conversation was almost
100% and less 5% for the immobilized and free nitroxides, respectively. The oxida-
tion of a sterically hindered hydroxymethylpyrimidine precursor to the blockbuster
drug, Rosuvastatin, was also demonstrated.
In paper [55], it was shown that N-Hydroxyphthalimide (NHPI)

8]
3
N—O
= H
0

which generates phthalimide N-oxyl (PINO) radical is an effective mediator for the
oxidation of alcohols by electrolysis. NHPI undergoes one-electron oxidation to form
PINO. In CH;3CN, the e /H* NHPI/PINO couple exhibits a redox potential of 1.44 V
versus SCE which is quasi-reversible. It was also found that electrogenerated PINO
catalytically oxidates benzyl alcohols [56]. The NHPI/PINO couple was applied to
electrocatalytic oxygenation of various compounds including lignin models [57],
native lignin [58], benzylic and allylic bonds [59], and allylic C—H bonds oxidation
[60]. A mechanism of NHPI-mediated electrooxidation of alcohols was suggested.

The first use of N-hydroxyphthalimide as an electrochemical mediator for C—-H
oxidation to non-oxygenated products provided the basis for direct (in situ) or sequen-
tial benzylation of diverse nucleophiles using methylarenes as the alkylating agent
[61]. The proposed hydrogen-atom transfer mechanism for C—H iodination allows
C-H oxidation to proceed with minimal dependence on the substrate electronic prop-
erties and at electrode potentials 0.5—1.2 V lower than that of direct electrochemical
C-H oxidation.

The use of NHPI as an electrochemical mediator for iodination of methylarenes
was reported [62]. It was found that electrochemical generation of PINO is followed
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Fig. 3.17 a Electrochemical NHPI/PINO-mediated iodination/functionalization of methyl arenes,
b iodination, and c in situ methylarene iodination/alkylation of pyridine [62]. Reprinted from [62],
Copyright 2018 American Chemical Society

by H-atom abstraction, and the resulting radical is trapped rapidly by I, (Fig. 3.17).
Values of experimental N-hydroxyimide/imidoxyl redox potentials versus NHEa
of the aminoxyl to oxoammonium redox process for various N-oxyl radicals, N-
aryl hydroxylamines, hydroxyamic acids, and other acyclic N-hydroxy derivatives,
as determined by CV or differential pulse voltammetry, were listened in separate
tables. In addition, the following schemes were described: (1) NHPI-mediated elec-
trochemical oxidation of alcohol substrates, (2) NHPI-mediated electrooxidation of
lignin models, (3) electrooxidation and photochemical cleavage of native lignin, ben-
zylic and allylic oxygenation mediated by NHPI, (4) electrochemical NHPI/PINO-
mediated oxygenation of benzylic and allylic bonds, (5) comparison of the ben-
zylic oxygenation of heteroaromatic species by NHPI-mediated aerobic and electro-
chemical method, (6) scope of the oxygenation of allylic C—H bonds mediated by
Cl4-NHPI257, (7) NHPI-mediated oxidation of aldehyde acetals, and (8) electro-
chemical NHPI/PINO-mediated iodination/functionalization of methyl arenes. The
electrochemical mediation of iodination reaction was illustrated in Fig. 3.17.

3.6 Nitroxides as Radical Scavenger

Oxidative/nitrosative stress contributes to the etiology of various disorders and asso-
ciates with the destruction of key macromolecules and inactivation of antioxidant
enzymes by reactive oxygen species (ROS) or reactive nitrogen species (RNS). The
excess of reactive radicals generated in biological organisms can lead to the damage
of vital cellular components such as lipids, proteins, and nucleic acids. These radicals
can produce secondary reactive species and then induce a series of cellular response
or severely endanger cell health and viability, ultimately leading to irreparable cell
damage. Nitroxides have long been ascribed antioxidant activity to underly their
chemopreventive and antiaging properties (Chap. 10). The reaction of nitroxides
with ascorbate and glutathione (GSH) in solution and biological systems have great
importance and been thoroughly studied [63—69]. For most nitroxides, the reaction
follows the second-order kinetics law with the only product of nitroxide reduction
being hydroxylamine. Nevertheless, when the rate constant of this reaction is low,
the reversibility of the first steps may contribute to the kinetics. It is obvious that the
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biological activity of nitroxides is linked to their electron transfer rates and redox
potentials.

Reactivity of nitroxides to quench superoxide radicals as superoxide dismutase
(SOD) mimics (Scheme 3.2) was first established by Samuni, Krishna, Goldstein,
and co-workers [63].

In the case of oxazolidines (e.g., 2-ethyl-2,5,5-trimethyl-3-oxazolidin-1-yloxyl,
OXANO) Scheme 3.2 and its corresponding hydroxylamine, they react with super-
oxide [64]. The sequence of the SOD mimics reactions for TEMPO is indicated
in Scheme 3.3. 2-ethyl-2,5,5-trimethyl-3-oxazolidin-1-yloxyl, OXANO). Within the
framework of this mechanism, a nitroxide undergoes repeated reductions and oxi-
dations allowing in catalytic fashion the dismutation of superoxide to oxygen and
hydrogen peroxide. Piperidine derivatives such as TEMPO undergo oxidation and
reduction reactions to yield the corresponding oxoammonium cation, which then
oxidizes superoxide to molecular oxygen. However, this mechanism is not likely
physiologically relevant in all cases in cell with cells higher level of SOD enzymes
[65]. Employing pulse radiolysis, Goldstein and Samuni demonstrated that nitrox-
ides react readily with peroxyl radicals [66]. Nitroxides can undergo acid-promoted
reactions with peroxyl radicals and then be recycled from the resultant oxoammo-
nium ion by reduction with a substrate-derived radical eventually acting as a catalytic
radical-trapping antioxidants.

The kinetics and mechanisms of the reactions of TEMPO, as well as an N-
arylnitroxide and an N,N-diarylnitroxide, with alkylperoxyl radicals, the propagat-
ing species in lipid peroxidation, were characterized [67]. Inhibited autoxidations
of THF in aqueous buffers revealed that nitroxides reduce peroxyl radicals by elec-
tron transfer with rate constants (k &~ 10° to > 107 M~! s~!) that correlate with
the standard potentials of the nitroxides (E° ~ 0.75-0.95 V vs. NHE) and that this

H* + 03 + OH<N_O' O
0] < ’<
H + 05_ & \\KN"‘OH _— H202 +* C\)\KN—O.

Qverall

|
<

203" + 2H* —> 0, + H0,

Scheme 3.2 SOD-mimicking behavior of OXANO [2]. Reprinted from [2], Copyright 2007
American Chemical Society
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HO, + H* + N—-O" — Hy0, + +N=0

02" + +N=0 —— O, + N—O

Overall

03" + HO3 + H* — 0, + Hy0,
Scheme 3.3 SOD-mimicking behavior of TEMPO [2]. Reprinted from [2], Copyright 2007
American Chemical Society

activity is catalytic regarding nitroxide. Regeneration of the nitroxide was suggested
to occur by a two-step process involving hydride transfer from the substrate to the
nitroxide-derived oxoammonium ion followed by H-atom transfer from the resultant
hydroxylamine to a peroxyl radical. In the presence of a hydride donor (NADPH for
example) (Fig. 3.18), TEMPO+ is converted to TEMPOH which can trap another per-
oxyl radical via H-atom transfer, thereby regenerating TEMPO. Figure 3.19 indicates
calculated transition state structure for the reaction of TEMPO* with THF.
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electron [ ] .3‘?5 754
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N hydride @ 504
ALJL transfer E"
@
substrate® [&]
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ROOH 0
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ROO" log [inhibitor] (uM)
mechanistic understanding <:| compound design

Fig. 3.18 Mechanisms of the reactions of TEMPO, N-arylnitroxide N,N-diarylnitroxide, with
alkylperoxyl radicals and its effect on cell viability [67]. Reprinted from [67], Copyright 2018
American Chemical Society
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It was determined that TEMPO can be regenerated from its oxoammonium ion
by reaction with alkyl radicals, and this reaction was proposed to be a key step in
TEMPO-catalyzed synthetic transformations. Because this process occurs with k ~
1-3 x 10'© M~! 57!, it enables to compete with O, for alkyl radicals [68]. The
addition of weak acids facilitates this reaction, whereas the addition of strong acids
slows it by enabling back electron transfer. Another mechanism invoked to account
for the biological activity of nitroxides involves the scavenging of alkyl radicals [69].
This reaction is too slow (k ~ 1 — 3 x 108 M~! s7!) to compete with the formation
of peroxyl radicals from the combination of alkyl radicals and O, (k ~ 3 x 10°
M~! s71). Nevertheless, a competition can be more unlikely because O, is generally
present in much higher concentration than nitroxide (mM vs. WM to nM).

Autoxidations of unsaturated hydrocarbons are efficiently inhibited by nitroxides
and/or compounds which react readily to produce nitroxides under autoxidative con-
ditions. For example, diarylamines and hindered aliphatic amines comprise two of
the three key types of radical-trapping antioxidants (RTAs) to preserve hydrocarbon-
based materials (Fig. 3.1a) [64]. Diarylamines can trap peroxyl radicals at ambi-
ent temperatures by a catalytic mechanism involving the formation of diarylnitrox-
ide intermediates (the “Korcek Cycle”) (Fig. 3. 20) [70]. At elevated temperatures,
nitroxides trap radicals in still catalytic manner (the “Denisov Cycle”) (Fig. 3.20)
[71]. Hindered aliphatic reaction nitroxides do not react with alkylperoxyl radicals,
while aryl nitroxides react by addition to the aryl rings [64].

Thermodynamically favored proposed cycle for nitroxide regeneration and com-
petitive amine formation: via H-atom abstraction from an alkoxyamine and subse-
quent aminyl radical formation is summarized in Fig. 3.21 [31]. Alternative literature
mechanisms of nitroxide regeneration were also discussed.

Radical scavenging activity of aromatic and aliphatic mono- and bis-nitroxides
was investigated in acetonitrile in the presence of alkyl and peroxyl radicals gen-
erated from thermal decomposition of 2,20-azobis(2,4-di-methylvaleronitrile) using
EPR and UV-Vis spectroscopy [72]. Antioxidant activity of the nitroxides was eval-
uated by monitoring conjugated dienes formation during methyl linoleate micelles
peroxidation and by measuring carbonyl content in oxidized bovine serum albu-
min. Suggested scheme showing the scavenging of alkyl (Re) and peroxyl radicals
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(ROOe) by aromatic and aliphatic nitroxides was proposed. According to the scheme,
(1) indolinonic aromatic nitroxides react with peroxyl radical, (2) aliphatic nitroxides
react, (3) bis-nitroxides are roughly twice more efficient at inhibiting lipid peroxida-
tion compared to their corresponding mono-derivatives, and (4) aromatic nitroxides
are more effective antioxidants than aliphatic ones.

3.7 Nitroxide Reaction with Typical Antioxidants

Within recent two decades, nitroxides are widely used for an analysis antioxidants
in biological systems [73—88]. First application of nitroxide for quantitative analysis
ascorbic acid in biological liquids was performed in Likhtenshtein group using dual
fluorophore—nitroxide probes [77].

It was revealed [73] that tetracarboxylate pyrroline nitroxides are reduced by
ascorbate/glutathione (GSH) with second-order rate constants that five orders of
magnitude greater than those for gem-diethyl pyrroline nitroxide.
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Fig. 3.21 Proposed cycle for nitroxide regeneration and competitive amine formation via H-atom
abstraction from an alkoxyamine and subsequent aminyl radical formation. Numbers in italics are
calculated as Gibbs free energies (kJ mol~!, gas phase, 25 °C) of the reactions and activation
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For these nitroxides, the electrochemical reduction potential was found to be less
negative (by about 0.8 V), compared with the corresponding gem-diethyl nitroxides,
while the oxidation potentials become more positive (by about 0.7 V). Electrochem-
ical potentials as well as rates of reduction with ascorbate/GSH correlate via sim-
ple regressions with field/inductive parameters such as Swain/Lupton F-parameters
(and/or Charton oj-parameters). Rates of reduction with ascorbate/GSH similarly
correlate with four pyrroline nitroxides. Exception is the slowest reducing gem-
diethyl nitroxide. These results suggest that the electron-withdrawing groups adjacent
to the nitroxide moiety have a strong accelerating impact on the reduction rates.

The effects of substitution on nitroxides stability using five different classes of rad-
icals, specifically, piperidine-, imidazolidine-, pyrrolidine-, isoindoline-based nitrox-
ides, and as well as the Finland trityl radical were evaluated [74]. The rate of nitrox-
ide reduction in the presence of ascorbate, cellular extracts, and after injection into
oocytes cytoplasmic extracts from X. laevis oocytes was measured by continuous-
wave EPR spectroscopy. Main results of the study are as follows: (1) Introduction of
bulky ethyl groups next to a nitroxide group leads to significant stabilization against
reduction by both ascorbic acid and the reductants present in living cells, (2) these



60 3 Nitroxide Chemical Reactions

radicals are more stable in cells than trityl radical, (3) superior stability against reduc-
tion is due to combination of sterical shielding, ring size, and charge, (4) charged
and neutral radicals showed different relative stabilities in cell extracts than in cells,
and (5) the trityl radical exhibited considerable stability toward reduction, especially
in cells. Thermodynamic parameters of nitroxide reduction determined by cyclic
voltammetry were tabulated.

With a goal to improve stability of nitroxides to reduction by ascorbic acid,
a series of 2,6-substituted nitroxyl radicals was prepared [75]. It was found that
tetraethyl-substituted imidazolidine nitroxide is the most stable nitroxide in respect
to reduction in ascorbate solutions (k; = 0.02 M~! s~!). The role of substituents on
the stability of new synthesized several nitroxides with different substituents which
vary the steric and electronic environment around the N—-O moiety the radicals was
investigated [76]. Results indicated that: (1) the nitroxide reactivity toward ascor-
bate correlates with the redox potential of the derivatives, (2) the electronic factors
largely determine the radicals’ stability, and (3) ab initio calculations confirmed a
correlation between the reduction rate and the computed singly occupied molecular
orbital-lowest unoccupied molecular orbital energy gap.

To increase the reactivity and selectivity toward the detection of ascor-
bic acid, the dual fluorophore—nitroxide probe 15-((9-(Ethylimino)-10-methyl-
9Hbenzo[a]phenoxazin-5-yl)amino)-3,11-dioxa-7-azadispiro hexadecan-7-yloxyl,

(Nile-DiPy)
N
H H

Nile-DiPy

was synthesized and characterized [78]. This fluorophore—nitroxide probe rapidly
reacted with ascorbic acid and showed in parallel fluorescence enhancement in PBS
at pH 7.4, containing 5% (v/v) DMSO, while other biological reductants, including
uric acid, glutathione, NADH, catechin, 2,2,5,7,8-pentamethyl-6-chromanol did not
react with the nitroxide in these conditions. In the presence of ascorbic acid, the fluo-
rescence intensity of Nile-DiPy increased in a dose-dependent manner concentrations
of ascorbic acid (0.13-8.0 mM). The second-order rate constant for the reaction of
Nile-DiPy and of Nile-TEMPO with ascorbic acid was calculated as 246 M~! s~!
and (17.4 M~! s71), respectively. The kinetic isotope effect (KIE) for the detection
of ascorbic acid was determined to be 9.77, indicating that Nile-DiPy reacts with
ascorbic acid via hydrogen atom transfer. The limit of detection of this fluorometric
method was estimated to be 9.72 nM. The usefulness of Naph-DiPy nitroxide for the
measurement of ascorbic acid in the plasma of osteogenic disorder Shionogi rats of
healthy and streptozotocin-induced diabetic animals was demonstrated.
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Mechanistic studies of the reduction of TEMPO and other nitroxides in deaerated
solutions of ascorbate were performed [79]. In the kinetics studies, the peak inten-
sity of the low-field component of the triplet EPR spectrum was monitored using
an EMX X-band spectrometer. Quantitative kinetics analysis of the nitroxide reduc-
tion by ascorbate and hydroxylamine oxidation monitored using an EMX X-band
spectrometer was carried out taken into account the following stages:

k
NR + AscH™ = HA + Asc™™

k:
HA + DHA — NR + Asc™ + H'

koo

k
Asc” +Asc” +HT k:s AscH™ 4+ DHA

-3

DHA % DGA
NR + DGA %5 HA + OxDGA

where NR and HA denote nitroxyl radical and its hydroxylamine, respectively;
AscH™, Asc—, DHA, DGA, and OxDGA denote ascorbate anion, ascorbate radical,
dehydroascorbic acid, diketogulonic acid, and product of oxidation of diketogulonic
acid by NR, respectively. Finally, it was summarized that: (1) The bimolecular rate
constants of ascorbate-induced reduction are significantly higher for six-membered
ring NR of piperidine types (k; = 3.5 M~ s~! for TEMPO and k; =7 M~! s~! for
TEMPOL) than for the five-membered ring NR of pyrrolidine (k; = 0.07-0.3 M~!
s~1), and imidazolidine (k; = 0.85 M~'s~1) types; (2) a presence of the double bond
at the position 3 in the five-membered ring NR of pyrroline (k; = 0.64—-1.6 M~
s~!) and imidazoline (k; = 5.6 M~! s7!) types increases their reduction rates by
ascorbate, (3) carboxyproxyl NR 1 is resistant against reduction by ascorbate (k| =
0.1 M~! s71), and (4) tetraethyl-substituted imidazolidine NR 4 is the most stable
NR in respect to reduction in ascorbate solutions (e.g., k; = 0.02 M~'s™!). The
equilibrium constants for one-electron reduction of the tetraethyl-substituted NR by
ascorbate were found to be in the range from 2.65 x 107 to 10~> which is signif-
icantly lower than corresponding values for the tetramethyl-substituted NR (more
or about 10™#). The reduction of ascorbate radicals by GSH with the rate constant
10 M~! s~! was examined.

The importance of effect of sterical shielding on the redox properties has been
also revealed for various types of nitroxides, including those of isoindoline,4 imida-
zoline, imidazolidine, piperidine, pyrroline, and pyrrolidine series [80]. Direct mea-
surements of the rate constants of nitroxide of reduction with ascorbate and equilib-
rium constant K ¢4 in the mixture of the reference isotopically labeled ('*N) hydrox-
ylamine ((3-carboxy-1-hydroxy-2,2,5,5-tetramethylpyrrolidine-1-oxyl-1-''N) and
the nitroxides of the imidazoline and midazolidine series were carried out. For exam-
ple, the 2,2,5,5-tetraethyl-substituted pyrrolidine nitroxides demonstrate the highest
stability inside cells, exceeding that of trityl radicals. The nitroxide electrochemical
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reduction was also studied. Results showed that increase in the number of bulky
alkyl substituents leads to a decrease in the rate of reduction with ascorbate. Oxidant
properties of the nitroxides determined by steric and ‘electronic effects of the sub-
stituents were quantitatively characterized by means of multiple regression using the
Fujita steric constant Es and the inductive Hammett constant o (Fig. 3.22).

In order to improve the stability of the radicals through steric and to
strength electrostatics shielding, two new pyrrolidine nitroxide radicals, cis/trans-
2,5-bis(carboxymethyl)-2,5-diethylpyrrolidine 1-oxyl and 2-(carboxymethyl)-2,5,5-
triethylpyrrolidine 1-oxyl, were prepared [81]. An ascorbic acid reduction assay
proved that the newly synthesized radicals exhibit higher reductive stability than
3-carboxy-PROXYL and 4-carboxy-TEMPO.

Synthesis and antioxidant activity and reactive oxygen species (ROS)
scavenging of nitroxides, that is, N-[2-(p-vinylbenzylidene)benzothiazole] 4-
amino-2,2,6,6-tetramethyl-1-piperidinyloxy (3a) and N-[2-(p-vinylbenzylidene)
benzoxazole] 4-amino-2,2,6,6-tetramethyl-1-piperidinyloxy  (3b),  N-[2-(p-
vinylbenzyl)benzoxazole]4-amino-2,2, 6,6-tetramethyl-1-piperidinyloxy (4a), and
N-[2-(p-vinyl, benzyl)benzoxazole]4-amino-2,2,6,6-tetramethyl-1-piperidinyloxy
(4b), were performed [82]. The activities were assayed by the reduction of
nitroblue tetrazolium (NBT). The superoxide radical was generated in the N-
methylphenazonium (PMS) and nicotinamide adenine dinucleotide (reduced form,
NADH). The hydroxyl radicals were generated in the reaction of H,O,-FeSO, and
colored substance produced by reacting *OH with salicylic acid.. IC50 values of
the studied compounds which characterized their effect on ROS scavenging activity
were tabulated. The results indicated that the novel compounds exhibit improved
antioxidant activity and the superoxide radical scavenging activity which is related
to redox property of the compounds.
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3.8 Nitroxide Redox Behavior in Biological Systems

The scavenging activities of dual fluorophore—nitronyl compound for superoxide and
hydroxyl radicals are described in Section X. Methamphetamine (METH)-induced
neurotoxicity is associated with mitochondrial dysfunction and enhanced oxidative
stress. The aims of study [83], conducted in the mouse brain repetitively treated with
METH, were to examine the redox status using the redox-sensitive imaging probe 3-
methoxycarbonyl-2,2,5,5-tetramethylpiperidine-1-oxyl (MCP), and non-invasively
visualize the brain redox status with electron paramagnetic resonance imaging. Mea-
surements of the rate of reduction of MCP in a mouse head measured from a series of
temporal EPR images were used to construct a two-dimensional map of rate constant.
The obtained redox map illustrated the change in redox balance in the METH-treated
mouse brain as result of oxidative damage. Enhancement of the reduction reaction of
MCP resulted from enzymatic reduction in the mitochondrial respiratory chain and
blood-brain barrier (BBB) dysfunction after treatment with METH for 7 days was
also revealed.

In vivo physiological ligand citrate can bind iron(Il) ions to form the iron(II)
citrate complex. EPR and fluorescence spectroscopies were employed to study that
TEMPO inhibited ‘OH production from the Fenton-like reaction of iron(Il) citrate
with H,O; by up to 90% [84]. The ‘OH production from the Fenton-like reaction was
monitored using the fluorescence probe APF. Reaction of spin-trap DMPO with the
generated *hydroxyl was studied employing EPR spectrometer. The spectrophoto-
metrical experiments indicated that this inhibition was due to oxidation of the iron(II)
citrate by TEMPO with a stoichiometry of Tempo:Iron(III) citrate 1.1:1.0.

The TEMPO-conjugated gold nanoparticles (Au NPs, Au-PEG-TEMPO NPs)
(Fig. 3.23) were used for the culture of hMSCs to investigate their effect on
ROS scavenging, proliferation, and osteogenic and adipogenic differentiation of
hMSCs [85]. Au NPs with an average size of 40 nm were conjugated with 2,2,6,6-
tetramethylpiperidine N-oxyl (TEMPO) to endow them with ROS scavenging capac-
ity while holding the beneficial biological effect of Au NPs. The work results
indicated that the TEMPO-conjugated Au NPs had high scavenging capacity for
overproduced ROS and maintained the promotive effect of Au NPs on osteogenic
differentiation of hMSCs without the inhibitory effect of free TEMPO.

A nitroxide radical-containing polymer (NRP), which is composed of poly(4-
methylstyrene) possessing nitroxide radicals as a side chain via amine linkage, was
coated onto cigarette filters, and its ROS scavenging activity from streaming cigarette
smoke was evaluated [86]. The intensity of electron spin resonance signals of the NRP
in the filter decreased after exposure to cigarette smoke. It was also demonstrated that
the extract of cigarette smoke passed through the NRP-coated filter has a lower cel-
lular toxicity than smoke passed through poly[4 (cyclohexylamino)methylstyrene]-
and poly(acrylic acid)-coated filters. Schematic illustrations of the NRP and smok-
ing device were presented. NRP was suggested as a promising material for ROS
scavenging from cigarette smoke.
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Pyrrolidine nitroxides, 3,4-bis-(acetoxymethoxycarbonyl)-proxyl (DCP-AM2)
and 3-(2-(bis(2-(acetoxymethoxy)-2-oxoethyl)amino)acetamido)-proxyl (DCAP-
AM?2) which can undergo hydrolysis by cellular esterases to hydrophilic carboxy-
late derivatives were studied in human aortic endothelial cells (HAEC) using EPR
method [87]. EPR measurements in the isolated mitochondrial fraction indicated
that mitochondria is the main place where DCP was finally accumulated. TEMPO
derivatives showed much faster decay of EPR signal in the cellular fraction, com-
pared to pyrrolidine nitroxides. It was found that (1) supplementation of endothelial
cells with 50 nM of DCP-AM2 completely normalized the mitochondrial superoxide
level, (2) administration of DCP-AM?2 to mice (1.4 mg/kg/day) resulted in substan-
tial nitroxide accumulation in the tissues and significantly reduced hypertension, (3)
hydroxylamine derivatives of dicarboxyproxyl nitroxide DCP-AM-H can be used
for the detection of superoxide in vivo in angiotensin II model of hypertension, and
(4) infusion of DCP-AM-H in mice leads to accumulation of persistent EPR signal
of nitroxide in the blood. Thus, the data demonstrate that acetoxymethoxycarbonyl
group containing nitroxides accumulate in mitochondria and indicated site-specific
antioxidant activity.
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The therapeutic and research studies of nitroxide compounds, biologically relevant

effects of nitroxides, including their ability to degrade superoxide and peroxide,
inhibit Fenton reactions, and undergo radical-radical recombination, were reviewed
[88].
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Chapter 4 ®
ESR and NMR as Tools for Nitroxides Geda
Studies

4.1 Introduction

The electron spin resonance (ESR) phenomena involve the resonance absorption or
dispersion of a microwave frequency (0.3-250 GHz) of electromagnetic field (v) by
a system of particles with the intrinsic spin moment of an unpaired electron in a
constant magnetic field of strength H [1-5]. The absorption leads to magnetization
in the excited state of the system. Accordingly, the electron magnetic resonance
condition is

h\):geﬁB H(), (41)

where g. is a g-factor, characterizing the value of the intrinsic electron spin moment
(free electron g-value is 2.002319), and Sp is the Bohr magneton (9.27400968 x
1072* J T!). The values of g-factors and magnetic field strength H dictate the
position of resonance frequencies in ESR spectra. The hyperfine interaction between
the electron and the nuclear spins consists of the isotropic Fermi contact interaction
and the anisotropic dipole—dipole interaction. The hyperfine interaction is manifested
by characteristic splittings of ESR spectra (Fig. 4.1).

The main ESR features are [1-5]: (1) integral intensity and amplitude of the ESR
spectrum, (2) the position of the spectral features depending on the value of the g-
factor according to the resonance condition, (3) the ESR spectral line shape which can
be either homogenous (single spin packet) or heterogeneous (overlap of packets), (4)
spin—lattice (7'1) and spin—spin (7';) relaxation times, (5) the ESR spectra hyperfine
splitting (hfs) attributed to the contact and dipolar interactions of electron spin with
nuclear spin I. (6) the ESR spectral fine splitting (fs) caused by electron spin—electron
spin exchange and dipolar interactions, and (7) the response of the ESR signal to
progressive saturation; and (8) The degree of electron spin polarization.

Equation 4.1 predicts a dependence of position of EPR spectra on g-factor value
and improvement of the resolution of the spectra for species of different g-factor
with increasing frequency (Fig. 4.1). One of the most important advances has been
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Fig. 4.1 EPR spectra of nitroxide radical calculated for different spin precession frequencies
(microwave linewidths) [14]. http://hf-epr.awardspace.us/index.htm

the extension of ESR to high magnetic fields and high frequencies. High-frequency—
high-field EPR (HF-HF EPR) was pioneered by Lebedev group [6]. Since then, the-
oretical and experimental bases of the method were essentially developed and found
numerous applications [ 7-10]. The utilization of quasi-optical methods, especially
above 150 GHz markedly expanded the HF-HF EPR efficiency [8].

Spin relaxations times are important parameters in many aspects of electron spin
resonance theory and application. Spin—lattice relaxation time (7';) characterizes the
recovery of the induced magnetization to the ground state on account of a transfer
of magnetic energy to energy of media (lattice). Another type of relaxation, spin—
spin time (7,), is related to time of return of the spin system to equilibrium in the
excited magnetic state as a result of spin—spin interaction with environment. The
second approach to the electron spin relaxation is based on the properties of the spin
electron Larmor precession, which is the precession of the magnetic moments of
electrons about external magnetic field. In the frame of Bloch model [11] after the
microwave resonance absorption, the dynamic of spin magnetization M = (M., M,
M) is a function of longitudinal relaxation times 7'} and transverse relaxation time
or spin phase memory time (7', T,) which are synonyms of spin—lattice and spin
phase memory relaxation time, respectively.

The two fundamental phenomena, spin exchange and dipole—dipole coupling,
constitute the basis of the spin electron—spin electron and spin electron—spin nuclear
interactions. Electrons and nuclei can be thought as tiny magnets and interact with
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each other through space. The exchange process occurs via direct or indirect overlap
of the orbitals of the interacting species.

An arsenal of experimental ESR methods including conventional, electrically, and
optically detected ESR (CW ESR, ED ESR, and OD ESR, respectively) and advanced
pulse techniques is widely used in chemistry and biology [1-10]. The CW tech-
nique is employed for collecting information of interest through the analysis of ESR
spectra, saturation curves, electron—electron double resonance (ELDOR) or double
electron—electron resonance (DEER), electron-nuclear double-resonance (ENDOR)
multifrequency ESR (MF ESR), two-dimensional ESR (2D ESR), two-dimensional
electron—electron double resonance (2D-ELDOR), ENDOR with circularly polarized
radiofrequency fields (CP-ENDOR), electron—nuclear—nuclear resonance (double
ENDOR), proton—electron double-resonance imaging (PEDRI), time-domain ESR,
and electron—nuclear—nuclear triple resonance (TRIPLE), reaction yield detection
magnetic resonance (RYDMR), and magnetically affected reaction yield (MARY).

The more important developments of pulse EPR include [1-5]: Fourier transform
ESR (FT ESR), two-dimensional Fourier transform ESR (2D FT ESR), electron spin
echo (ESE), electron spin echo envelope modulation (ESEEM), hyperfine sublevel
correlation spectroscopy (HYSCORE), double nuclear coherence transfer hyper-
fine sublevel correlation electron spin echo (DONUT-HYSCORE), dynamic nuclear
polarization (DNP), electron spin echo-detected magnetization transfer (ESE MT),
two-dimensional electron spin echo correlation spectroscopy (2D SECSY), pulse
electron-nuclear double resonance (pulse ENDOR), pulse electron—electron double
resonance (PELDOR), electron spin transient nutation (ESTN), two-dimensional
electron spin transient nutation (2D ESTN), phase-inverted echo-amplitude detected
nutation (PEANUT), saturation recovery ESR (SR ESR), pulse multifrequency ESR
(PMF ESR), magnetic isotope effect (MEF), quantum beats effect (QBE), double
quantum coherence pulsed ESR (DQC ESR), ESR spectra hole burning, A “211”
electron spin echo method, relaxation enhancement (RE), the pulsed triple electron
resonance (TRIER), pulse ESR-based electron spin nutation (ESN) spectroscopy,
two-dimentional (2D-ESN) spectroscopy, relaxation-induced dipolar modulation
enhancement (RIDME), and hyperfine-correlated electron-nuclear double-resonance
spectroscopy (HYEND).

4.2 Spin Electron-Spin Electron Interactions. Distance
Determination

The method of double spin labeling (DSL), pioneered by Likhtenshtein in 1968 [12,
13], is based on specific modification of chosen groups in the object of interest by
two or several spin labels, nitroxides, or complexes of paramagnetic metal, followed
by the analysis of the effects of the spin—spin interactions on the label ESR spectra
or spin relaxation times. Nowadays, various modifications of the double labeling
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method and their modifications are widely employed for solving numerous problems
of structure and molecular dynamics of biological molecules [13-55, 57-68].

The first applications of dipole—dipole spin—spin interactions to the investigation
of protein surface topography were based on the changes in the line shape of nitroxide
radical ESR spectra arising from interactions with a second nitroxide radical or a
paramagnetic ion [12—17]. This approach allows one to estimate distances between
the paramagnetic centers up to 2.5 nm. Later, the higher sensitivity of power saturation
curves of a radical to interactions between the radical and paramagnetic ions up to
10 nm was demonstrated [18-22]. The effects of the spin—spin-exchange interaction
on the ESR spectra and spin relaxation were first used in the Likhteshtein group for
establishing the structure of systems under investigation, such as nitrogenase and
non-heme protein [23].

Methods of determination of spin electron—spin electron distance based on analy-
sis the CW EPR spectra were described in comprehensive reviews [24, 25]. A detailed
description of the continuous wave microwave saturation recovery technique which
allows to measure spin relaxation times, 7| and T, and corresponding theory was
presented in [26—28].

Factors affecting dipolar interaction between two spins in a static magnetic field
(Hp) are [18, 30-36]: (i) magnetic moments, (ii) interspin distance, (iii) the angle
between the interspin vector and the external field, (iv) the spin—spin (transverse,
phase memory, T, Ty,) and spin—lattice (7'|) relaxation times, the ESR frequencies
(w) of both interacting paramagnetics. When the product of relaxation time 7'; for the
second center and the interaction energy (Aw) expressed in frequency units Aw?T3
>>1, the effect of the second spin may be regarded as an interaction with a permanent
dipole moment (slow relaxing spin). When Aw?T? < 1, the interaction may be
considered as a weak perturbation because of the fast relaxation (fast relaxing spins).

The Hamiltonian that describes the interaction between two permanent spins in a
point-dipole approximation is given by

Hss = (4.2)

glo? 3 SONORNCOLICOLY)
8§ r3 .
i#j 1 1
here, r; = r; — r; for electrons i and j at positions r; and r;, and with spins §(/) and
5(j), ge is the free electron g-value. The dipolar coupling between two spin leads to
splitting of the NMR and ESR lines with formation of the Pake doublet (Fig. 4.2)
[37].

In high magnetic fields, the dipole—dipole interaction is expressed with the sec-
ular dipole—dipole coupling constant di, including the angle ® between the axis
connecting the two spins and the external magnetic field vector By as follows:

1 2
d12 = b12§(3 Cos @12 — 1) (43)
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Fig. 4.2 Pake doublet
https://en.wikipedia.org/
wiki/Pake_doublet
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and o is the vacuum magnetic permeability.

Within the Larmor precession model, in the laboratory frame, the static magnetic
field B is assumed to be parallel to the z-axis and an applied microwave field B,
parallel to the x-axis. In the rotating frame, the B; component rotating with frequency
wo can be on resonance with the precessing magnetization vector My if o = wy.
The magnetization vector will rotate around the x-axis in the zy-plane for the duration
of the applied B, field. The tip angle o by which M, is rotated is given by

a = —Y|Bilt, 4.5)

Thus, the desirable angle can be regulated.

For the two-pulse primary echo experiment and the three-pulse stimulated echo-
detected (ED)experiments, the EPR line shape is obtained when the magnetic field B
is scanned across the resonance line [38]. The two-pulse ED spectra (pulse sequence:
nt/2—t—n—1—echo) experiment is used to detect processes, on the timescale of the
phase memory time (7',), in the nanosecond regime. Echo-detected spectra from
the three-pulse stimulated spin echo (pulse sequence: 1/2—t—m/2-T—n/2—1—echo)
experiment are used to detect slower processes, due to its dependence on the longer
T process.

Since the pioneer work of Milov, Salikhov, and Tsvetkov based on instantaneous
diffusion that arises from dipolar spin—spin interactions between different spins [39],
the use of pulse electron paramagnetic resonance (Echo-detected ELDOR, pulse
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ELDOR, PELDOR, double electron—electron resonance DEER) for long distance
spin—spin interaction has been essentially developed and wildly applied for the dis-
tance determination up to 10 nm [40-55, 57-68]. In a system of two spins (observed
and pumped), the effects of diffusion coupled with the action of the applied pulse on
the precession frequency of the observed spin were detected [39, 40]. In three-pulse
PELDOR, the ESR spectrum is excited by two electron spin echo (ESE) pulses and
an additional pumping pulse. For a system of two spins A and B, coupled by the
dipole—dipole interaction the experiment consists of two 7/2—m-pulse electron ESE
subsequence with a mixed interpulse delay t at the observer frequency w, for the
spin A and a pump 7 pulse at frequency wy, for the spin B. For these spins A and B,
coupled by the dipole—dipole interaction at a distance R and given the angle between
the direction of the external magnetic field and the vector which connects the para-
magnetic centers (0), the ratio of the primary echo signal amplitude V,(27) with the
pumping pulse to the ESE signal amplitude V((27) without the pumping pulse is

_ Vo (27) _

V(T) o = 1 — psll — cos(DT)]. (4.6)

where pg is the probability of a spin B flip under the action of the pumping pulse; D
is the splitting (in rad/s) of the resonance spin A line due to interaction with spin B
and has the analytical form

2
D= ﬁ(l —3cos?©) + J, 4.7)

which includes the dipolar and J exchange interaction.

A “211” electron spin echo method developed by Raitsimring and Tsvetkov is
complementary to the pulse ELDOR [41]. The difference between the PELDOR
and “2 4+ 1” methods consists in the choice of the carrier frequency of the second
microwave pulse. The “2 4 1” pulse train allows to measure the dipole—dipole inter-
actions between paramagnetic centers which are substantially weaker than those that
can be measured by the ordinary two-pulse train and between spins with overlapping
EPR spectra.

In the four-pulse PELDOR experiment invented by the Jeschke group, the detec-
tion sequence m/2—t1;—n—T1;—echo;—T1,—7 is applied at a microwave frequency va
(Fig. 4.3) [42]. The four-pulse techniques allow one to avoid a number of artifacts.

In a five-pulse DEER sequence, an extra pulse at the pump frequency is added
and compared with standard four-pulse DEER (Fig. 4.4) [43]. The position of the
extra pulse is fixed relative to the three pulses of the detection sequence. This pro-
cedure significantly reduces the effect of nuclear spin diffusion on the electron spin
phase relaxation, thereby enabling longer dipolar evolution times that are required
to measure longer distances.

Using spin-labeled 74 lysozyme at a concentration less than 50 wM, as an exam-
ple, it was shown that the evolution time increases by a factor of 1.8 in protonated
solution and 1.4 in deuterated solution to 8 and 12 s, respectively (Fig. 4.5).
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Fig. 4.3 Four-pulse DEER experiment. a Pulse sequence. Time ¢ is varied from ¢ < 0 to #p,x, and
variation of the integral echo intensity in the window of length py is recorded. b Local field picture.
The 1 pump pulse at frequency wp inverts the state of spin B (gray), thus inverting the local field
imposed by spin B at the site of spin A (black). ¢ Energy level diagram. Inversion of the local field
at spin A exchanges coherence between the two transitions of spin A that differ in frequency by
Wee,i [42]. Private communication from Prof. Jeschke

A Refocused Out-Of-Phase DEER (ROOPh-DEER) seven-pulse sequence detec-
tion scheme which acquires only the modulated fraction of the dipolar DEER signal
was recently proposed for a case when Zeeman splitting is small [45]. The application
of seven-pulse ROOPh-DEER sequence to a model biradical yielded the interspin
distance identical to the one obtained with the conventional four-pulse DEER, how-
ever, without the unmodulated background present as a dominant fraction in the latter
signal. The four-pulse DEER-RELOAD scheme applied to two membrane protein
complexes labeled with nitroxide may improve SNR by a factor of >3 as it has been
demonstrated for one of these two membrane proteins.

Compared to four-pulse DEER, five-pulse DEER suffers from additional arti-
facts that stem from pulse imperfection and excitation band overlap. To eliminate
experimentally the artifacts in five-pulse DEER due to partial excitation and exci-
tation band overlap at frequencies, a data post-processing method was introduced
[46]. The method removes the partial excitation artifact without relying on previous
knowledge of its amplitude and without sensitivity loss on acquisition of two traces
with shifted positions of the artifact and computation of the artifact shape from the
difference of the two traces. Experimental conditions that suppress additional artifact
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Fig. 4.4 a Standard four-pulse DEER sequence with the respective dipolar modulation pattern
plotted in green. b The four-pulse sequence modified for #5717 T to minimize nuclear spin diffusion,
thus increasing the signal, but this shifts the dipolar modulation (in blue) to the middle of the second
interval, thereby losing half of the dipolar modulation because the halves are identical. ¢ Placing the
second pump pulse, 5, after the pulse 4 shifts dipolar modulation toward pulse 4, thereby recovering
the full time span, 2t. The dipolar modulation (green) is reversed in time compared with panel a.
Pulse 5 could also be placed at position 5" before pulse 2, reversing the modulated time trace. Note
that time period, tp,, available for recording the dipolar signal is a 7, and (b, ¢) 2t [43]. Reprint
from [43], Copyright 2013, American Chemical Society

contributions stemming from overlap between the excitation bands of the microwave
pulses that introduce additional dipolar evolution pathways were analyzed in detail.
An ESR version of multiple quantum coherence (ESR MQC) was predicted by
Tang and Noris [47] and observed in experiments on spin-correlated pairs formed
by laser-induced dissociation by Dzuba et al. [48]. A novel six-pulse pulsed ESR
technique for the detection of double quantum coherence (DQC), which yields high-
quality dipolar spectra for distance measurements, was developed by Freed with
coworkers [49, 50]. The suggested six-pulse DQC sequence is shown in Fig. 4.6. The
detection of double quantum coherence (DQC) yields high-quality dipolar spectra for
distance measurements allow one to extract distance distributions. The main virtues
of DQC ESR are (1) detection of weak dipolar interactions between paramagnetic
molecules in the ESR signal and reliable measurement of distances and distance
distributions between them up to 80 A, (2) determination of the angular geometry of
the biradical, (3) determination of the asymmetric g-factor and hyperfine tensors, (4)
characterization of many body spin systems, and (5) investigation of conformers.
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Fig. 4.5 Schematic illustration five-pulse DEER application to spin-labeled 74 lysozyme [43].
Reprint from [43], Copyright 2013, American Chemical Society
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Fig. 4.6 Six-pulse DQC sequence a is shown with the corresponding coherence pathways [49]

Two-dimensional electron—electron double-resonance (2D-ELDOR) technique
was invented, developed, and applied by the Freed group [51]. The following time
periods in a three-pulse 2D-ELDOR experiment are defined as follows: (1) the prepa-
ration period, (2) the mixing period, and (3) the final 7/2 pulse. 2D-ELDOR has
proven to be a technique that is sensitive to the fast and slow dynamics processes.

The hole burning method has been invented by Schweiger et al. [52] and devel-
oped by Dzuba and Kawamori [53]. For inhomogeneously broadened electron para-
magnetic resonance spectra of solids and viscous liquids, spectral diffusion can be
studied by selective hole burning of homogeneous linewidth (0.5-0.05 G) using a
free-induction decay (FID). The pulse sequence for the hole-burning experiment is
n— t-1t/2—1-7/2. Sources of spectral diffusion which can be investigated by these
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methods are as follows: (1) chemical exchange which can be induced by chemical
reactions, by transitions between different molecular conformations or isomers, and
by rotation about some particular molecular bond, (2) molecular tumbling in a viscous
liquid, (3) spin—lattice relaxation, and (4) spin diffusion, a process of mutual flip-flops
in the spin system leading to a spatial diffusion of the Zeeman energy. For selective
hole-burning relaxation-induced dipolar modulation enhancement (RIDME) exper-
iments with stable nitroxide biradical in a frozen solution, it allowed to eliminate
the major unwanted contributions to the FID modulation originating from spectral
diffusion and from excitation of forbidden electron-nuclear spin transitions by mw
pulses [54]. The proposed method can be employed to measure interspin distances
in the range of 13 A <r<25 A.

A method of distance measurement up to 150 nm based on effect of fast relaxation
spin on slow relaxation spin was proposed by Kulikov and Likhtenshtein in 1974
[18, 19, 56] in parallel of invention of the pulse ELDOR [39]. According to the
Solomon and Bloembergen theory [55], the electron relaxation enhancement depends
on magnetic moments w, and interspin distance (r), electron spin (§), the spin-
phase (T») and spin-lattice (7';) relaxation times, the ESR frequencies (w) of both
interacting paramagnetics, the angle (9) between the interspin vector and the external
field (Hp), and the interaction energy expressed in frequency units (Aw).

For estimation of distances between paramagnetic centers using the Solomon-
Bloembergen theory, it is necessary to know T'if and T for the radical. A method
of estimation of the relaxation times by analysis of CW power saturation curves in
solids from saturation curves recorded under conditions of rapid passage was applied
to nitroxide radicals [18-21]. These values can be determined directly by pulse
methods. In the case of nitroxide TEMPOL in ethanolic solution at 77 K, the obtained
relaxation rates were reasonably agreed with direct measurements by pulse saturation
and spin echo measurements [57]. In solids, 7';r usually decreases monotonically with
increasing temperature, so one can find experimentally the temperature at which the
dipolar contribution is maximum. At this temperature, 1/7; = @ and the Solomon-
Bloembergen theory predicted dipolar contribution given by (4.8)

1 niy?
Al — ) = 4.8
<T15> 15r%Aw “8)

The theoretical maximum distances (7max) to a second paramagnetic center with spin
St that could be determined were estimated as rp,, = 100 A for St = 1/2 and rpax
= 150 A for Sy = 5/2 [18, 21]. The effect of a rapidly relaxing spin on 7| of a
slowly relaxing spin also was considered in [44, 58]. Application of this method
was illustrated by the estimation of distances between the heme group of human
hemoglobin and the nitroxide fragment of three spin labels attached covalently to
the 0-93 SH-group [21]. The determined values of r (in A with an accuracy 5-6%)
between heme and the nitroxide fragment are in reasonable agreement with each
other and with the x-ray diffraction structure of hemoglobin [59].
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In work [60], the relaxation enhancement (RE) value Ak was defined as the differ-
ence of the inverse relaxation times of a slowly relaxing species in the presence T ¢
and absence of a fast relaxing species 7 1¢¢. Specifically, the final intermolecular RE
time traces employing the nitroxide echo-detected (ED) EPR were rescaled and fitted
by multiexponential fit curves to extract 7 times that were used as a measure of the
average relaxation enhancement Ak, which is related to the spin—spin distance (r)
(4.9).

_ CTy

Ak 6

(4.9)

The approach was tested on a water-soluble 74 lysozyme labeled by nitroxide
and lanthanide complex and showed the spin—spin distance value of about 3.2 nm.

Pulse-ESR-based electron spin nutation (ESN) spectroscopy was suggested as a
tool to determine relatively short distances between weakly exchange-coupled elec-
tron spins [61, 62]. Two-dimentional (2D-ESN) spectroscopy was used to determine
spin dipolar interactions for spin distances within 2.0 nm in a system of weakly
exchange-coupled molecular spins in non-oriented media. Thus, ESN spectroscopy
has been proved to be a useful complement to other modern pulse-ESR methods.

A method of singular value decomposition (SVD) to determine distance distribu-
tions in pulsed dipolar electron spin resonance was invented [63]. Even very small
amounts of noise (e.g., signal-to-noise ratio SNR ~ 850) are sufficient to corrupt mea-
surement of spin—spin distance distribution. SVD can be employed directly on the
denoised data, using pulse dipolar electron spin resonance experiments as an example.
This method is useful in measuring distances and their distributions, P(r), between
spin labels on proteins. SVD can be employed directly on the denoised data using
pulse dipolar electron spin resonance experiments. A new wavelet transform-based
method of denoising experimental signals to pulse-dipolar electron spin resonance
spectroscopy (PDS) was developed [64]. The method allowed to reduce the signal
averaging times of the time-domain signals by as much as two orders of magnitude,
while retaining the fidelity of the underlying signals, and to achieve excellent signal
recovery when the initial noisy signal has an SNR 2 3. The authors expected that
the method can be applicable to other time-domain spectroscopies.

The “chirp-induced dipolar modulation enhancement” (CIDME) six-pulse
sequence was introduced in [65]. CIDME eliminates limitation of frequency-swept
pump pulses in DEER experiments associated with a need for the pump pulses to
be short in comparison with dipolar evolution periods by means of longitudinal stor-
age during the application of one single or two consecutive pump pulses. In pulse
EPR correlation techniques, the monochromatic excitation often cannot uniformly
excite the entire spectrum. Restrictions in pulse EPR correlation techniques were
alleviated for nitroxide spin labels at Q-band microwave frequencies around 35 GHz
T by substitution of monochromatic pulses by frequency-swept chirp pulses tai-
lored for uniform excitation [66]. The dipole—dipole interaction can be separated
by a constant-time Zeeman-compensated solid echo sequence called SIFTER. EPR-
correlated dipolar spectra can be obtained when the four pulses are replaced by chirp
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pulses. These two-dimensional spectra encode additional information on the geo-
metrical arrangement of the two spin labels. In a new approach to DEER for distance
determination involving nitroxide spin labels at dilute concentrations (nDEER), non-
selective chirp pulses that refocus all relevant spin pairs are combined with DEER
[67]. A key advantage of nDEER is the high fidelity of the chirp refocusing pulses,
which is important for nDEER schemes that incorporate dynamical decoupling to
access longer distances.

The pulsed triple electron resonance (TRIER) experiment, which correlates dipo-
lar frequencies of molecules with three electron spins, was introduced [68]. These
correlation patterns in combination with DEER allow to interpret distance distribu-
tions of biological systems that exist in more than one conformation. This method
is able to obtain two-dimensional distance correlation maps of the previously inves-
tigated model compounds as well as of spin-labeled proteins by application of two-
dimensional approximate Pake transformation to TRIER data. This enabled to get
distance correlation plots from two triple-labeled protein samples that were in good
agreement with DEER data and simulations.

4.2.1 Spin Electron—Spin Nuclear Interactions

The electron-nuclear spin interaction appears from the coupling of the nuclear
magnetic moment to the magnetic field generated by the electron magnetic moment
or equivalently from the coupling of the electron magnetic moment to the magnetic
field generated by the nuclear magnetic moment [69, 70]. This interaction causes
superfine splitting in EPR spectra and effects on nucleus NMR properties. The nuclear
magnetic moment my originating from the nuclear spin quantum number [ is m; =
21 + 1.

The total Hamiltonian of the system of an electron and many nuclear spins is
given by

H = H + Hx + Hex + Hx, (4.10)

and composed of the single spin Zeeman energies, Hamiltonian for interaction in the
applied magnetic field along the z-axis, the hyperfine interaction, and the intrinsic
nuclear—nuclear interaction, respectively. The electron-nuclear spin dipole—dipole
interactions for an electron in an s-symmetry orbital and in a non-s-symmetry orbital
are expressed as follows:

Hyr = S yipupund@IS - 11, 1=0

HHF:M:#[(L_S).I+3%], [ £0. 4.11)

where uy, up, and wy are the gyromagnetic factor of the nuclear spin, the Bohr
magneton, and the nuclear magneton, respectively. S and I are the spin operators
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for the electron and the nucleus, and L is the angular momentum operator for the
electron.

The contact Fermi electron—nucleus interaction, which is caused by the probability
to find the electron spin at the same point in space as the nuclear spin, is given by

A=Y aSe T, (4.12)

where §e and J a are the spin and nucleus operators, respectively, and

Ho 8
an = —YeYo— VR, (4.13)
4 3

where g is the vacuum magnetic permeability, R, denotes the coordinates of the nth
nucleus, y, and y . are the nuclear gyromagnetic ratio, and the electron gyromagnetic
ratio, respectively; |{(R,)|” is the spin density of s-electron on the nucleus.

The main sources of information on the electron—nucleus interactions are CW
EPR spectra, electron-nuclear double resonance (ENDOR), two-dimensional elec-
tron—electron double resonance (2D-ELDOR), electron spin echo (ESE), elec-
tron spin echo envelope modulation (ESEEM), ENDOR with circularly polarized
radiofrequency fields (CP-ENDOR), electron—nuclear—nuclear resonance (double
ENDOR), proton—electron double-resonance imaging (PEDRI), time-domain ESR,
and electron—nuclear—nuclear triple resonance (TRIPLE), hyperfine sublevel cor-
relation spectroscopy (HYSCORE), double nuclear coherence transfer hyperfine
sublevel correlation spectroscopy (DONUT-HYSCORE), magnetic isotope effect
(MEF), ESR nutation spectroscopy (ESN), and two-dimensional ESN (2D-ESN).

In a continuous wave electron-nuclear double resonance (CW-ENDOR) intro-
duced by Feher [71], an EPR transition is partly saturated by microwave radiation
of amplitude B, and, in parallel, a driving radio frequency (rf) field of amplitude
B, induces nuclear transitions. While the magnetic field is swept through the EPR
spectrum, the rf frequency follows the Zeeman frequency of the nucleus. Transitions
occur at frequencies v; and v, obeying the NMR selection rules AMy = £1 and
ESR selection rule AMs = 0. The ENDOR spectrum can reveal both the hyperfine
coupling constant (a) and the nuclear Larmor frequencies (v,), using EPR which is
markedly more sensitive than that NMR [71-74]. Thus, the hyperfine enhancement
effect manifests itself both in CW and pulse ENDOR.

With the aim to identify by CW EPR techniques electron-nuclear dipolar and con-
tact interaction, and electron spin—electron spin dipolar and exchange interactions,
a method based on the phenomenon of continuous wave electron—electron double
resonance (CW ELDOR) was independently introduced in 1968 by Hyde and Freed
[72-75] and Bendersky and Blumenfeld [76] groups. In the CW ELDOR technique,
one part of the EPR spectrum of a paramagnetic sample is irradiated with an intense
saturating microwave pump field, and the effect of this intense field on other parts of
the spectrum is assessed by a second weak microwave probe field. The EPR signals
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detected by the weak microwave probe field are reduced in intensity due to satu-
ration transfer effects when the two frequencies are separated either by an integral
number of hyperfine energy differences or by a g-factor difference of two or more
paramagnetic species.

Electron spin echo envelope modulation (ESEEM) arises from a coupling between
the EPR-active electron being probed and nuclei [77]. ESEEM contains informa-
tion on the type of nuclei, on the distances between nuclei, on the spin density
distribution (hyperfine interaction), and on the electric field gradient at the nuclei
(nuclear quadrupole interaction). Pulse-ENDOR techniques make use of a combi-
nation of microwave and radiofrequency pulses. ESEEM is suited for measuring
weak hyperfine couplings, e.g., of the order of the free nuclear Larmor frequency,
while continuous wave ENDOR is better suited for strong hyperfine couplings [77—
80]. The two most common forms of ESEEM experiments use either a two-pulse
(1t/2—t—m—1—echo) or three-pulse (7t/2—t-7/2-T-7/2-t + T—echo) sequences. In
ESEEM experiments, the modulation of the echo intensity is monitored as a func-
tion of the delay between the microwave pulses. Electron spin echoes, as created
by the two-pulse ESEEM sequence, are a superposition of Hahn echoes [78] arising
from allowed and forbidden nuclear transitions. This leads to a non-oscillatory or
unmodulated part. Coherence transfer echoes, whose amplitude oscillates at the sum
and difference frequencies of the (weakly coupled) local nuclei, form the modulated
part. T Anisotropy of g-, hyperfine anisotropy, field inhomogeneities g-, and A-strains
caused an extreme inhomogeneous broadening in the solid state can be revealed by
these methods.

In the frame of a three-pulse sequence (7t/2—t1—mn/2-T—mn/2—-t—echo), a set of stim-
ulated ESEEM patterns is recorded as a function of time T [80, 81]. The four-pulse
method ESEEM, which exploits additional filtering of the relevant signal, is advanta-
geous for measuring combination lines compared to two-pulse ESEEM. To improve
the ESEEM modulation depth, five-pulse ESEEM, with the sequence (mt/2—t;—m—
11—-71/2-T-7/2—1,—m—15—echo) has been proposed. In Davies ENDOR of an S = 1/2,
I = 1/2 system a microwave (mw) inversion recovery pulse sequence (w—T-m/2—
t—n—t—echo) was used. Davies ENDOR is useful for systems with large hfs while
applications of Mims ENDOR are limited to relatively small hfs. constants (B; > a)
0.13 [81].

A time-domain pulsed method in which polarization transfer ENDOR occurs can
be performed with selective as well as non-selective mw pulses. In these experiments,
the mixing period consists of two rf 7/2 pulses separated by a variable time inter-
val T’ [82]. Hyperfine-correlated electron-nuclear double-resonance spectroscopy
(HYEND), where the nuclear transition frequencies are correlated with the corre-
sponding hyperfine frequencies, can be used for considerable simplification of the
interpretation of the spectra.

The HYSCORE is a two-dimensional ESEEM method first published by Hofer
etal. in 1986 [83]. The following pulse sequence of a HY SCORE experiment is used:
p/2—t—p/2—t;—p—t,—p/2—t—echo. The experiment can be separated into three steps:
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generation of nuclear coherence, the evolution time with inversion pulse, and the
detection sequence. After 2D Fourier transformation, the HYSCORE spectrum is a
2D plot related to nuclear frequencies of different spin manifolds of the paramagnetic
system for a certain orientation [83]. Due to the high spectral resolution and reason-
able number of pulses, HYSCORE experiments can be performed on samples with
a low concentration of paramagnetic species. DONUT-HYSCORE (double nuclear
coherence transfer hyperfine sublevel correlation) is a two-dimensional experiment,
which was designed to obtain correlations between nuclear frequencies belonging
to the same electron spin manifold [84]. The sequence employed is 1/2—t;—m/2—
t;—m—T—T—t,—m/2—1;—echo. The echo is in turn measured as a function of t; and
ty; whereas, t; and 1, are held constant. The DONUT-HYSCORE experiment was
designed to improve the resolution of the ESEEM frequencies and to resolve the
assignment of ESEEM frequencies for the case of an electron spin, S = !/,, interact-
ing with a number of nuclear spins with 7 > 1 (e.g., '*N nuclei) with non-negligible
nuclear quadrupole interactions.

Two-dimensional electron—electron double-resonance (2D-ELDOR) technique
was invented, developed, and applied by the Freed group [85]. The FID, obtained
during the evolution period, ¢; is collected as a function of #,. The experiments are
repeated for a series of mixing time, T, at several temperatures. The signals are then
doubly Fourier transformed and can be presented as magnitude spectra. 2D-ELDOR
is sensitive to the dynamical processes affecting spin labels in complex fluid envi-
ronments. In ordered fluids, such as membrane vesicles, the 2D-ELDOR experiment
is affected by the molecular tumbling in the locally ordered environment.

Two-dimentional Fourier transfer ESR approach includes correlation spec-
troscopy (COSY) and spin echo correlation spectroscopy (SECSY) [86]. In the stan-
dard COSY experiment, the first /2 pulse creates transverse magnetization (41
coherences). The signal is measured after a second /2 pulse. The SECSY signal is
related to the COSY signal by the transformation #, — ¢, + ¢;, and inhomogeneities
are refocused in ¢;. In the SECSY experiment with a hard pulse, the homogeneous
linewidth (Tz_l) across the spectrum can be obtained in a single experiment The
linear dependence 7, ' versus T§ was g which is the rotational correlation time and
allows one to determine Tt in the slow motion region (1077-10"% s).

Effects of electron spin on nuclear spins on NMR spectra and nuclear spins relax-
ation were widely investigated [87]. The total observed NMR chemical shift (3;)
includes both a diamagnetic or orbital contribution (34;,) from paired electrons and a
hyperfine contribution (8¢) from unpaired electrons of the electron-nuclear term of
Hamiltonian. Effects of electron spin on nuclear spins on position of NMR spectra
are revealed in Fermi contact (§gc)

dpc =m(S+ Dpup/T (4.14)
depending on the spin state (§) of the system, the spin density at the at the

nucleus (pqp), temperature and a collection of fundamental physical constants, and
pseudocontact (§pc) term:
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where r is the distance between observed nuclei and electron, A x,, and A x;, are
the axial and rhombic anisotropy parameters of the magnetic susceptibility tensor of
the system, and 0 and ¢ are the polar coordinates of the nucleus in the frame of the
electronic magnetic susceptibility tensor.

The unpaired electron—nucleus dipolar interaction causes R; (longitudinal) and
R, (transverse) nuclear relaxation because of its modulation. For the Solomon and
Curie contributions, proton relaxation enhancement (PRS) is described by equations
[87]

kSolomon + kCurie
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Asitis seen from (4.16), the interaction depends on the nuclear Larmor frequency,
electron Larmor frequency, electron—nucleus distance, electron g-factor, electron
Bohr magneton, nuclear magnetogyric ratio, Boltzmann constant, temperature, and
the electron spin quantum number. In certain conditions, (4.14—4.16) allow to esti-
mate spin density on nucleus and determine electron—nucleus distances. Recently, a
new method for extracting probability densities from pseudocontact shift (PCS) data
that relies on Tikhonov-regularised 3D reconstruction was described [89].

Dynamic nuclear polarization (DNP) [88, 92-94] results from transferring spin
polarization from electrons to nuclei, thereby enhancing the nuclear spin polarization.
Electrons at a given magnetic field and temperature in thermal equilibrium can be
aligned to a higher degree by chemical reactions (Chemical-induced DNP, CIDNP),
optical pumping and spin injection. The polarization transfer between electrons and
nuclei can occur spontaneously when electron spin polarization deviates from its
thermal equilibrium value through electron-nuclear cross-relaxation and/or spin-state
mixing among electrons and nuclei. The general static DNP Hamiltonian can be
written as [90, 91]

H=H =Hg+ Hy + Hgy = wogE; — won N, + HjESN + HfEhN
=wozE;, —wonN; + Kse(EzNz + ExNx + EyNy) + Kpse ExNz  (4.17)
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where Hg and Hy are the Hamiltonians for the electron and nucleus, respectively;
Hgy is the hyperfine coupling, which is separated into the isotropic hyperfine inter-
action H}y and the anisotropic dipolar coupling Hg’}\, between the electron and
the nucleus; the coefficients Kz and K pgg denote the secular and pseudosecular
hyperfine interactions. wog and woy are the electron and nuclear Larmor frequen-
cies. The nuclear Overhauser effect (NOE), the solid effect (SE), the cross-effect
(CE), and thermal mixing (TM) can be mechanisms for microwave-driven DNP pro-
cesses. The Overhauser effect accounts for the perturbation of nuclear spin level
populations observed in free radicals when electron spin transitions are saturated by
the microwave irradiation [96]. The solid effect occurs when an electron—nucleus
mutual spin flip transition in an electron—nucleus two spin system is excited by
microwave irradiation [97]. The cross-effect requires two unpaired electrons as the
source of high polarization [87]. The thermal mixing effect is an energy exchange
phenomenon between the electron spin ensemble and the nuclear spin, using the
electron spin ensemble as a whole to provide hypernuclear polarization.

An important advantage of the DNP-NMR method is the ability to significant
NMR signal enhancement [98, 99]. For example, the technique of dynamic nuclear
polarization (DNP) can significantly improve the sensitivity of solid state NMR
spectroscopy by transferring the large electron spin polarization to the nuclear spin
system, through microwave irradiation at or near the electron paramagnetic resonance
frequency. Studies of the temperature, magnetic field, and microwave power depen-
dence of the DNP enhancement can optimize the signal enhancements. In some cases,
magnetic or chemical interactions between the radicals and the target molecules can
lead to attenuation of the NMR signal through paramagnetic quenching and/or rad-
ical decomposition [99]. To avoid this problem, polarizing materials incorporating
nitroxide radicals of the solids to minimize interactions between the radicals and the
solute were introduced. For example, these materials can hyperpolarize pure pyruvic
acid.

A prepared series of 37 dinitroxide biradicals was used as polarizing agents in
cross-effect DNP-NMR experiments at 9.4 T and 100 K in 1,1,2,2-tetrachloroethane
[100]. It was observed that in this regime the DNP: (1) Performance is strongly
correlated with the substituents on the polarizing agents. (2) Electron and nuclear
spin relaxation times, with longer relaxation times lead to better enhancements. (3)
Deuteration of the radicals generally leads to better DNP enhancement with longer
build up time. To avoid suffering many polarizing agents from an unfavorable field
and magic angle spinning (MAS) frequency dependence, a series of new hybrid birad-
icals, a,y-bisdiphenylene-B-phenylallyl (BDPA), tethered to a broad line nitroxide
was prepared and investigated [95]. By tuning the distance between the two electrons
and the substituents at the nitroxide moiety, correlations between the electron—elec-
tron interactions and the electron spin relaxation times on the one hand and the BDPA
DNP enhancement factors on the other hand were established. The best radical in this
series has a short methylene linker and bears bulky phenyl spirocyclohexyl ligands.
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Chapter 5 ®)
Nitroxide Biradicals Geda

Alexander 1. Kokorin

Abstract This chapter is devoted to the current state in the area of nitroxide birad-
icals shortly describing their history, effects of the electron spin exchange in nitrox-
ide biradicals, structural investigations including comparing the X-ray structure with
DFT calculations, features of the intramolecular dynamics in biradicals, and their
possible applications.

5.1 Introduction—Historical Notes

The first information about nitroxide biradicals (NB) has appeared in press [1-4]
less than in a year after classical papers by Rozantsev and Neiman [5, 6]. Afterward,
the number of publications on this item increased exponentially and a lot of them
were cited in many books and reviews, e.g., in [7—17]. The figures presented in these
articles revealed the wide diversity of EPR spectra of different biradicals and their
variability on chemical composition, temperature and solvent nature, which initiated
discussions concerning the mechanisms of the intramolecular spin exchange in such
systems with two stable unpaired electrons. In principle, any biradical molecule can
be reproduced as R'-Z- R’, where R" means a paramagnetic radical group (e.g., see
Fig. 5.1), and Z denotes organic or metal-organic bridge connecting two radical
fragments [15].

Evidently, the “world” of stable nitroxide radicals centers which were involved
to constructing NB molecules is much more diversed including such groups as are
shown in Fig. 5.2.

These compounds were synthesized and described, and their properties were
investigated, e.g., in: (4) [18], (B) [19], (C) [20, 21], (D) [21], (E) [22], (F) [23], (G)
[24], (H) [25]. Also, such interesting works as [26, 27] should be mentioned in which
ferromagnetic interactions in a crystalline nitroxide biradical: 1,3,5,7-tetramethyl-
2,6-diazaadamantane N,N’-dioxyl [26] and the structure—properties’ relationships
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Fig. 5.2 Structures of some novel nitroxide groups

were analyzed in trimethylenemethane-type biradicals which were synthesized and
studied by EPR spectral characterization of biradicals [27].

A lot of publications were devoted to a huge class of nitronyl nitroxide biradi-
cals, their structure, and properties, e.g., [13, 17, 24, 28-30] and many others. As an
example, magnetic properties of phenol- and phenoxide-substituted nitronyl nitrox-
ide biradicals were revealed to be perspective as building blocks of organic-salt
ferrimagnets [28], and some nitronyl nitroxide biradicals and their copper (II) com-
plexes showed interesting structures, and magnetic properties in a solid state [29]. A
nice family of stable organic triradicals with quartet ground states, which consisted of
different nitroxide radicals, their syntheses, and magnetic properties were described
in [31].
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During the last decade, a new class of mixed biradicals, first of all, trityl-nitroxide
biradicals as unique molecular probes which exhibited enhanced sensitivity and sta-
bility for rapid and simultaneous measurement of redox status and oxygenation by
EPR spectroscopy [25]. First results showed that these biradical probes provided an
opportunity for the design of new spin probes with the sensitivity of nitroxides to
measure redox status while the narrow singlet signal of the trityl group enhanced
sensitivity and speed of detection for greatly increased resolution of EPR imaging.
Such new probes have high potential for the simultaneous EPR measurement of
redox status and oxygenation in a wide variety of chemical and biological systems.

The value of exchange interaction J in organic biradicals strongly depends on their
composition and can be modulated by changing the linker. In [32], for the first time
the effect of chiral configurations of radical parts on the J value was demonstrated
in the case of trityl-nitroxide biradicals (TN, Fig. 5.2h). Four diastereoisomers were
synthesized and purified by the conjugation of a racemic nitroxide with the racemic
trityl radical via l-proline. The absolute configurations of these diastereoisomers were
assigned by comparing experimental and calculated electronic circular dichroism
(ECD) spectra. EPR spectra showed that the configuration of the nitroxide part instead
of the trityl part was dominant in controlling the exchange interaction and the order
of the J value at room temperature. Measured |/ values clearly showed this effect,
and in some cases, the |J| values varied with temperature and the polarity of the
solvent due to their flexible linker, whereas the J values of another biradical were
almost insensitive to these factors due to the rigidity of their linkers [32].

Simultaneous evaluation of redox status and oxygenation in biological systems is
of great importance for the understanding of biological functions, and an approach of
their measuring using EPR spectroscopy using nitroxide radicals has already inter-
esting applications but were still limited by rather low oxygen sensitivity and low
EPR resolution due to the moderately broad EPR triplet and spin quenching through
biochemical processes. Authors of [33] showed that these problems can be overcome
by the use of new trityl-nitroxide biradicals (TNB) contained N pyrrolidinyl nitrox-
ide and a trityl and its isotopically labeled by '’ N analog. Both TNB exhibited much
stronger spin—spin interaction with IJ1 > 40 mT compared with that of the previously
synthesized TNB with longer linker chain length. The enhanced stability of new
TNB was confirmed, and the effect of different types of cyclodextrins on its stability
was also studied. New biradicals are sensitive to redox status, and their correspond-
ing trityl-hydroxylamines formed from the reduction of the biradicals by ascorbate
shared the same oxygen sensitivity. The '"N-labeled TNB exhibited higher EPR
signal amplitude as compared with that of '*N analog. Cyclic voltammetric studies
verified the electrochemical behavior of these TNB [33].

Several trityl-nitroxide biradicals (TNB) with highly asymmetric exchange cou-
pling revealed specific magnetic properties provided new possibilities for the appli-
cation in physicochemical, biophysical, and biological studies [34]. The effect of the
linker length on the spin—spin interaction in TNB was investigated. It was shown that
the magnitude of the spin—spin coupling I/l could be easily tuned from ~0.4 mT to
over 120 mT using various linkers separated two radical moieties and under varying
temperatures. Computer simulation of EPR spectra was carried out to estimate |J]
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values in TNB. The spin—spin interaction in TNB, their hyperfine splitting (hfs) con-
stants g, and zero-field splitting D were measured at 220 K. Changes of the spin—spin
coupling with variation of linker length and temperature provide a way to develop
new TNB for applications in relevant fields [34].

TN biradicals were successfully used to study supramolecular host—guest inter-
actions of TNB with methyl-8-cyclodextrin, hydroxypropyl-8-cyclodextrin, and y -
cyclodextrin [35]. EPR spectroscopy showed that in the presence of cyclodextrins,
host—guest complexes were formed where the nitroxide and linker parts could interact
with the cyclodextrins’ cavities. Complexation with cyclodextrins led to the suppres-
sion of the intramolecular through-space spin—spin-exchange coupling allowing the
determination of the through-bond spin—spin-exchange coupling value which was
calculated as 0.16 mT using EPR simulations. Different types of cyclodextrins had
various binding affinities with TNB. The effect of the linker in TNB on the host—guest
forming was studied. The complexes of TNB with cyclodextrins could noticeably
change the spin—spin-exchange coupling due to the size of linkers, and the stabil-
ity of TNB toward ascorbate ions was significantly enhanced after the attaching to
cyclodextrins. This approach seems to be a useful method to modulate the magnitude
of the spin—spin interaction and redox sensitivity of TNB.

5.2 Electron Spin Exchange in Nitroxide Biradicals

Theory of the electron spin exchange in stable nitroxide biradicals with explanation of
the changes observed in the EPR spectra has been developed and published in several
independent papers practically at the same time [3, 4, 36—38], was detailed in papers
[39, 40], and then enhanced to both areas of fast and slow exchange coupling by
Parmon et al. in [41, 42]. A bit later, all data concerning physical-chemical and EPR
spectroscopy features of nitroxide biradicals were collected and critically analyzed
in[11, 12].

In liquid solutions with a low viscosity, the spin Hamiltonian H comprises the
isotropic hyperfine interactions, the Zeeman splitting, and the exchange coupling.
In those cases when both radical fragments are identical and each bears only one
nucleus with a nonzero nuclear spin /, the following equation is valid [37, 38]:

H = yeHo(S" + $2) + a(SP 1V + SP1P) 4 s s s (5.1)

The spin Hamiltonian here is written in frequency units; superscripts 1 and 2
denote different radical fragments; S® are electron spin operators; Sz and 7z™
are projections of the electron and nuclear spins to the z-axis, respectively; y. is the
electron magnetogyric ratio; Hy is the external magnetic field; a is the '*N isotropic
hfs constant of the radical fragments, and J is the exchange integral. In a low-
viscous solvent, the dipole—dipole coupling tensor is averaged to zero owing to
the fast rotational motion of the biradical molecules [12, 42]. For any individual
conformation, only one value |J| should correctly describe the position and integral
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intensity of each line in the EPR spectrum. In some cases, J in (5.1) is the mean
value of two rather similar exchange integrals corresponding to two conformations,
which one cannot distinguish in the experimental setup because of very fast hopping
between them, e.g., [43—45].

The manifestation of exchange interaction in EPR spectra is caused by the ratio
between the exchange integral J and the isotropic hfs constant a. If |J| < |a|, the
hyperfine components of the spectrum can be split; in the zero approximation, a
value of IJ] can be calculated by the parameter |J/al; and in this case, an exchange
integral value is easily determined. With increasing of |//al, the splitted lines become
asymmetric relating to hfs lines at J = 0, and their intensities are no longer equal. All
such changes at different |J/al values are schematically shown in many papers for the
case of "*N-1“N nitroxide biradicals [X, Y, Z, 12, 46]. At high J values, a five lines’
spectrum with the ratio 1:2:3:2:1 is observed, J1 >> a, and precise determination of
the J value is not available from the EPR spectrum.

An example of changes experimentally observed in the row of homological nitrox-
ide biradicals containing only acetylene or para-phenylene groups in the bridge
connecting two identical radical rings is shown in Fig. 5.3. R¢ is shown in Fig. 5.1.

I/l values determined from these spectra from parameter |J//al presented in the
related articles according to recommendations given in [12, 46] and confirmed by
EPR spectra and DFT calculations are listed in Fig. 5.3. One can conclude that
upon increasing the length of the bridge between two nitroxide rings, the value of the

Rﬁ,_RG/
V| = 3200 MHz [43]

R(,,—CEC—R()’
\J] = 1430 MHz [12, 43]

R¢'—C=C—C=C-R¢’
J| =610 MHz [15, 47]

R¢/—C=C—(p-CgH4)—C=C—Ry’
V| =95 MHz [15, 47]

Rﬁ’—CEC—(p—CGH4)2—CEC—R6,
IJ] = 12.5 MHz [44]

334 336 338 340
B, mT

Fig. 5.3 Structures and the corresponding EPR spectra of some conjugated NB with acetylene and
p-phenylene groups in the bridge dissolved in toluene at 313 K
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exchange integral is noticeably decrease. A logical question arises: What is the reason
of such changes? This could be caused either by the geometric elongation of the
bridge or because of inserting various chemical groups in the bridge, their nature, and
mutual orientation. In many theoretical works, old ones [48, 49], and much newer [50,
51], authors tried to distinguish two different mechanisms of the intramolecular spin
exchange: “direct,” via straight collisions of two paramagnetic centers, and “indirect,”
by delocalization of the electron spin density through the bridge of atoms and bonds
[12]. In flexible long-chain biradicals, the direct mechanism should be realized,
and in rigid stick-like molecules, one would assume that the indirect mechanism of
spin exchange can occur. In the case of short-chain biradicals without conjugation,
choosing of the mechanism is much more complicated as it was discussed, e.g., in
[52, 53].

For the set of homological biradicals shown in Fig. 5.3 and such ones as R¢'-
(C=C);-R¢’ and Rg'-C=C—p-Cc¢Hy;—C=C-=C-R¢’ [12], the dependence of the
exchange integral |/l as a function of the distance rno-no between the unpaired
electrons has been calculated. It follows from Fig. 5.4 that calculations carried out
using the spin-flip TD-DFT method show very nice agreement with the experimental
data while the broken symmetry calculations showed the tendency only qualitatively.

EPR spectra of biradicals with several acetylene and p-phenylene groups in the
spacer linking two nitroxide rings (Fig. 5.3) are weakly temperature dependent. 1J//al
values measured for all of them allowed authors to suggest that the efficiency of
spin density delocalization of unpaired electrons should be described with the use
of the “coefficient of attenuation” yx = |J;/Jk| for the biradicals with (I/y/al) and
without (I/i/al) a certain group or atom in the bridge [12]. In such linear biradicals,
the intramolecular spin exchange can be realized only via the mechanism without
straight collisions of the two N—O" groups but rather due to overlapping of spin
orbitals of two unpaired electrons by the indirect mechanism. |/y/al and J;/al values
should both be measured at the same temperature and in the same solvent [11, 12].
This attenuation coefficient y is a characteristic parameter of the functional group
or atom, which does not depend on other groups forming the bridge. This fact was

Fig. 5.4 Electron
5 R 0,20 le)
spin-exchange integral value Broken Simmetry
|71 as a function of the /
distance rno-No between the 0,154 O,
unpaired electrons in
biradicals’ X-Y: Te Spin-Flip TD-DFT
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calculated 2 \ Q
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discussed in detail in [12] and then confirmed and enlarged with new examples in
[15, 44, 45]. Many yy coefficients were determined and are listed in [15].

[Jrr| = [JBirl “ Yk - Y1 Ym - -+, (5.2)

where vy, Y1, Ym are the attenuation coefficients for k-, 1-, or m-atom or a group in the
bridge between two Rg’ or other radical fragments in a real biradical with its [/g;l.
These yx values were experimentally measured for many biradicals with different
nitroxide rings, e.g., R¢’, Rs, Rs/, RTS\I, RIS‘IO (Fig. 5.1), and various compositions of
the linker [15]. Note that knowledge of all yi values for all groups in the bridge
makes it possible to estimate the spin density p¢ localized on the carbon atom in the
fourth position of the piperidine ring connected with the first atom of the biradical
bridge [44, 45]. Thus, the exchange integral value |Jggl for a biradical R¢'-R¢’ (the
first one in Fig. 5.3) can be easily calculated by (5.2) knowing the y, ¥1, ¥m, and
|/i;| parameters for a certain biradical.

As an example, using this procedure and keeping in mind that I//al = 2.2 and
14.5 for R¢'-C=C—p-CsH4—C=C-R{’ and R¢'-C=C-C=C-R¢' at 298 K in toluene,
respectively [54], one can calculate yp, = 6.6 (Ph is the same as p—C¢H,) which
is close to the values published earlier [47, 54]. Thus, the electron spin-exchange
integral |J] decreases by ca. a factor of 6.6 passing through the p-C¢Hy group. It is
known from [15] that a value of yc—c = 2.2 £ 0.15; therefore, one can calculate a
value of [Jgrl & 113 mT, which is close to [/grl &~ 122 mT estimated in [44] and is
in a good correlation with [Jgrl 2 0.12 cm™! & 128.5 mT obtained in [43]. The sim-
ilarity between these values obtained independently using various pairs of nitroxide
biradicals confirms the correctness and universality of the approach envisaged by
(5.2).

Similar estimating the spin density pc¢ localized on the carbon atom in the fourth
position of the piperidine or in the third position of the five-membered ring connected
with the nearest (first) atom of the biradical bridge, or the exchange integral value
I/rr! for biradicals Rss—Z-Rs¢, real or hypothetic, was calculated and is given in
Table 5.1.

It follows from the table that |/ggr| parameters, hence, the pc values, essentially
depend on the structure of the radical ring. Indeed, in the case of Rs'-Rs’ biradical
this value exceeds that of the Rs’—Rg¢’ analog because the C3 atom in a five-membered
ring with a double bond is located much closer to the paramagnetic N-O* group than
the C4 atom in the six-membered ring in R¢'~R¢’ [44]. In RY© — Z — RYC biradicals

Table 5.1 |Jgg! values estimated from the data given in Tables 1-3 in [15] for R¢'-R¢’ and some
other hypothetic nitroxide biradicals

Biradical Re¢'-R¢’ Re¢”—R¢” Rs—Rs Rs’'-Rs’ RY-RY RYO_RNO
IJrrl, MGz | 3400 7502 1100 4500 42 3600

The precision of calculations is ca. £ 10%
4Calculated by data from [40, 55]
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[13, 15], the spin density is more delocalized by the imidazolium ring comparing
to similar RSN —7Z— RIS\I structures; therefore, |/ggr! values of the latters are ca. 80—
100 times smaller than in those containing RY© rings. In the case of Rs"=N-N=R¢"
biradical [40, 55], the |/gr| value (Table 5.1) is sufficiently less comparing to that of
the R¢'-—R¢’ system due to (i) the geometry of the R, ring is a semi-chair and R{ ring
is a twisted-form [56, 57], and (ii) the presence of a double bond in the Ry ring helps
to realize better conjugation between nitroxide groups and the bridge.

5.3 X-Ray Structures and DFT Calculations

One of the most important and informative characteristics of a nitroxide biradical
is its structure obtained usually from the X-ray analysis data [56, 57]. Knowledge
of the exact geometry allows understanding and prediction of some features of a
biradical molecule and its behavior in liquid solutions. X-ray studies report often
about geometries of a few conformers existing even in a solid state, in a crystal: see,
e.g., [58, 59].

A very valuable advantage for evaluating structural, physical-chemical and
dynamic properties of biradicals in a liquid phase can be obtained by the use of
quantum chemical and especially the density functional theory (DFT) computations
[60—63]. DFT calculations became very popular during the last 10-15 years due to
increasing the calculation possibilities of new computer clusters and further develop-
ment of specialized program packages. DFT calculations permit not only to predict
the geometry of the molecule but also to determine correctly the spin Hamiltonian
parameters such as a g-tensor, hyperfine splitting (hfs) A-tensor, the dipole—dipole
coupling constant D, the intramolecular electron spin-exchange integral J and to
characterize the dynamic behavior of the intramolecular motions in a biradical as
well as transitions between different conformations [43-45, 64]. Figure 5.5 illus-
trates a comparison between the X-ray and calculated DFT structural parameters for
several biradicals.

Numerical comparison geometries (bond lengths and angle) for these and more
nitroxides demonstrated perfect agreement of the X-ray and DFT results which were
represented in the tables (see references above). At several examples, we will describe
the abilities of the DFT method. Relating to the structure of the R¢'-C=C-Rg’ birad-
ical obtained by DFT calculations is shown in Fig. 5.5a [43]. The effect of toluene
as a solvent calculated in the scope of COSMO model did not reveal any significant
changes in bond lengths, angles, or the ryo_no distance in the biradical comparing
to the X-ray results. The zero-field splitting parameter E was not observed as well as
in the case of R¢’-R¢’ biradical and was not taken into consideration at EPR spectra
simulations. DFT calculation predicted E to be about three orders smaller than D
parameter. The g-tensor axes were oriented along the N-O bond and were assumed
to be collinear in both radical rings. Angles which represent the internal rotation
around the main molecular axis connecting two N—O groups were included in fitting
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X-ray structure DEFT calculations

Fig. 5.5 Comparison of the X-ray experimental (/left) and DFT calculated (right) structures of
several biradicals extracted from: a [43], b [45], ¢ and d [58], and e [59]
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procedure. Parameters D calculated by DFT were in perfect agreement with exper-
imental ones. The COSMO model slightly increased the delocalization of the spin
density, and the calculation taken into account the solvent influence allowed obtain-
ing the D parameters in a better agreement with the experiment. rNo_no distances
calculated using the point-dipole approximation from EPR spectra for both biradi-
cals differed both from the X-ray data and DFT-calculated rno_no distances and that
implied assuming some delocalization of the electron spin density though the major
part of the spin density is localized on the N and O atoms of the N-O" bond [43].

The geometry of biradical R¢'-p—C¢H4—R¢’ calculated at the UDFT/B3LYP level
with a split valence basis set cc-PVDZ [65] is shown in Fig. 5.5b. Comparing the
computational results with the X-ray pattern (Fig. 5.5 and Table 2 in [45]), one
can conclude that DFT calculations provide correct information on the biradical
molecular structure with a precision comparable with X-ray diffraction data. DFT
calculations revealed the presence of several conformers of R¢'-p—C¢Hs—R¢' birad-
ical which were characterized by identical rnyo_no distances and identical zero-field
splitting values D [45]. lJl values were likely to be varied for these conformations
due to significantly different mutual orientations of the two nitroxide moieties; see
below in detail.

DFT calculations were applied to a model mixed-valence system presented a
double-exchange phenomenon [62]. Due to the intrinsic multireference character of
the spin states, it was shown that the couplings involved in the double-exchange model
cannot be extracted from the DFT energies as it is usually done, but it was possible
to extract the interactions of a generalized Hubbard Hamiltonian from different DFT
single determinant energies, from which then the double-exchange spectrum could
be evaluated. The problems generated by the charge and spin polarization were
discussed in both symmetric and non-symmetric geometries [62].

The most important advantage of DFT method consists in the possibility to char-
acterize not only structural peculiarities of the biradical molecule but also in distin-
guishing different conformations in which biradicals can exist, energetic features of
transitions between them, calculating the spin Hamiltonian parameters, evaluating
the spin density distribution in the system, etc. For example, characteristics such as
the g-tensor, hyperfine splitting A-tensor, D, and ryo_no Values for biradicals Rg'—Rg’,
Rﬁ/—CEC—Rﬁl, R@l—CEC—CEC—R6/, Rﬁ/_p_C6H4—R6/, Ré/—CEC—p—C6H4—CEC—
R¢’, S(ORg),, O=S(ORg),, O=P(C¢Hs)(OR¢),, and others were calculated with high
precision and demonstrated very good agreement with experimental results [43—
45, 58, 59, 64]. At the same time, estimating exchange integral values seems to be
rather more complicated problem: If I/l > 1000 MHz, its magnitude and sign c\n
be determined with high accuracy; at 150 < IJ1 < 1000 MHz, discrepancy with the
experiment can achieve two- or threefold, and at IJ1 < 100 MHz, its evaluation is
usually impossible due to very small energy magnitudes.

It should be noted that while calculations of the dipolar components of the hfs
tensor can be systematically tuned by going to a much larger basis set of common use,
isotropic hfs constants a are usually reproduced better using a specialized basis set
described in [66]. Two important results were pointed out in [45]: First, specialized
basis sets, such as NO7 family or EPR family, enable much better agreement with
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the experimental data than the conventional basis sets even in the case of very small
hfs coupling. Second, for some reasons, PBEO functional gives better agreement
of calculated '3C isotropic hfs constant with the experimental one in the particular
case of 13C-labeled Rs'-C=C—p—CsH;—C=C-R¢’ biradical [45], while the func-
tional B3LYP, in turn, underestimates it, though both approaches yield results which
are within the experimental error limits and agree well with the experiment. It was
concluded that combination of PBEO/NO7D or PBEO/EPR-II can be recommended
as a cheap and precise way to compute small hfs couplings in nitroxide biradicals.
A more detailed comparison of the experimental results obtained in different sol-
vents with calculated ones taking into account various polarities were obtained and
discussed in [67].

Concerning the number of conformations in which biradical molecules can exist in
solutions: Fig. 5.6 demonstrates basing on DFT results that biradical Rs'-C=C—(p—
CgHy4),—C=C-Rs’ (Bs) realizes cis and trans conformations R¢'-C=C—(p—Cc¢H4),—
C=C-R¢’ (B) biradical has 8 energy equivalent conformers with the angle between
SOMOs varying from 0°, this conformer corresponds to the maximal IJ] value, to ~60°
at conformers with much lower I/ values [44]. It makes a simple two-conformational
model [12, 15, 36-39] inapplicable in a case of the latter biradicals Bs and Bg.
Biradical Bs exhibited fast inversions of R¢’ ring and internal rotations around the
axis passing through the main molecular axis of the bridge even at low temperatures,
averaging the |J/al values. Low barriers’ activation energy E, allows “mixing,” i.e.,
averaging the conformer’s spectral parameters at high temperatures effectively as
have been demonstrated in [43, 47].

Another important for biradicals’ result of DFT method is calculating the spin
density distribution in nitroxide radicals and polyradicals. Figure 5.7 presents
several examples of spin density distribution in R¢'-Rg’, R¢'~C=C-R¢’, and
0O=P(C¢Hs5)(ORg); biradicals in triplet and singlet states.

One can see that spin densities of biradicals shown in Fig. 5.8 are strongly localized
at the N-O" groups and the spin density value at the nitrogen atom is equal to 0.43
in both cases [47].

Very important from theoretical, spectroscopic, and application points of view
results were reported in [53] where authors have synthesized new stable radical 2,5-
di(tert-butyl)-3-ethoxycarbonyl-4-hydroxy-1-pyrroloxyl (R), and biradical 2,2,5,5'-
tetra(fert-butyl)-4,4’-bis(ethoxycarbonyl)-3,3’-bipyrrolyl-1,1’-dioxyl (BR), in which
the unpaired electrons were highly delocalized by the pyrroloxyl rings. Both were
investigated using X-ray crystallography, EPR spectroscopy, and quantum chemical
calculations. Besides, using this radical R and several linkers of various lengths,
saturated and unsaturated, a group of new biradical products was also synthesized
and studied using EPR and DFT methods.

To study the electronic structure, the localized SOMOs were calculated for three
configurations: two coplanar at 0° and 180° and a perpendicular one at —90°. In
all configurations, the SOMOs were 7 -orbitals delocalized over the N—O group and
the parent ring system [53]. It was revealed that in the coplanar configurations even
the localized SOMOs had significant contributions on the neighboring atoms: The
population of the SOMOs on the N-O fragments was estimated as 91% and up to
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Fig. 5.6 Calculated
geometries of biradicals Rs'—
C=C—(p—CsHy4),—C=C-Rs’
(a) in cis and trans
conformations (a) and R¢'-
C=C—(p—CsH4)2-C=C-R¢'
(b)

Possible conformations
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9% delocalization, and in the perpendicular configuration, the SOMOs showed small

tails into the o-system of ~2%.

For three biradicals differed only by their bridges: (i) a saturated one with a
—CoHyg linker, (ii) the unsaturated (conjugated) —CioH;o linker, and (iii) for the
partially saturated linker —CoH;, localized SOMOs were calculated [53]. Note that
all structures with the allyl linkers are planar. DFT results obtained were astonishing:
The ratio between spin density in the nitroxide ring to that by the linker was equal
to (i) 97:3%, (ii) 74:26%, and (iii) 78:22%, correspondingly. These results are very

important for solving an old problem of spin-exchange coupling: “through bonds”
or “through space” as well as for correct determining the dipole—dipole coupling
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Fig. 5.7 Spin density distribution in biradicals R¢'-R¢’ (a) and R¢'-C=C-R¢’ in triplet (b) [43]
and in singlet (c) state including atomic spin densities at the C, N, O nuclei (a.u.). d shows spin
densities distribution in biradical O=P(C¢Hs)(ORg), in the open-shell triplet state [S9]. Contour
value of 0.01 a.u. was used in all cases

Fig. 5.8 Spin densities’ distribution in biradicals Rg'-C=C-C=C-R¢’ and R¢'-C=C—p-CgHs—
C=C-R¢’ in open-shell singlet states [47]

parameter D and the distance rnyo_no between unpaired electrons from EPR spectra.
Concerning the influence of unsaturated (or conjugated) groups in a linker, we have
already discussed above.

The analysis presented in [53] suggests that the point-dipole approximation for
dinitroxide BR is not completely correct due to the close proximity of the two
electronic systems and the significant electron delocalization, which leads to large
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quantum mechanical corrections to the point-dipole approximation, and the authors
could estimate at what distance and separation of two spin systems does the native
point-dipole approximation become accurate.

It was understood when the delocalization of the spin density strongly affects
the D value and led to errors in the interspin distances obtained using the point-
dipole model. Spins at closer distances much stronger depend on the dipole—dipole
interaction operator than larger distances, and even small delocalization affects to
errors in derived distances and become dramatic for aromatic nitroxides or if there
are conjugated groups between radical centers. In this case, the D value deviates from
the expected behavior becoming significantly sensitive to the relative orientation of
the two radical fragments. If the spin label or the bridge separated two paramagnetic
centers is rather unsaturated, it is better to avoid the point-dipole approximation,
and quantum chemical calculations could be of great help in the analysis of actual
experiments.

A nitroxide biradical R¢'~13C=C-p—C¢Hs;—C='3C—R¢’ has been investigated by
X-band EPR and electron-nuclear double-resonance (ENDOR) spectroscopy [64].
Spin density distribution and hfs constant value on '3C atoms in the bridge were calcu-
lated using B3LYP and PBEO functionals and several different basis sets including
NO7 family. These results were compared with the experimental value of the hfs
constant on '*C atoms measured from ENDOR spectra. A few recommendations
concerning the calculation of electron spin density distribution and the isotropic hfs
constant values in nitroxide biradicals were given, and the results presented in that
paper confirmed the fact that intramolecular electron spin exchange in this biradical
is realized by the indirect mechanism [64].

An isotope-labeling approach has been continued with a specially synthe-
sized nitroxide R¢'-C=">C—(p—C¢H4),—'3*C=C-R¢’ biradical which was investi-
gated using X- and W-band EPR, echo-detected EPR and W-band ENDOR spec-
troscopy in comparison with two radicals: Ry'—C="*C—p-C¢H,4 and R¢'-C=">CH
[69]. DFT calculations were performed with ORCA 3.0.3 program package [70]. The
biradical and radical geometries were optimized on UKS/B3LYP/cc-pVDZ level and
showed a good agreement with previously reported results [44]. Hfc constants were
calculated using density functional theory with PBEO functional and NO7D full elec-
tron basis set [66]. Fine Lebedev 770 angular grid and 10~ Eh SCF convergence
tolerance were used. Solvent effects were simulated with the COSMO model [71].

The hyperfine splitting constants on '#N, 'H, and *C atoms were experimen-
tally determined and compared with those obtained for previously investigated R¢'—
13C=C—p-CsH,—C=">C-R¢’' biradical [64]. It was concluded that the current quan-
tum chemical approaches do not allow determining precise values of the hfs constants
on the B-13C atoms in the bridge connecting two paramagnetic nitroxide rings in the
biradical, though it gave good results in calculating hfs constants on a-!'*C atoms.

We can conclude that in the case of quantum chemical calculations of rather
short-spacer biradicals such as R¢'-C=C-R¢’ or O=S(ORg); [43, 58, 67], the param-
eters IDI, rNno-No, and A,, correlate well with experimental ones, while the hfs
constants Ay, Ayy, and ajs, differ significantly. On the other hand, the results
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presented in [43-45, 64, 68, 69] regarding calculations of the geometry, dipo-
lar coupling, and intramolecular dynamics confirm the fact that the electron spin
exchange in all polyacetylene-poly-para-phenylene biradicals is realized via the
indirect mechanism.

5.4 Intramolecular Dynamics in Biradicals

Evidently, nitroxide biradicals can be absolutely rigid only in solid crystals or in a
frozen state at temperatures around or below 77 K. In liquid solutions at low biradical
concentrations, when intermolecular collisions and interactions become negligible
[72], one can distinguish three different types of intramolecular motions and tran-
sitions [12, 43, 67]: (i) in short-linked flexible biradicals, (ii) in long-chain flexible
ones, and (iii) in so-called linear (conjugated) rather chemically rigid structures.

The typical temperature changes in EPR spectra of several biradicals R¢'—(CH3)4—
R¢" (BA); Rg~(CH)s—Rq (BB), S[(CH:)4-COORg]> (BC), and S(ORg), (BD) are
shown in Fig. 5.9, which presents two essentially different types of spectral changes
for biradicals BA and BB of similar composition, the structure of the bridge and
slightly different nitroxide rings. In the case of BB, the multilinear spectrum is
observed providing the exact measurement of the I/,| value in one conformation
while for BA it is only possible to estimate that IJ;| > a. Temperature behavior of
EPR spectra for both biradicals shows that they exist in solution in two conformations
with fast transitions between them [12]. For both BA and BB, J = 0 [73].

Theory for correct quantitative description or both biradicals BA and BB has been
given in [12, 41, 42] connected experimental parameters InlJ/al or In(AB, — AB3),
where AB; is shown in Fig. 5.9C, and ABj; is the line width of the corresponding
central line, with temperature, T~! [74-77]. EPR spectra in Fig. 5.9C look very
similar to those presented in Fig. 5.9A, but there is a principle difference between
them: Since all changes in EPR spectra of BA are completely described by two-
conformational mode, a quantitative description of BC could be done the more
complex system of fast and slow transitions among three conformations [11, 74-77].
Correction of the three-conformational model has been confirmed in many papers
of different research groups. Bridges linked two nitroxide rings were varied widely,
e.g., —(CHy),—, -OOC—-(CH;),—COO-, -NHCO—(CH;),—~CONH-, -(OCH,CH;),—
, .COO(OCH,CH,),—~O0C-, S[(CH;),,—~COO-],, -[O—(SiCH;),],—O-. [7, 12, 13,
78]. The most attractive in such long-chain biradicals is that they are nicely modeling
structural and dynamic properties of oligomers in liquid solutions including room
temperature ionic liquids [79-81].

Figure 5.9D illustrates changes in the EPR spectra of a short and very flexible
S(ORg), biradical at different temperatures which were nicely confirmed by theo-
retical calculations [58]. Such changes are characteristic for fast transitions between
two conformers with values of the differences in enthalpies, AH, and entropies, AS,
of these conformations equal to 13.3 & 1.1 kJ/mol and 37.2 4 4 J/mol K respectively,
calculated by (5.3) and (5.4) [58] :
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Fig. 5.9 Experimental (lines) and calculated (open circles) EPR spectra of biradicals in toluene
solutions: A R¢'—(CH»)4—R¢’ at 250 (a), 291 (b), and 345 K (¢); B biradical R¢—(CH»)4—R¢ at 287
(a) and 348 K (b) [73]. C biradical S[(CH2)4—COORg]> at 295 (a), 304 (b), 324 (c), and 344 K
(d) [74]. D biradical S(ORg), at 293 (a), 323 (b), and 343 K (c) [58]

InJ*/a| = AS/R — AH/RT, (5.3)

J'= (It + Lw)/(t+ 1), 5.4

where J* is the experimentally measured from EPR spectra effective (averaged in
time) value of the exchange integral; /4| < I/»l; Jy, J2, and T4, T, are exchange
integrals and the characteristic lifetimes of these conformations, respectively. In the
case of S(ORg)», J1 = 0, hence, (5.4) becomes even simpler.

Another type of intramolecular rotational mobility has been observed for biradi-
cals of the polyacetylene line (Fig. 5.3). The slight decrease of |J//al values with the
increase of temperature for these biradicals cannot be explained by the population
of distinct conformations with lower IJ1, but rather a higher accessibility of larger
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Fig. 5.10 Rotational conformers of biradical R¢'-C=C-C=C-R¢’

deviations from equilibrium geometries leading to lowering of the exchange cou-
pling. Such probable rotational movements are shown in Fig. 5.10. Obviously, this
type of rotations is also possible for Ry'~C=C-p-C¢H4—~C=C-R¢ and R¢'-C=C-
(p—C¢Hy4),—C=C-Ry' biradicals. In the case of polyacetylene biradicals, the idea that
I//al changes on temperature are caused by temperature changes of the hfs constant
on "N a is also not correct. Indeed, it was shown in [15] that a values decrease with
temperature in the case of all studied piperidine-type radicals and biradicals except
O=Rg radical [15], but a increases with temperature for five-membered pyrroline-
and pyrrolidine-type nitroxides [15, 82]. Thus, |//al value dependences vs temper-
ature are similar to those of a. Values of the enthalpy AH and activation energy
E,, as results from the DFT calculations, in the range of 0-8 kJ/mol [44, 47], are
responsible for practically free rotation or librations of the nitroxide rings around the
bridge axis; i.e., the EPR spectra and measured values of J/al do not characterize
individual conformations of such linear biradicals but an averaged pattern with very
fast transitions between several rotamers, and the measured value of |//al is averaged
by all these conformations.

It has been reported above that nitroxide biradicals of the R¢'—(C=C),~(p—
CgHy),—(C=C),—R¢ series, where n = 0, 1, ... and m = 1, 2, ... undergo fast
internal rotations with low barriers. In the case of R¢'-p—C¢H4—R¢’, two types of
barriers of approximately 5 and 10 kJ/mol were revealed as one can see in Fig. 5.11
[45]. One can identify up to 10 possible conformers of R¢'-p—C¢Hy—R¢' biradical
schematically shown in Fig. 5.11, by changing the bend direction between the two
planes in the nitroxide ring (see Fig. 5.11); the respective barrier was estimated to
~15 kJ/mol in [44].

These conformations can be divided into three groups by their energy: The most
low-lying conformers are nos. 6, 8, 9, and 10 in Fig. 5.11. The energy of conformers
nos. 2, 4, 5, and 7 with respect to the lowest energy conformers is higher by ca.
1.5 kJ/mol and that of conformers nos. 1 and 3 is higher by ca. 3.0 kJ/mol [45]. The
full potential energy surface (PES) projection on the C5-C4—-C1-C3A dihedral angle
coordinate (Fig. 5.12B) is equivalent to a rotation about one of the Ph—R¢" bonds.
It may include three sets of conformations: No. 1-2-3-4, No. 4-8-2-6, and No.
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(a)

internal rotation internal rotation

change of bend direction

(b)

6 7 8 9 10
Fig. 5.11 a Conformation “1” of biradical R¢'-p-C¢Hs—Rg’ with color designation of 1-oxyl-
2,2,6,6-tetramethyl-1,2,5,6-tetrahydropyridine ring planes: N1-C2-C3-C4-C5 (by IUPAC nomen-

clature, colored in light gray) plane and N1-C5-C6 (colored in dark gray) plane. b Possible
conformers of the biradical [45]

5-10-7-9 (see Fig. 5.11). Transitions between trajectories No. 1-2—3—4 and No. 4—
8-2-6 require additional rotation about the second Ph—R¢’ bond. Transitions among
trajectories No. 1-2-3—4 and No. 5-10-7-9 need changing the ring bend direction
of one of the —R¢ groups [45].

All the conformers of the discussed biradical were characterized by identical
rno-No distances and identical zero-field splitting values D. The I/l value is likely to
be varied for these conformations due to significantly different mutual orientations
of the two nitroxide moieties. Its value may range from ca. zero in conformers 6 and
8 up to 0.00124 cm™! in conformers 9 and 10 (Fig. 5.11).

One can see from Fig. 5.12 that the internal rotation over the angle 6 in R¢'-Rg’
should be hindered due to steric factors; the calculated barriers are 17.6 kJ/mol for the
perpendicular orientation of two nitroxide rings and 19.2 kJ/mol for a ~ 180° rotation
from the equilibrium [45]. The energy difference between the equilibrium geometry
and the local minimum at 6 = —54° is equal to ~9 kJ/mol. Including the acetylene
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Fig. 5.12 Relaxed PES scan over 6 in biradicals A: R¢’'-R¢’ (a) and R¢'-C=C-R¢’ (b) in triplet
state, and B for biradical R¢'-p—-CgHs—R¢’ over C5-C4—C1-C3A (for atoms numerated in Fig. 5.5b)
dihedral angle equivalent to the rotation about one of the Ph-R¢’ bonds

spacer into the bridge reduces the rotation barrier in R¢'~-C=C-R¢’ significantly: The
steric factors are almost vanished, and it becomes difficult to locate the transition
states (TSs) at & = 0°. TS at ~90° is still existing, but the barrier is equal to only
4.0 kJ/mol. Both minima at R¢'~C=C-R¢' PES are equal within hundredth of kJ/mol
[45]. In the case of R¢'—C=C—C=C-R¢/, the barrier is less than 1.0 kJ/mol, i.e.,
becomes negligible [47]. This result reveals an almost free internal rotation in two
latter biradicals at room temperature, and the exchange integral value |/l measured
by EPR spectroscopy can be averaged by the internal rotation.

Very subtle effects can be understood by combined usage of X-, Q-, and W-band
EPR (operating frequencies are 9.74 GHz, 34.18 GHz, and 94.21 GHz, respectively),
supplied with the standard commercially available flexline cavities, X-ray diffraction,
and DFT calculations [67]. A short nitroxide biradical O=S(ORg), (BS) has been
studied by EPR spectroscopy in liquid and frozen toluene, ethanol, and ionic liquid
solutions. Variations of the intramolecular dynamics and conformational transitions
in BS as a function of temperature in the wide range of 240-420 K, polarity and the
ionic strength were characterized by the changes in the isotropic '#N hyperfine split-
ting constant a, values of the exchange integral |J], and the empirical parameter y 3,
the ratio between conformations with slow and fast transitions, and thermodynamic
parameters of the conformational rearrangements were calculated [67].

The obtained EPR results were compared with the X-ray structural data and quan-
tum chemical calculations of the geometry and intramolecular transitions of biradical
BS. Three different groups of conformers with large exchange coupling, with 1J1 <
a, and with an intermediate value of |Jl revealed from DFT calculations were also
observed experimentally by EPR measurements at three effective conformations,
“1,” “2,” and “E” with I/l < a, lJ5l > a, and IJgl & 10.0 mT correspondingly, in
solutions with high polarity or with rather high ionic strength [67]. It was concluded
that conformation “E” presents more or less always in both non-polar and polar
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solutions. There were discussed possible mechanisms of the polarity and the ionic
strength effecting on the biradical BS behavior in solutions of different types.

Distances rno_no Were close to the data obtained from X-ray analysis, but were
~1.2 to 1.3 A longer than values obtained from EPR measurements in frozen solu-
tions. Inclusion of dispersion correction to DFT calculations resulted in rNo-no Values
slightly shorter than observed in EPR experiment, but the absolute error is reduced
to 0.1-0.5 A. Changes in ryo_no distances in BS, due to media polarity, were also
smaller than the experimentally observed values, but changes in mutual orientations
of nitroxide rings caused by introducing polar media were more pronounced. These
changes in geometry, according to calculations carried out in [67], could lead to
the increase of the isotropic spin-exchange coupling. Although energy differences
between various conformers were close to typical errors of DFT calculations, data
allowed satisfactorily explained the experimental observations. Relative stability of
conformers in polar media differed significantly: In non-polar media, the lowest
energy conformer was stabilized by two intramolecular hydrogen bonds between
O=S < oxygen atom and 4-H protons of the Rg rings. This conformer had the highest
I/l value and the shortest ryo_no distance.

In polar media, the most stable conformers have rNo_No distance very close to
measured experimentally in the ionic liquid at low temperature. These conformers
have only one short intramolecular O...H bond and thus are stabilized by polar media.
The IJI value in these conformers is smaller than in non-polar solvents. Hence, in
polar media, a relatively low |/l value should be observed at low temperatures, while
at higher temperatures the admixture of that conformer should grow up along with
observed |J1. Indeed, this behavior of the BS biradical in solutions has been observed
in [67]. Note that in polar media, this conformer had a larger |/l value than in non-polar
media due to slight changes in a mutual orientation of the nitroxide rings.

5.5 Applications of Biradicals

Numerous publications, original papers, books, and reviews, devoted to fundamental
and practical applications of nitroxide mono- and polyradicals [10, 12, 83, 84] (and
references therein). The main interest to biradicals as spin probes and labels, in the
area of structural biology, for controlling processes of radical polymerization, in
biomedicine, etc. Such studies started only in one—two years after opening chemical
reactions without involving the unpaired electrons in several countries at once. At the
first stage, researchers paid attention to the qualitative characterization of changes
in the system based on measuring hfs constants and rotational correlation time ..
Quantitative studies in EPR of nitroxides started from measuring distances rno_No
between unpaired electrons in biradicals and obtained results were extrapolated to
spin-labeled proteins, enzymes [85-88], and later to nucleic acids and biomembranes.

As an example, the influence of the ionic strength and pH of the solution on
intramolecular spin dynamics has been studied [89. 90] for the biradicals containing
the ionizable groups —COO™~ or -NH*(CHj3),. The changes in the ESR spectra are
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discussed within the framework of the model of rapid exchange and it is suggested
that biradicals of this kind can be used for the study of pH-dependent conformational
changes in membranes and other biological media. This work was developed in [70].

Very important direction of further study was devoted to correct determination
of rNo-no at long distances using various approaches and advantages of EPR spec-
troscopy [91-98]. A lot of papers were published concerning binitroxide-mediated
radical polymerization: biradical initiation and controlling of polymerization pro-
cesses [22, 99-102].

At last, nitroxide biradicals containing disulfide group in the bridge were used
as specific spin probes in in vivo EPR spectroscopy and imaging application for
measuring pH, pO,, redox status, and concentrations of phosphate and glutathione
in tumor microenvironment and in tumor-bearing mice tissues [103—-106].
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Chapter 6 ®)
Fluorophore—Nitroxide (Profluorescent e
Nitroxide) Probes

6.1 Introduction

Over the last decades, scientists have faced growing requirements in novel methods
of fast and sensitive analysis of antioxidant status of biological systems, redox prob-
ing and radical trapping, biological molecules’ analysis, investigation of molecular
dynamics, and convenient models for studies of photophysical and photochemical
processes. This chapter presents a review on the use of tethered nitroxide—fluorophore
molecules as probes of redox status, antioxidant activity, oxidative stress, and free
radical reaction. In addition, these supermolecules have been proved to serve as
tools for the study of molecular dynamics, intermolecular fluorescence quenching
and electron transfer mechanism, photoswitching material and analytic reagents.
Keeping all properties of spin and fluorescent probes, the dual fluorophore—nitroxide
compounds (FNOe¢) possess important new advantages.

Anideato combine chromophore and nitroxide in one molecule for the study of the
probe mobility was designed in 1965 by Jost and Griffith [1]. A supermolecule dan-
syl 2,2,5,5-Tetramethyl-3-amino-pyrrolidine-1-oxyl) was prepared. Then in liquids,
the rotational relaxation time of the probe fluorophore fragment was measured with
polarization technique, while an apparent correlation time of the nitroxide segment
was estimated by EPR. This approach was developed in works of group of Likht-
enstein in which the dual probes were used for the study of molecular dynamics of
liquids and albumin in a wide range of temperature [2—10].

In pioneering work of Likhtenshtein with colleagues [3], three fundamental effects
were first demonstrated in the dual supermolecules; namely, (1) the nitroxide frag-
ment is a strong quencher of the fluorescence, (2) the radical photoreduction can
lead to the decay of the EPR signal and the drastic increase of the fluorescence inten-
sity, and (3) the photoreduction kinetics strongly depends on molecular dynamics of
environment. Therefore, any chemical or photo-reduction event of the fragment to
a corresponding hydroxylamine derivative, oxidation of the nitroxide fragment, or
addition of an active radical yield would result in a decrease of electron spin reso-
nance (ESR) signal that would be accompanied by an increase in fluorescence. These

© Springer Nature Switzerland AG 2020 119
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effects form the basis of application of double probes for the quantitative study of
redox reactions, molecular dynamics of objects of interest, and the establishment of
factors affected on an electronic transfer.

The next principle step was a series of excellent papers by Blough etal. [11, 12] in
which the potential of these tethered, optically switching molecules as potent probes
of radical was realized. Blough and Simpson were the first to show that biologi-
cally relevant reductants, such as ascorbic acid, could be detected in this way using
profluorescent naphthalene—nitroxide [13]. Works of the Likhtenshtein and Blough
groups have paved the way for thorough investigations of numerous radical reactions
in chemistry, biology, and materials science. Oxidative stress, polymer production
and degradation, environment pollution are areas of “reign” of free radicals. Another
fruitful avenue of the dual fluorophore—nitroxide compounds application appeared to
be the analysis of nitric oxide, superoxide, vitamins, and metal ions. Dual probes also
are suitable “training areas” for quantitative study factors, such as local molecular
dynamics and micropolarity, on intermolecular fluorescence quenching and electron
transfer. In addition, the new magnetic materials in which magnetic properties can
be controlled by optical stimuli were developed by using photochromic derivatives
as photofunctional units and nitroxide radical as spin sources.

The organic synthetic chemistry allows playing with the chemical structure of the
dual molecules of different absorption, fluorescence, and ESR spectra, and of redox
and spin properties with variety bridges (spacers) tethered to the chromophore and
nitroxide segments. Dual probes are described in the literature as dual fluorophore—
nitroxide, fluorescence—nitroxide, profluorescent nitroxide, prefluorescent nitroxide,
double (spin and fluorescence) sensors, and fluorophore—nitronyl probes. Fundamen-
tals and progress in the area have been discussed in the length in numerous papers
and reviews (see, e.g., [10, 14—17]) and are briefly deal within this chapter.

6.2 Structure and Synthesis of Dual Fluorophore-Nitroxide
Compounds

Examples of various chemical structures of fluorescence—nitroxide compounds are
shown in Fig. 6.1.

Structures of numerous profluorescent nitroxide compounds were described in
papers [18-37]. Several examples of the profluorescent nitroxide synthesis are given
below.

A range of varying chromophore nitroxide free radicals and their non-radical
methoxyamine analogs were synthesized by the reaction of dansyl chloride with the
appropriate amino nitroxide in dichloromethane in the presence of base to give the
desired dansyl-linked nitroxides [18]. The methyl ether analogs were obtained using
Fenton chemistry by the reaction of the nitroxides with methyl radicals generated
from dimethyl sulfoxide and hydrogen peroxide.
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Fig. 6.1 Structure of pyrene and dansyl nitroxides (private communication from Drs. V. V. Martin
and A. Weis, Lipitek International, Inc.)

A series of novel frameworks acetylene-substituted isoindoline nitroxide analogs
of
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were prepared via palladium-catalyzed copper-free Sonogashira coupling [19].
The coupling gave acetylene-substituted isoindoline nitroxides via 5-iodo-1,1,3,3-
tetramethylisoindolin-2-yloxyl,3, as an intermediate. Subsequent reaction of the
deprotected ethynyl nitroxide with iodinated polyaromatics furnished novel proflu-
orescent aromatic nitroxides with extended conjugation. Ethyne- and butadiyne-
linked nitroxide dimers were also be synthesized by this cross-coupling methodology.
Design and synthesis of profluorescent polymers [20].

o]
Ak
o O
cl) O

HO

z==Z

N
2
R

with R

included the following stages: (1) the incorporation of an epoxide as a pendant
functionality on a polymer backbone synthesized using atom transfer radical poly-
merization (ATRP), (2) subsequent nucleophilic ring opening with sodium azide
gave hydroxyl and azide functionality within a three-bond radius, and (3) the inde-
pendent attachment of fluorophore and nitroxide groups in close proximity, giving
rise to a profluorescent polymer utilizing orthogonal coupling chemistry. Efficient
fluorescence switch-on was observed when the materials were exposed to a model
reductant or carbon-centered radical.

Dual probe (1) having six-membered piperidine nitroxide fragment was synthe-
sized by treatment of the commercial amino nitroxide with dansyl chloride in pyridine
(Fig. 6.2) [26]. Probe (2) was derived from the following reaction sequences general
for nitronyl nitroxides and imino nitroxide preparation: (1) Condensation of bis-
hydroxylamine (5) with pyrene 1-aldehyde (6) gave 1,3-dihydroxyimidazoline (7);
(2) the intermediate oxidation by air in the presence of Cu catalyst to give a mix-
ture of nitronyl nitroxide (9) and imino nitroxide(2); (3) formation of deoxygenated
compound (2) by dehydration of the intermediate (7) into 1-hydroxy-2-imidazoline
(8) and (4) oxidation into imino nitroxide (2).
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Fig. 6.2 Synthesis of profluorescent nitroxides [26]

Kieber and Blough solved the problem of labile linkages within profluorescent
nitroxides by using a two-step process, whereby a simple nitroxide, a water-soluble
amino nitroxide (3-(aminomethyl)-2,2,5,5-tetramethyl-l-pyrrolidinyloxy radical,
3-AMP, was prepared. This hybrid compound was firstly utilized to trap carbon-
centered radicals [27].

The reaction of dibenzocyclooctyne to its corresponding triazole product with
azide 1 in 4:1 dichloromethane/methanol for 32 h gave the novel profluorescent
nitroxide probe
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Benzaldehyde-containing comonomer, 4-formylphenyl methacrylate, which was
subsequently copolymerized with methyl methacrylate (MMA) utilizing the versatile
reversible addition—fragmentation chain-transfer (RAFT) polymerization technique
was prepared [28]. The benzaldehyde-containing copolymer was combined as with
4-amino TEMPO in the presence of a drying agent (Na,SO,4) overnight giving a
polymer
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The synthesis of a new class of molecules which are hybrids of long-lived tetram-
ethylisoindolinoxyl (TMIO) radicals and the pyrido[1,2-a]benzimidazole (PyrImid)
scaffold was reported [29]. Non-covalent binding of nitroxide radicals to an aba-
sic site in DNA and RNA duplexes at temperatures ranging from 0 to —30 °C was
evaluated. Synthesis of PyrImid-TMIO hybrids

N

N

was described in detail.
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The synthesis of new profluorescent nitroxides based on 2,5-disubstituted-1,3,4-
oxadiazoles as fluorescent moieties and the 2,2,6,6-tetramethylpiperidine-N-oxyl
radical (TEMPO) as paramagnetic probes was performed [30]. A linear response to
reducing agents, i.e., sodium ascorbate, monitored by fluorescence spectroscopy,
suggests the possibility of using the synthesized compounds as potent active
probes in the detection of various analytes of interest. To make novel nanomaterial
spin probes, three fullerene isoindoline nitroxide N-methyl-3,4-fulleropyrrolidine-2-
spiro-50- (10,10, 30, 30 tetramethylisoindolin-20-yloxyl), (C60- (TMIO)m, and C70-
(TMIO)n) were synthesized by the covalent bonding of 5-formyl-1,1,3,3-tetramethyl
isoindolin-2-yloxyl to the fullerenes C60.

m

Emission ability of fullerenes has been well documented. For example, at room
temperature, C60 and C70 in organic solvents expose fluorescence spectra. These
fullerenes modified with nitroxides can be hydrophobic dual probes for biomem-
branes [31]. In the work of Braslau group [32], reaction of a catechol with a B-alkyl
boronic acid derivative to form a B-alkyl boronate ester in situ was carried out. In
the presence of a profluorescent nitroxide, a highly fluorescent N-alkoxyamine was
formed (Fig. 6.3). The experiments indicated that the generation of a fluorescent
signal would be a positive indicator for the presence of the catechol functionality.
The addition of two equivalents of orange-colored TEMPO to an NMR tube contain-
ing one equivalent of the preformed B-n-butylcatecholboronate ester resulted in the
dissipation of the orange color and formation of the fluorescent scN-nbutoxyamine
of TEMPO 5.

A series of fluorescent poly(N-isopropylacrylamide)s (poly(NIPAM)s) have been
synthesized via reversible addition—fragmentation chain-transfer (RAFT) polymer-
ization from a functionalized chain transfer agent (CTA) bearing either dialkoxy-
naphthalene or dialkoxyphenylene moieties [33].

Exchange reactions between the isoindoline profluorescent nitroxide 1,1,3,3-
tetramethyldibenzoisoindolin-2-yloxyl (TMDBIO) and a fluorescent silence
TEMPO capped polystyrene (PS) were used for t-synthesis of polymer:
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Specifically, the polymer was synthesized via NMP using «,o'-
azoisobutyronitrile, as the initiator and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) as the control agent, and was described as PS-TEMPO. The scope
of this study was expanded by exploiting a di-nitroxide 9,10-bis(5-[1,1,3,3-
tetramethylisoindolin-2-yloxy])anthracene (BTMIOA) as a connector between two
polymer chains forming PS—nitroxide—PS systems.

The synthesis of optically distinct BODIPY-based profluorescent probes bear-
ing meso- and f-substituted isoindoline nitroxides and their corresponding
methoxyamine derivatives was performed [34]. The probes strongly suppressed flu-
orescence (Aey = 570-603 nm) which was revealed upon reduction or reaction with
free radicals. To extend the wavelength of fluorescence emission of the BODIPY
toward the NIR region to generate profluorescent nitroxides suitable for use in bio-
logical systems, dual compounds with the nitroxide unit incorporated through an
alkyne linker at the p position of the BODIPY core, for example,
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were synthesized.
Polyaromatic profluorescent mono- and bis-isoindoline nitroxides linked to
napthalimide and perylene diimide structural cores

=
0" 'N° 70 N—t—
R .0
FORM 6.10

were synthesized by treating bromo-naphthalimide with 5-hydroxy-2-methoxy-
1,1,3,3-tetramethylisoindoline in a base-assisted nucleophilic phenoxide substitution
reaction by heating with KOH in DMF to give substituted naphthalimide [35]. Then
nitroxide was obtained by oxidation of methoxyamine with mCPBA in a Cope-type
elimination process. (A novel synthetic avenue for the preparation of profluores-
cent nitroxides via nitrile imine-mediated tetrazole-ene cycloaddition (NITEC) was
introduced [36]. The NITEC involves two steps: (1) under irradiated with UV light,
a nitrile imine is formed via a first-order reaction with the release of nitrogen, and
(2) the in situ generated nitrile imine subsequently undergoes a rapid cycloaddition
with the olefin. Figure 6.4 schematically illustrates the synthesis of profluorescent
nitroxides.

A bifunctional stilbene-nitroxide label (BFL1) was synthesized (Fig. 6.5) [37].
The synthesized dual stilbene—nitroxide probe was covalently immobilized onto the
surface of a quartz plate as an eventual sensor for ascorbic acid and microviscosity
(Fig. 6.6).
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Fig. 6.4 Schematic presentation of the NITEC of diaryl tetrazole and maleimide [36]

6.2.1 Profluorescent Nitroxides as Redox Probes

As was first demonstrated in [3] in a fluorescence—nitroxide supermolecule,

0=S=0
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NH
7@
o
FNI

the nitroxide serves as a strong intramolecular quencher of the fluorescence from
the chromophore fragment and the fluorescence is restored during the nitroxide pho-
toreduction Later, it was shown that in such molecules, fluorescence is restored via
radical scavenging to the alkoxyamine or redox processes to the hydroxylamine or
oxoammonium cation [13]. Therefore, chemical reduction of the nitroxide fragment
by antioxidant would result in a decrease of electron spin resonance (ESR) signal and
accompanied with a rise of the fluorescence intensity and can be used in antioxidant
analysis. A series of the dual FNO molecules including FN I and FN II
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lysosome [37]
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FNO- 1 FNOII

have been used first in the analysis of antioxidants of different reducing capacities. On
the basis of the abovementioned unique properties of the dual molecules, a method
for the quantitative analysis of vitamin C in biological and chemical liquids has been
proposed and implemented [26, 38—41]. In the presence of ascorbic acid, an increase
in the fluorescent intensity and a decay of the EPR signal of the dual probe DT
occurred with the same rate constant (Figs. 6.7 and 6.8). By performing a series of
pseudo-first-order reactions between the dual molecule and ascorbic acid and by con-
sequently plotting the rate constants (k,p,) versus the ascorbic acid concentrations,
the calibration curves for the vitamin C analysis were obtained. In the fluorescence
and ESR measurements (25 C, phosphate buffer), the slope of the calibration line
corresponded to the second-order constant k =7 M~! s~! for FNO I. Nitroxide FNO
11 displayed a faster kinetics with k = 51 M~! s=!. The observed order of reactivity
for the probes is in agreement with oxidation potentials of their nitroxide fragments,
expected from the inductive effects of the substituents. The kinetics of this series
has been described in a very good approximation by the model of pseudo-first-order
process with apparent rate constant k,p,. The linear dependencies of kp, on ascorbic
acid concentration obtained either by ESR or fluorescence measurements are shown
in Fig. 6.8. The proposed method was applied to the determination of ascorbic acid
in mandarin beverage.

Effect of bovine serum albumin (BSA) on the kinetics of ascorbate oxidation was
evaluated [39]. The oxidation of ascorbic acid by the fluorophore—nitroxide, probe
dansyl piperidine—nitroxide, was monitored by steady-state fluorescence and electron
paramagnetic resonance. Experiments showed that the probe reduction by ascorbic
acid was accelerated with the increase of the BSA. The influence of BSA on the rate
is attributed to the adsorption of both ascorbate and the probe to BSA. Adsorption of
ascorbate to BSA was confirmed by NMR relaxation experiments. In the presence
of BSA, the autoxidation of ascorbate at different pH values is significantly slowed
down. This effect was explained in terms of the electrostatic interaction between the
ascorbate anion and the BSA molecule.

The fluorescent probe, R2c, consisted of silicon phthalocyanine and two 2,2,6,6-
tetramethyl-1-piperidinyloxy radicals, and is encapsulated by the dimer of bovine
serum albumin was used for detecting ascorbic acid [42]. Due to this encapsulation,
the R2¢-BSA complex was prevented from reacting with various redox species in
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Fig. 6.7 Fluorescence enhancement (a) and ESR decay (b) of the probe (1) caused by excess of
ascorbic acid. Solid line, 0.1 mM; dashed line, 0.4 mM; dotted line, 0.8 mM. Acquisition parameters

of fluorescence: excitation slit 1 nm, emission slit 16 nm, voltage 480 V, T5258C, phosphate buffer
[26]
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biological, but reacted selectively with ascorbic acid. The complex fluorescence of
after ascorbic acid addition depended on the pH and fluorescence intensity increased
in the order pH 6 < pH 5 < pH 4 < pH 3, but decreased at pH 2 compared with that
at pH 3 and also decreased with increasing temperature after ascorbic acid addition.
These effects were explained in terms of the relationship between the shielding effects
of BSA and the folding <> unfolding structural changes by the change in relative
proportions of a-helix and B-sheet in BSA.

A nitronyl nitroxide radical was covalently linked to an organic fluorophore,
pyrene, and was used to detect superoxide radicals and to quantitatively estimate the
antioxidant activity of biological compounds of different antioxidant redox potential
[43]. This approach is also based on the phenomenon of intramolecular fluorescence
quenching of the pyrene fragment by the nitroxide in the dual fluorophore—nitronyl
(FNOe II). The nitroxide fragment of the dual non-fluorescence molecule can be
reduced by a variety of free radicals (e.g., superoxide) and antioxidants (e.g., ascor-
bic acid, quercetin, galangin). The reduction of FNO is accompanied by a drastic
increase in fluorescence intensity (up to 2000) (Fig. 6.9) and a corresponding decrease
of the EPR signal. The fluorescence technique, which has been developed, allows the
detection of antioxidants at the submicromolar concentration scale, while the EPR
and light absorption techniques are limited to several micromolars (Fig. 6.10).
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Fig. 6.9 Fluorescence emission and excitation spectra of the FNOe« II (5 x 10~ M) before and
after reduction by quercetin (5 x 1077 M) in PBS (pH 7.4, T = 300 K) [43]
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Fig. 6.10 FNO fluorescence -78
increases rate versus
fluorescence intensity: A
zero-order reduction rate of
ENO (5 x 107> M) by
superoxide (wi =7 x 1078
M/min); B pseudo-first-order
reduction rate of FNO (5 x
103 M) by ascorbic acid (5
x 1076 M); and C
second-order reduction rate
of FNO (5 x 107> M) by
ascorbic acid (5 x 1075 M).
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A scheme of the chemical reaction upon addition of reducing agent to the dual
fluorescence—nitronyl probe was suggested (Fig. 6.11) This method has also been
applied to the determination of hydrogen peroxide in submicromolar concentrations.

A novel nitronyl nitroxide derivative of

Q

O
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(4~ N
CN (o]

FiC S

showed 260-fold fluorescence turn-on and diminished electron spin resonance sig-
nal upon ascorbic (AA) addition [44]. The probe could detect AA over a broad
concentration range from 1 pM to 2 mM. It was reported that the fluorescence of
a polyamidoamine (PAMAM) dendrimer-entrapped gold nanocluster Aug cluster is
quenched by the paramagnetic nitroxide radical with a combination of static and
dynamic quenching processes [45]. Combined fluorescence and electron paramag-
netic resonance studies formed a basis for the development of a turn-on fluorescence
probe for sensing in AA in living cells. Fluorescence of negatively charged blue
fluorescent carbon dots (CDs) was found to be efficiently quenched by the cationic
4-amino-2,2,6,6-tetramethylpiperidine-N-oxide free radical (4-AT) in solution pre-
sumably by electron transfer mechanism [46]. CDs tethered with TEMPO exhibits
sensitive fluorescence and ESR bimodal response toward ascorbic acid (AA) at the
M level.
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Fig. 6.11 Suggested mechanism the chemical reaction upon addition of reducing agent to the dual
fluorescence—nitronyl probe [43]

Six fluorescein-nitroxide radical hybrid compounds were synthesized, and their
physical and chemical properties were characterized by fluorescence and EPR
spectroscopies [25]. Fluorescence intensities (around 520 nm) of compound
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after reduction by ascorbic acid of the radical increased from 1.43- to 3.21-folds.

A rhodamine nitroxide probe (R-NOc), combining rhodamine fluorophore with
a 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) receptor unit, was introduced to
probe glutathionyl radicals (GSc) with high sensitivity and selectivity [47]. The
reaction between GSc and nitroxides had low energy barriers, being radical-radical
reactions, and had rate constants near the diffusion limit (>108 dm® mol~! s~!) [48].
In this work, horseradish peroxidase (HRP)-catalyzed and metal-catalyzed oxidation
systems were selected as the model of simulating the generation of GSc. It was
found that the metal-catalyzed system had the same experimental results with the
HRP-catalyzed system, demonstrating the strong oxidant ability of the hydroxyl
radical (*OH) to initiate toxic GSc. By using combined high-performance liquid
chromatography (HPLC) detection and MS analysis, it was shown that the R-NOc
was converted into fluorescent secondary amine derivative (R-NH).

Synthesis of novel profluorescent nitroxides, 2,5-disubstituted- 1,3,4-oxadiazole—
TEMPO hybrid analogs of
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as dual luminescent-paramagnetic active probes for ascorbic acid assay was per-
formed [49]. These nitroxides in solutions (5 x 10~> M in 15% DMSO in HEPES,
0.01 M, pH = 7.51) with increasing amounts of sodium ascorbate (between 0 and 2
equivalents) and measurement of the fluorescence emission at Aey, = 388 nm (Aex =
295 nm) after incubation for 30 min showed a linear response up to the stoichiometric
amount of the reducing agent (0.5 equivalents).

A method of the measurement of ascorbic acid and microviscosity of media devel-
oped in [37] is based on the use of stibene-photochrome-fluorescence-spin probes
(BFL1) immobilized onto the surface of a quartz plate as an eventual sensor (Fig. 6.6).
In such a hybrid compound, the nitroxide moiety quenches the fluorescence of the
fluorophore (stilbene moiety). The reduction of nitroxide segment by an ascorbic
acid causes a rise of fluorescence of the fluorophore. The rate constant of the stilbene
fragment photoisomerization in such systems is dependent upon the viscosity of the
media. Therefore, this probe was applied for the parallel determination of the antiox-
idant status and measurement of micro- and macroviscosity of the media. Such an
approach made it possible to measure the concentration of ascorbic acid in solution
in a range of (1-9) x 10~* M and the viscosity of a medium in the range 1-500 cP
(Figs. 6.12 and 6.13).

The hybrid compounds comprised of five nitroxides with Ibuprofen were synthe-
sized [50]. The rate constants in reduction reaction with 200-fold excess of ascorbic
acid were determined in order of 1.0-6 M~'s~!). Two sterically shielded nitroxides
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reacted with AA markedly slower. In the reaction with the more reactive methyl
radicals, produced by 200-fold excess of Fenton’s reagent, the reduction rates were
in the following increasing order from 2.0 to 5.0 M~'s~!.

To increase the reactivity and selectivity toward the detection of ascorbic,
the dual nitroxide probe 15-((9-(Ethylimino)-10-methyl-9Hbenzo[a]phenoxazin-5-
yl)amino)-3,11-dioxa-7-azadispiro hexadecan-7-yloxyl (Nile-DiPy)

Nile-DiPy

was synthesized [51-53]. This fluorophore—nitroxide probe rapidly reacted with
ascorbic acid and showed in parallel fluorescence enhancement in PBS at pH 7.4,
containing 5% (v/v) DMSO. In the presence of ascorbic acid, the fluorescence inten-
sity of Nile-DiPy increased in a dose-dependent manner concentration of ascorbic
acid (0.13-8.0 mM). The second-order rate constant for the reaction of Nile-DiPy
and of Nile-TEMPO with ascorbic acid was calculated as 246 M~! s~! and 17.4 M~!
s~!, respectively. The kinetic isotope effect (KIE) for the detection of ascorbic acid
was determined to be 9.8, indicating that Nile-DiPy reacts with ascorbic acid to
produce the fluorescent Nile-DiPy-H via hydrogen atom transfer. The limit of detec-
tion (LOD) of this fluorometric method was estimated to be 9.7 nM. The applica-
tion of Naph-DiPy nitroxide for the measurement only ascorbic acid in the plasma
of osteogenic disorder Shionogi rats when fed an ascorbic acid-deficient diet was
reported. [51-53]. In this condition, other biological reductants, including uric acid,
glutathione, NADH, catechin, 2,2,5,7,8-pentamethyl-6-chromanol (HPMC) as a vita-
min E model compound, and uric acid, did not react with the nitroxide. The useful-
ness of Naph-DiPy nitroxide for the measurement of ascorbic acid in the plasma of
streptozotocin-induced diabetic animals was confirmed.

A sensitive and selective sensor for ascorbic acid detection based on the recovered
fluorescence of NAPS-NO (N-propyl-triethoxysilane-4-(4-ylamino-1-oxy-2,2,6,6-
tetramethylpiperdine)- naphthalimide) probe was designed [54]. Over a wide range
from 80 nM to 50 pM, a good linear relationship between the fluorescence inten-
sity and the concentration of ascorbic acid was found and the detection limit was
estimated to be as low as 20 nM. The use of NAPS-NO for the measurement of
ASA in human blood serum and determination of the concentration of AA in HEK
293 cell lysate was demonstrated. In addition, confocal laser scanning microscopy
experiments showed that this chemosensor is cell permeable and can be used as a
fluorescent probe for monitoring ascorbic acid in living cells.

The kinetics of reduction of the dual fluorescence—nitroxide probe R*, 5-
dimethylaminonaphthalene-1-sulfonyl-4-amino-2,2,6,6-tetramethyl- 1-piperidine-
oxyl by human blood and its components were studied using the EPR technique [40].
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The results indicated that (1) R* is adsorbed to the outer surface of the membrane
and does not penetrate into the erythrocytes, (2) the observed first-order rate of
disappearance of the nitroxide radical k is k(blood) > k(eryth) > k(plasma) and
k(blood) approximately = k(eryth) 4 k(plasma), (3) the erythrocytes catalyze the
reduction of R* by ascorbate, (4) the rate of reduction of the radical is high though
it does not penetrate the cells, (5) there is an efficient electron transfer route through
the cell membrane, and (6) ascorbate is the only natural reducing agent in blood that
reacts with R*. The study points out that R* is a suitable spin label for measuring
the reduction kinetics and antioxidant capacity in blood and other biological liquids
as expressed by reduction by ascorbate.

There are controversial reports in the literature regarding the total antioxidant
capacity of neonate blood [41]. In order to investigate directly the antioxidant prop-
erties in the newborn’s and adults blood, a method of dual fluorescence—nitroxide
probes was applied to investigate antioxidant status of on vein blood samples taken
from 38 newborn’s and 40 healthy adults using the probe R* and EPR spectroscopy.
It was found that the reduction rates of R* by ascorbate in neonate’s whole blood
are significantly higher (P < 0.001) than the reduction rates of R* in adult’s whole
blood. The authors concluded that newborn’s blood has significantly higher ability
to deal with oxidative stress, caused by R, in comparison with adult blood and the
system that responds to the recycling of ascorbate is more efficient in neonate blood
than in adult’s blood.

Perylenebisimide-linked nitroxide (PBILN) was employed as a profluorescent
reagent, which permits for the selective determination of ascorbic acid in a stream
[55]. Under optimized conditions, a good linear relationship between the concentra-
tion of ascorbic acid, fluorescence peak height in the concentration range from 0.5
to 10 wmol L~! was found, and the detection limit (S/N = 3) was 0.28 wmol L.
The proposed method was applied to the determination of ascorbic acid in several
soft drink beverages.

A novel, highly sensitive, and appropriately selective fluorescent probe consist-
ing of silicon phthalocyanine (SiPc) and two 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) radicals, R2c, encapsulated in dimeric bovine serum albumin was
employed for imaged ascorbic acid intravenously injected into a mice [56]. Ascorbic
acid intravenously injected into mice was efficiently transported to the liver, heart,
lung, and cholecyst. The proposed dual probes obeyed to principle requirements:
(1) The excitation and fluorescence wavelengths should be >650 nm to penetrate
deeply into living tissues and to avoid overlap with natural fluorescent species, and
(2) nitroxide radicals should be shielded from biological redox-active species before
injection of ascorbic acid, but should then efficiently react with ascorbic acid after
injection. The changes in fluorescence before and after injection of ascorbic acid
were dependent on the organs, as shown in Fig. 6.14. Eight minutes after ascorbic
acid injection, the ratios of fluorescence intensity significantly increased at several
organs, such as the liver, heart, and lung.

A range of novel, biostable, isoindoline nitroxide-based antioxidants, profluorescent
nitroxide ME-TRN, and nitroxide DCTEIO and CTMIO



6.2 Structure and Synthesis of Dual Fluorophore—Nitroxide ... 141

J

Heart-Lung 1.15 tsa
(1.67) _ & J( 15) :
40
o B
' Liver ¥
%\ (1.70) .0
J*‘,\'ﬂ\1...._,_‘.(1.21) [ «10?
|- 20
10
Before i ! plseclom™2/se

Fig. 6.14 Ratio of fluorescence intensity of imaging. Ratios were calculated using fluorescence
intensities before and after ascorbic acid injection (8 min) [56]

has been prepared and used for real-time quantification of oxidative stress and the
protective effect of nitroxide antioxidants [57]. The efficiency of these compounds
as antioxidant therapies in reducing ROS both in vivo (the rat eye model) and in vitro
(661 W photoreceptor cells) was compared with the established antioxidant resvera-
trol. By assessing changes in fluorescence intensity of profluorescent nitroxide ME-
TRN, in the rat retina in vivo, the ability of antioxidant therapy to ameliorate ROS
production and reverse of the accumulation of ROS after complete acute ischemia
followed by reperfusion (//R) were evaluated. The novel agents’ capacity to pre-
vent ROS-mediated metabolic dysfunction in the 661 W photoreceptor cell induced
by the oxidant, tert-butyl hydroperoxide, was investigated. As an example, changes
in fluorescence of reduced ME-TRN probe in induced by tert-butyl hydroperoxide
ischemia/reperfusion injury (I/R) treated rat eyes upon antioxidant administration
were quantificated in a vivo fundus imaging. The nitroxide compounds DCTEIO
and CTMIO successfully reversed the effects of ROS upon ME-TRN probe fluores-
cence. Thus, the reversible properties of the ME-TRN probe, which can detect and
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quantify dynamic alterations in the cellular redox status in vivo and in real time, in
response to sequential pro- and antioxidant stimuli were demonstrated.

6.3 Fluorescence Detection of Free Radicals

Pioneering experiments of Blough group opened the way to the fluorescence detection
of radical scavenging reactions in which the paramagnetic nitroxide-substituted naph-
thalene, 4-(1-napthoyloxy)-2,2,6,6-tetramethylpiperidine-1-oxyl (I), is converted to
a diamagnetic N-alkoxy derivative [58]. The latter showed the fluorescence quantum
yield in acetonitrile and hexane 55 and 30-fold is higher, respectively, than those of
paramagnetic analog. In the experiments, 2-Cyanopropyl free radicals were gener-
ated by the thermal decomposition of azobisisobutyronitrile (AIBN) in cyclohexane
or in acetonitrile containing I and the fluorescence intensity of the sample increased
proportionally to the decrease in its ESR signal intensity.

The profluorescent nitroxide, 1,1,3,3-tetramethyldibenzo[e,glisoindolin-2-yloxyl
(TMDBIO), was investigated as a probe for the formation of polymer alkyl radicals
during the thermo-oxidative degradation of unstabilised polypropylene [59]. A very
low fluorescence quantum yield of the dual probe was drastically enhanced after
reaction with alkyl radicals during the polymer oxidation. Importantly, the trapping
of polymer alkyl radicals during the “induction period” at 120 C was observed, when
it is not possible to detect changes in the polymer using either chemiluminescence
or infrared spectroscopy.

A sensitive method for the detection of glutathionyl radical (GS*) based on their
specific interaction with Ac-TEMPO, a non-fluorescent conjugate of fluorogenic
acridine with paramagnetic nitroxide TEMPO was developed [60]. The method was
employed for detection radicals generated through phenoxyl radical recycling by
peroxidase. During reaction of Ac-TEMPO with GS*, TEMPO EPR signals decayed
and acridine fluorescence concurrently increased. Using combined HPLC and mass
spectrometry, it was determined that 90% of the Ac-TEMPO was converted into
fluorescent acridine (Ac)—piperidine.

The preparation of nitroxide-containing polymer coupled to a fluorophore

S gNeY

was reported, and its reduction with pentafluorophenylhydrazine was examined [17].
The fluorescence switch-on kinetics and radical concentrations were monitored by
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fluorescence and ESR spectroscopy. The polymeric compound displayed significant
delays in reduction and fluorescence switch-on and higher turn-on ratios than their
single-nitroxide counterparts.

A range of profluorescent nitroxides analogs of

o]
=z
o

CeH1g” CgHig =

were tested as probes to monitor photo-induced radical-mediated damage in film
polymer materials [21]. The most stable and sensitive probe of the perylenedi-
imide (PFNs) tested was an alkyne-linked PFN, with naphthalimide and 9,10-
bis(phenylethynyl)anthranene-based versions giving lower stability and sensitivity..
It was also determined that the nitroxide-containing compounds have higher stability
in the photo-oxidative environment over their non-radical analogs and the alkyne-
linked perylenediimide PFN has a switch on ability when exposed to photo-induced
radicals. It is important that the dual probes provided information about the early
stages of the film’s degree of degradation, justifying the value of the PFN technique
as a tool to give deeper insight into the oxidation induction period then that IR and
EPR spectroscopies.

6.4 Photophysical and Photochemical Properties
of Fluorescence-Nitroxide

6.4.1 Dual Compounds for Photoswitching Magnetic
Materials

Considerable studies have recently been made by using photochromic derivatives as
photofunctional units and nitroxide radical 1 as spin source. On this base, the new
magnetic materials in which magnetic properties can be controlled by optical stimuli
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were developed [61-72]. The introduction of one or more radical spins to a pho-
tochromic fluorophore would give a photofunctional magnetic material [61]. A series
of anthracene derivatives with nitroxide radicals were prepared as a photochrome-
nitroxide system and as a spin coupler unit [61] and references cited. A photochromic
reaction based on photodimerization of anthracene chromophore and heat-mediated
dissociation of the photo-dimer was investigated in details. For example, an azoben-
zene derivative carrying two nitronyl nitroxide (NN) radicals was prepared, and in a
frozen toluene at 10 K, its ESR spectra at cryogenic temperature were found to differ
before and after irradiation.

Several trans-azobenzene derivatives carrying a nitroxide (aminoxyl) radical
analogs

N—O .
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o
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were synthesized, and their photoisomerization reactions to the corresponding cis-
isomers were investigated [65]. These compounds, isolated as relatively stable solid
substances, were isomerized by irradiation in solution to the corresponding cis-
isomers. For example, an antiferromagnetic interaction model in the frans-isomer
carrying TEMPO substituent with a large antiferromagnetic exchange interaction of J
=47.6 K was observed, while a weak ferromagnetic one of Curie—Weiss (CW) model
with Weiss temperature 7 = 4-0.11 K was found in the corresponding cis-isomer.

The unsubstituted derivatives at the para position were found to show photoi-
somerizations by irradiation to give the corresponding cis-isomers. The change of
intermolecular magnetic interactions was observed by the structural change for each
photochromic couple. A naphthalenediimide derivative carrying TEMPO radical and
azobenzene substituent was found to show photo-responsive magnetic as well as FET
properties upon illumination applying magnetic field [66]. Specifically, azobenzene
derivatives had shown reversible photochromism in solution as well as in thin film.
The change of FET behavior has been revealed by the photoisomerization together
with the change of magnetic properties. The magnetic properties of both photoiso-
mers were found to show antiferromagnetic interactions of CW behavior. Namely,
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the magnitude of Weiss temperature of the compounds turns out from 1.13 K to 2.41,
indicating the existence of weaker spin—spin interactions in the former isomer.

Several spiropyrans with TEMPO-substituents and naphthopyrans with TEMPO-
or PROXYL-substituents

O R = PROXYL or TEMPO

were prepared, and they showed photochromic behaviors in solution giving the
respective stable open-formed merocyanines [67]. For example, naphthopyran
derivatives with nitroxide substituents gave by irradiation the corresponding open-
formed isomers. The product treatment with SiO, as a catalyst changed its back to
the starting closed-formed naphthopyrans. The low-temperature region of spiropyran
derivatives was found to be ferromagnetic with CW behavior (2 = 0.38 K), whereas
the interaction in the corresponding merocyanine was antiferromagnetic with CW
behavior (0.82 K).

A couple of naphthalenediimide derivatives carrying a nitroxide radical and an
azobenzene group were prepared, and photochromic property of compound with
p-dimethylamino-substituent in solution were observed [68]. Syntheses, electronic
structures in the ground state, unique photoexcited states, and spin alignment were
reported for biradical 1 [69].

Radical 2 (R3)

&
Radical 1 (R)) by
Spin Coupler

In the biradical electronic ground state, two radical moieties connected by an aro-
matic bridge in the diamagnetic state interact very weakly. On photo-irradiation, a
novel lowest photoexcited state with the intermediate spin (S = 1), arising from four
unpaired electrons with low-lying quintet (S = 2) photoexcited state, was detected
using time-resolved ESR (TRESR). The triplet state has a unique electronic struc-
ture, the D value of which is reduced by antiferromagnetic spin alignment between
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two radical spins through the excited triplet spin coupler. The general theoretical
predictions of the spin alignment and the reduction of the fine-structure splitting of
the triplet bis(radical) systems were also formulated.

The synthesis of two nitroxide-based diradicals connected to a 2,3,4,5-
tetraphenylsilole (TPS) unit, especially designed to present high-spin photo-excited
states, was reported [70]. In ground state, the diradical displays weak intramolec-
ular antiferromagnetic interactions (J/kB ~ —1 K). In photo-excited high-spin
states, the nature of the magnetic exchange coupling between two dangling radi-
cal spins through the spin coupler changes from antiferromagnetic to ferromagnetic
after photoexcitation. Photo-physical properties of 4-(phenylazo)-benzoyl-2,2,6,6-
tetramethylpiperidine-1-oxyl radical (AzO-TEMPO) and of the 4-(2-thienylazo)-
benzoyl-2,2,6,6-tetramethylpiperidine-1-oxyl radical (ThiO-TEMPO) before and
after their grafting to two polyethylene matrices (a copolymer ethylene/a-olefin (co-
EO) and a high-density polyethylene (HDPE) were characterized by UV-Vis, FT-IR,
and EPR spectroscopy [72]. The structural (FT-IR analysis), the thermal (thermal
gravimetric analysis and EPR), and the photo-physical (UV—vis) properties of the
RO-TEMPO derivatives before and after their grafting were evaluated.

Two approaches to surface modification based on the use TEMPO and its deriva-
tives are discussed [73]. The first relies on the immobilization of TEMPO moieties
on the surface of various materials including silicon wafers, silica particles, organic
polymers as well as diverse nanomaterials. The second approach utilizes TEMPO
and its derivatives for the grafting of polymer chains and polymer brushes’ forma-
tion on flat and nanostructure surfaces via nitroxide-mediated radical polymerization
(NMRP).

6.4.2 Photophysical Effects in Paramagnetic Complexes
Bearing Nitroxides

Dual fluorophore—nitroxide compounds have been proved to be convenient “train-
ing area” for investigation of mechanism of photophysical and photochemical pro-
cesses and factor affected on these processes that are guided with the electron
exchange interactions with paramagnetic species [16, 73]. Quenching mechanism
of the excited chromophore by a nitroxide originates from changes in the spin multi-
plicity of the electronic states and is guided with the electron exchange interactions
with paramagnetic species.

In a chromophore-nitroxide supermolecules (Fig. 6.15), because of the unpaired
electron spin of the doublet nitroxide radical (NR), the singlet ground (S() state
and the lowest excited singlet (S;) state of the chromophore become the doublet
(Dp and Dy, respectively) (Fig. 6.16) [16]. On the other hand, for a dual compound
consisting a chromophore in the excited triplet state (T;) and nitroxide, the lowest
excited doublet (D) and quartet (QA ) states are generated by an interaction between
the NR and the T; chromophore. In such a case, the spin-forbidden transitions of
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Fig. 6.15 Typical examples of the formation of excited multiplet states [16]

the chromophore, i.e., S; — T and T} — Sy, partially transform into the D, — D,
and D; — Dy transitions, respectively. These doublet states (Dn, D;, and Dy) have
the same spin multiplicity, and the lifetimes of the excited state can be very short as
comparable to those of the S; — Sy transition. Thus, fluorescence quenching was
interpreted by the intersystem crossing (ISC) enhancement resulting from transitions
between states having the same spin multiplicity.

The photophysical properties of silicon phthalocyanine (SiPc) covalently linked
to one or two NR have been studied in detail by fluorescence, transient absorption,
and TRESR spectroscopies [16, 73]. The electronic states of RO, R1, and R2 are
depicted in Fig. 6.16. Experiments indicated that (1) quantum yield (®r) decreases
in the order RO (0.57) > R1c (0.21)_R1a (0.16) > R2c (0.012) > R2a (0.0036); (2) the
quantum yield of 3SiPc* (FTSiPc) increases in the order RO (0.34) <R1a (0.54)_Rlc
(0.59) < R2c (0.67); (3) the fluorescence decays of Rlc and R2¢c (R1c = 42 ps and
4.7 ns, R2c < 30 ps and 4.7 ns) are faster than that (6.8 ns) of R0O; and (4) the S; and
T, energies of Ry were found to be 1.47 x 10* and 8.90 x 10° cm™!, respectively;
and (5) rate constants of the D; — Dy transitions are 3.5 x 10°, 2.1 x 10°, 3.9 x
10° and 2.0 x 10° s~! for Ry,, Ryp, Ry and Ryg, respectively.

As shown in Fig. 6.17, in the case of the Dn — D; and D; — Dy transitions,
the electron exchange process is dominant. These transitions occur along with the
electron exchange process between the SiPc and NR moieties, and the decay rate of
the D; — Dy transition is well correlated with the magnitude of the electron exchange
interaction between the T; chromophore and the doublet NR.
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Fig. 6.16 Molecular structures and electronic states of SiPc covalently linked to NRs [16]
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6.4.3 Factors Affected on Intramolecular Fluorescence
Quenching, Electron Transfer, and Photoreduction
in Dual Compounds

One of the principal advances of the dual probes is an ability to monitor molecular
dynamics of a media of interest in wide range temperatures and correlation times,
which can be affected on chemical and physical reactions including electron transfer
[1-10]. To establish the effect of molecular dynamics of media on electron transfer
in a donor—acceptor pair, super-slow molecular dynamic of o liquids (ethanol, water—
glycerol), and albumen were investigated at temperature region 30—100 K [2]. The
following parameters related to dynamical properties of the probes, two nitroxides
and a dual fluorophore—nitroxide, were measured: (1) the intensity of phosphores-
cence, (2) the relaxation shift of phosphorescence spectra, (3) the amplitude of EPR
spectra, and (4) the width of EPR spectra central lines. Experiments with the use of
the probes revealed various dynamic processes from the correlation time 7. = 102
s'(30K) to 7. = 107* s7! (95 K). Obtained temperature dependences are in tune
with correspondent data on the heat capacity and the proton NMR spectra width.

In pioneering work [3], it was first demonstrated that the nitroxide fragment is a
strong quencher of the fluorescence and acts as an acceptor in the radical photoreduc-
tion, which strongly depends on molecular dynamics of environment. Specifically,
irradiation of the chromophore segment of dansyl-TEMPO in a glassy liquid (glyc-
erol 75%, water 20%, ethanol 5%) invoked producing the hydroxylamine derivative
accompanying a decay of the nitroxide ESR signal and parallel eightfold increase
in fluorescence. Both processes run with the same rate constant k..q under identical
conditions with the quantum yield 8 x 1072 (Fig. 6.18). The k.4 values drastically
increased when the temperature increased starting from 210 K (Fig. 6.19). The kyeq
increase correlated with an animation of the nanosecond relaxation dynamics in
media monitored by the fluorescence (relaxation shift) and ESR techniques (change
superfine splitting Azz), while the rate constant of the intramolecular fluorescence
quenching k4 was found to be temperature independent.

In order to establish a mechanism of intramolecular fluorescence quenching (IFQ)
and photo-reduction of the nitroxide segment in the dual molecules, a series of ¢
dansyl-nitroxides of different structures and flexibility of the spacer group, and dif-
ferent redox potentials of nitroxide (private communication from Drs. V.V. Martin
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Fig. 6.18 Kinetics of change of the amplitude of nitroxide fragment EPR spectra (A) and intensity
of fluorescence of the fluorophore segment (I) during photochemical reaction in the present (1) and
absent (2) of oxygen in solvent (glycerol 75%, water 20%, ethanol 5%) [3]

and A. Weis, Lipitek International, Inc. (Fig. 6.1)) were synthesized and investi-
gated [4-10, 74]. The following quantitative characteristics of the processes were
obtained: (1) the rate constants of reversible electron transfer monitored by the time-
resolved picosecond fluorescence technique (kq), (2) fluorescence quantum yields of
the probe fluorophore segment before and after the nitroxide moiety reduction (¢q)
paramagnetic, and (3) the rate constant of photoreduction (k..q). As seen in Fig. 6.20,
the positive correlation between the rate constant of the nitroxide fragment photore-
duction kg and the equilibrium constant K., for the chemical exchange reaction
between different nitroxides depending on the nitroxide redox potential takes place
[16]. On the basis of these data, two mechanisms of intermolecular quenching were
proposed: the major mechanism, intersystem crossing (ISC) and the minor mecha-
nism, irreversible intramolecular electron transfer (ET) from the excited singlet of
the fluorophore (donor D) to nitroxide (acceptor A) followed by fluorophore segment
regeneration and hydroxylamine formation. The latter mechanism is responsible for
photoreduction. Nevertheless, the k4 values are not dependent on K 4. In such a case,
the fluorescence quenching occurs by the ISC mechanism or/and by reversible ET
guided by the vibration modes [75, 76].

Blough et al. [12] suggested that the fluorescence quenching in a series of dual
compounds arises through electron exchange, which causes relaxation of the singlet
state to the triplet.
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Fig. 6.19 Temperature dependences of relative rate constant of the photochemical reduction of
the probe nitroxide fragment (k1) and the spectral parameters characterized dynamical state of the
probe and the solvent: 1 and 2—the k] values obtained by the fluorescence and EPR techniques,
respectively, 3—A\g is related to the fluorophore emission; 4—2Azz that is the nitroxide EPR
superfine splitting of the nitroxide EPR spectra [3]

With a aim to established detail mechanism of quenching in fluorophore—nitrox-
ide in a protein, a donor—acceptor hybrid molecule (DA) consisting of a 1-dimethyl-
aminonaphthalene-5-sulfonate group in an excited singlet state (donor) and a nitrox-
ide radical (acceptor) was incorporated into a hydrophobic cavity of bovine serum
albumin (BSA) (Fig. 6.21) [4-10]. The kinetics of reversible intramolecular electron
transfer (ET) from the donor to the acceptor and the nitroxide segment photoreduc-
tion, the micropolarity, and the intramolecular dynamics in the vicinity of the donor
and the acceptor groups were monitored by fluorescence and ESR techniques in the
temperature range from 77 to 300 K. The Arrhenius dependence of the reversible ET
constant (kgr) was found to be nonlinear and the apparent activation energy (Eqpp)
changes from E,,, = 0 eV (at T = 77-100 K) to 0.25 eV (near T = 298 K). The
temperature region of the E,;, increase (100-240 K) was close to the temperature of
the increase of relaxation shift of the donor fluorescent spectra. Using the Marcus-
Levich [78, 79] model of electron transfer in polar media, on the basis of the obtained
kinetic data and of the data of the micropolarity in the vicinity of the donor and the
acceptor groups, values of standard Gibbs energy, the reorganization energy, the res-
onance integral and the Franck—Condon factor for reversible electron transfer were
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Fig. 6.20 Dependence of rate constant of photoreduction, kphoto, on redox power of the nitroxide
fragment, Kq (squares), contrary to independence of rate constant of IFQ, kq (circles) [16]

estimated. The key role of molecular dynamics in the vicinity of the donor and the
acceptor groups in the nitroxide photoreduction was stressed.

In order to model the effects of protein on the ET in FNOe, two doxyl-nitroxide
probes FN1 and FN2 were incorporated in bovine (BSA) and human serum albumin
(HSA) (Fig. 6.21) [8, 9]. The photoreduction of the nitroxide fragment was monitored
by ESR, and fluorescence quenching was measured by steady-state and picosecond
time-resolved techniques. The same groups allow to investigate the factors affecting
the ET, namely the molecular dynamics and micropolarity of the medium in the
vicinity of the donor (by fluorescence technique) and acceptor (by ESR) moieties.
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Fig. 6.21 Dual probe corporated in hydrophobic packet of bovin serum albumin

The measurements of fluorescence polarization and ESR at ambient temperature,
and by direct monitoring of relaxation dynamics of the protein-binding site around
the dansyl moiety of the dual fluorophore—nitroxide probe FN2, using picosecond flu-
orescence time-resolved technique (Fig. 6.22), led to conclusion that the nanosecond
dynamics of the protein medium is one of the decisive factors affecting the photore-
duction and the light energy conversion in the given system. Such an intramolecular
flexibility of the protein makes it possible to stabilize products of the reactions of the
oxidized donor D* and acceptor A~ due to interactions with surrounding dipoles of
protein, thus providing favorable thermodynamics for these reactions.

Comparison of results of modeling of the torsion angle rotation in the probe FN1
with the experimental data on the nitroxide segment dynamics in protein provided
additional information about the mechanism of the protein molecular “breating”
[8, 9]. According to computer simulation in vacuum, a single C-N bond twisting
around the piperidine ring undergoes minimal steric hindrances as compared to that
of the dansyl fragment. The following values of the twisting correlation time 7
were theoretically estimated (the twisting angles is shown in brackets): 3 x 1070
s (170°=220°), 1019 5 (220°-275°), and 10~% s (50°-150°). Two first values are
significantly lower than 1. = 4 x 1077 s for the probe attached to BSA (EPR data)
and especially for the rotation correlation time of the BSA molecule as a whole (8 x
1073 s). From these findings, an important conclusion can be formulated; that is, the
experimental correlation time of the probe nitroxide fragment can be attributed to its
motion relative the protein globule, reflecting molecular “breathing” of the protein
in the vicinity of the fragment (Fig. 6.23).
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Fig. 6.22 Time-resolved fluorescence spectra of dansyl-TEMPO dual probe in HSA [77]

For analysis of experimental data obtained in the investigation of system, a Mar-
cus—Levich formula for non-adiabatic electron transfer in a polar media was utilized
(6.1) [78, 79]:

. A [ (X—i—AGO)Z} o
= ———CXp| —{— .
B A idaT P T 4aksT

where A Gy is the driving force of the value of the process, standard Gibbs free energy,
A is the reorganization energy defined as energy for ET without replacement of the
nuclear frame, and V is the electronic coupling or the resonance integral. Based on
experimental data on the local apparent dielectric constant &, in the vicinity of the
donor dansyl groups (fluorescence technique) and around the acceptor nitroxide seg-
ments (ESR), the following parameters of the Marcus—Levich theory were estimated
forthe ETat 7T =300K [4, 5, 9]: Gibbs energy AG =—1.7 eV, reorganization energy
A = 0.9 eV, and free activation energy AG*~ 0.25 eV. Such a set of parameters is
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Fig. 6.23 Intramolecular rotation energy versus the torsion angle SN-CC for X in vacuum [9]

related to the inverted Marcus region. In this condition, the ET under thermodynam-
ically equilibrium conditions can occur with the rate substantially lower (kg A~ 10
s7!) than the experimental value kq &~ 1 x 10 s~!. Therefore, the fast primary ET
in the system under investigation occurs at the expense of vibrational stabilization
of the photoseparated ionic pair (D*A™) and/or at the expense of partial stabilization
due to the fast polar relaxation modes [75, 76].

The discussed photochemical reactions in the dual molecules may be considered as
the light energy transfer processes, which meet the main requirements for any efficient
light energy conversion system, that is, favorable thermodynamics, optimum orbital
overlap of the donor and acceptor groups, and nanosecond dynamics in vicinity of
the donor—acceptor pair [3—10].

The photochemical reaction between the fluorophore and the nitroxide radical in
dual compounds

0
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Nile-DiPy Nile-TEMPO

was investigated by optical, electrochemical, and femtosecond laser-induced tran-
sient absorption spectroscopy experiments [50]. Redox potentials of Nile-DiPy in
MeOH containing 0.10 M TBAPF6 were measured by cyclic voltammetry and the
second harmonic alternating current voltammetry SHACV at 298 K (vs. Fc/Fc*). The
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following values of redox potentials were found: E g (Nile-Dipy) = 0.521 eV, E
(Nitroxide) = 0.786 eV, Eq (Nile-TEMPO) = 0.519, Ex (Nitroxide) = 0.797 eV.
These values were allowed to compose energy diagram for photo-induced reversible
electron transfer in Nile-DiPy. The femtosecond transient spectra of Nile-DiPy in an
N2-saturated aqueous solution containing 5% DMSO displayed the very fast rise in
broad transient absorption and emission around 530 and 645 nm after the selective
excitation of Nile blue at 627 nm. The decay rate constants of the singlet excited
state of Nile-DiPy and Nile-TEMPO were found to be as (4.9 x 10° s~'y and (4.5 x
10° s71), respectively.

All in all, the dual compounds, keeping all properties of chromophore, fluores-
cence, and nitroxide spin probe, at the same time have gained new principal advan-
tages. The most important new properties of chromophore—nitroxide (CN) com-
pounds are its ability to: (1) obtain spatial and temporal information about both
fluorescence and ESR behavior of the probe from the same specific part of the sys-
tem under interest; (2) investigate micropolarity and molecular dynamics of media
in the vicinity of fluorophore segment by the fluorescence technique and nitroxide
segment by ESR; (3) monitor redox and spin trapping processes in systems of any
optical density by ESR technique and of low optical density by fluorescence which
is two to three orders more sensitive than ESR and optical absorption spectroscopy;
(4) construct a variety of organic dual magnetic systems with photofunctionality;
(5) analyze metal ions using both fluorescence and ESR techniques; (6) investigate
mechanisms of intramolecular photochemical and photophysical processes in mul-
tispin systems in particular, (7) form the basis for the development of novel methods
for the analysis of antioxidants and for real-time monitoring of important biochemi-
cal processes such as NO, superoxide, and reactive radical generation; (8) compose
novel mulitspin and photoswitching systems; and (9) give a clue to the access of bland
new organic photomagnetic materials such as novel mulitspin and photoswitching
systems.

Thus, there are strong evidences to believe that the use of dual molecules will
continue to be one of the most effective tools for solving excited and complicated
problems in photochemistry, biochemistry, and chemistry of materials.
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Chapter 7 ®)
Nitroxide-Mediated Polymerization oo

7.1 Introduction

Controlled radical polymerization (CRP) under radical initiation conditions belongs
to priority areas in the development of the synthetic chemistry of polymers of the last
years [1-16]. Nitroxide-mediated polymerization (NMP) was invented by Solomon
[1, 13]. Since this discovery, nitroxide-mediated radical polymerization is a power-
ful method to synthesize well-defined macromolecular architectures with precisely
controlled topologies, compositions, microstructures, and functionalities [3-5].

The most common mechanisms for reversible activation in polymerization
reactions are schematically illustrated in Scheme 7.1.

Persistent radical effect (PRE) occurs when two radicals are generated at the same
time, at the same rate, and one is more persistent than the other, the self-termination
reactions are lowered, leading to an unusually high selectivity for the cross-coupling
reaction [10]. The effect has been investigated for the preparation of macromolecules
with a narrow molar mass distribution through radical polymerization.

Nitroxide-mediated polymerization is widely applied in industrial polymer syn-
theses as a method for production of large-tonnage polymers and is employed to
manufacture new pigments, sealants, emulsion stabilizers, and block copolymers,
etc., with a various set of properties. NMP has also paved an avenue for complex
macromolecular architectures (statistical, block, graft) in the fields of nanoscience
and nanotechnology [5, 9, 12] and references cited therein. A brief summary of NMP
developments in both the patent and open literature during the period of the early
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Scheme 7.1 Mechanisms for reversible activation in polymerization reactions [6]
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19802000 was presented in [11]. Various important aspects in this area, such as syn-
thesis of nitroxides and alkoxyamines, fundamentals to applications in materials sci-
ence, kinetic aspects of NMP, recent developments in NMP, nitroxide-mediated poly-
merization in dispersed media, NMP of methacrylic esters, complex macromolecular
architectures prepared by NMP, surface-initiated NMP, from nanoporous materials to
microelectronics, NMP under homogenous conditions, and NMP-derived materials
for biomedical applications were presented and discussed in separate chapters of the
book [12]. In this chapter, fundamentals and recent developments in the NMP area
are briefly summarized and illustrated by particular examples.

7.2 Mechanism of the Nitroxide-Mediated Polymerization

The basic idea of the NMP method (Scheme 7.1) is that the initiation of the “living”
free polymerization (LEP) process occurs as a result of the dissociation of a special
compound (A-S) into two radicals, active (AR") and stable (SR") ones. Persisted
radical effect (PRE) can also occur for radicals generated from the decomposition of
two different initiators affording the active radical and a persistent radical. The active
radical involves into the polymer chain initiation and self-recombination reactions.
The recombination of a stable radical is thermodynamically forbidden, and, in this
case, it can only participate in reversible cross-recombinations with the partner radical
(AR’) and with a polymer radical Rn".

The perfect candidates for the role of initiator of LFP were found to be
alkoxyamines. These compounds cleave into transient alkyl and persistent aminoxyl
radicals which then combine and regenerate the parent compounds. Simultaneously,
the alkyl species self-terminate, and this causes a continuous buildup of excess
aminoxyl. Hence, the back-reaction to the alkoxyamine (e.g., RiR;NOR) accel-
erates, and the self-termination slows down in time. The cross-recombination of
macroradical (Rn") with R{R,NO" leads to a very low concentration of AR’, limiting
the self-termination reaction of the alkyl radical, and allowing the controlled growth
of the macroradical.

The first work on alkoxyamines R;R,NOR was reported by Jones and Major in
1927 [17]. The radical reactivity of these compounds was discovered by Kovtun
et al. in 1974 [18]. The formation of R;R,NOR in recombination of corresponding
radicals was also demonstrated.

In NMP, the principle stages are [9]: (1) Initiation can be either performed in
a bicomponent system or in a unimolecular initiation process. (2) The nitroxide
can then cross-recombine with the propagating active chain to give a nitroxide-
terminated radical as dormant species. (3) This macroalkoxyamine can undergo
reversible C—ON bond homolysis at elevated reaction temperatures and releases
the stable nitroxide radical as well as the active polymer chain. Detail schemes of
the reaction mechanism in NMP and initiation mechanism of uni- and bimolecular
initiators were presented in review [9]. The development of alkoxyamines as initia-
tors permits controlled homopolymerization of acrylates and acrylamides. Data on
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TEMPO derivatives, alkoxyamines including alkoxyamines bearing stereo centers,
and light-sensitive alkoxyamines used in DNP were also described in the review.

Steps involved in the TEMPO-mediated nitroxide-mediated polymerization are as
follows: (1) The TEMPO/monomer adduct is formed with a source of radicals from
a conventional initiator like benzoyl peroxide. (2) With an increase in temperature,
the equilibrium is shifted to the addition of monomer, and the radical concentra-
tion is controlled by the persistent radical effect. (3) Propagation continues and the
growing polymer is capped by TEMPO and the cycle continues. The recent review
[5] also provided information on the key components of NMP such as TEMPO
derivatives used as nitroxides, alkoxyamines derivatives showing improved bond
hydrolysis, alkoxyamines bearing stereo centers, nitroxides and alkoxyamines used
for the polymerization (RDRP), of methyl methacrylate (MMA), and functional
alkoxyamines.

Spin traps are agents that are commonly used in electron spin resonance spec-
troscopy (ESR) as a tool to convert transient radicals into a stable form. In polymer-
izations, spin traps act as radical scavengers, and hence, mostly inhibit chain growth.
Nitroxides and nitrons can be radical spin trap scavengers and used in ESR studies
to quantify radical initiation [19-22]. A nitrone, for example,

N N ~1-Bu
Ty

possesses higher affinity toward reacting with oxygen-centered radicals, acrylates,
styrenic, and tertiary carbon-centered radicals [20, 21]. In enhanced spin capturing
polymerization (ESCP), (macro)radical spin trapping by nitrons is in competition
with conventional macroradical chain growth, leading to an effective chain length
control of the polymerization, namely trapping macroradicals and shorting the resid-
ual polymer chains. The trapped species constitutes a macronitroxide, which by itself
is able to trap a further transient radical in a radical recombination event. Thus, the
polymer product consists of a coupling product of two polymers, which is bridged
by an alkoxyamine functionality in a typical example of the nitroxide-mediated
polymerization, the preparation of ABA-type block copolymers

via tandem enhanced spin capturing polymerization (ESCP) [23]. Midchain
alkoxyamine functional polystyrenes (M, = 6200, 12,500, and 19,900 g mol~!)
were chain extended with styrene as well as fert-butyl acrylate at elevated tempera-
ture NMP conditions (T = 110 °C), generating a tandem ESCP-NMP sequence. It
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was found that the efficiency of the block copolymer formation process decreases
with an increasing chain length of the ESCP precursor macromolecules.
Photopolymerization reactions are recognized as powerful tool for modification
of coatings, inks, photoresists, dual-cure systems, and others [24, 25]. Nitroxide-
mediated photopolymerization (PNMP) is characterized by important advantages,
e.g., thin films can be polymerized very rapidly by UV irradiation, and PNMP is an
ecological alternative to thermal processes and is able to modify and pattern surfaces.
During PNMP, the photolysis of an alkoxyamine bearing a chromophore, for

example,
0
o ==
/}' )
7~ P:I o]
Yo

QO

leads to areversible equilibrium between the alkoxyamine and the generated nitroxide
and alkyl radicals, providing a controlled radical photopolymerization [26]. In the
alkoxyamines with a closer proximity between the chromophore and the C-O bond,
the homolysis of the alkoxyamine is facilitated due to an energy transfer from the
chromophore (“antenna”) to the weak C—O bond. In work [27], the thermally driven
polymerizations were performed via the cleavage of the alkoxyamine functionality;
whereas, the photochemically induced polymerizations were carried out either by
nitroxide-mediated photopolymerization (NMP2) or by a mechanism, depending on
the structure of the light-sensitive alkoxyamine employed. With each alkoxyamine,
as initiators of thermally and photoinduced polymerizations, block copolymers were
obtained, and the system was applied to the post-modification of polymer coatings
for application in patterning and photografting.

The photoradical polymerization of vinyl acetate was performed using 4-
methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl as the mediator in the presence of
bis(alkylphenyl)iodonium hexafluorophosphate (BAI) [28]. It was found that in this
condition: (1) The polymerization proceeds by the living mechanism based on lin-
ear increases in the first-order time—conversion and conversion—molecular weight
plot. (2) The molecular weight distribution increased with the increasing conversion
due to cloudiness of the solution as the polymerization proceeded. (3) The polymer-
ization had a photolatency because the propagation stopped by interruption of the
irradiation and was restarted by further irradiation. It was shown [29] that the combi-
nation of living radical photopolymerization and lithographic techniques can provide
the regiospecificity of graft-polymerized surfaces and precision graft-chain architec-
tures, including their surface graft-chain density, spatio segmental or graded block
chains, molecular shape or configuration segmental density. Via such an approach, it
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was possible to obtain thickness above 100 nm and a linear growth of the thickness
versus irradiation time.

7.3 Nitroxide-Mediated Polymerization Kinetics

The complete kinetic scheme is composed of three stages [6, 7, 30-34].

In Scheme 7.2, kq and kqgq4s are the homolysis rate constants of the initiator
R;R;NOR and of the dormant species, respectively; k. and k.45 are the rate con-
stants for the cross-coupling between the alkyl radicals (the initiating one R* and
the propagating one RMn") and the controlling nitroxide R;R,NO, respectively;
kaqq 1s the rate constant of addition of the initiating alkyl radical R* onto monomer
M; kj, is the propagation rate constant of the propagating radical RMn’; k; the self-
termination rate constants for the C-centered radicals; kqp is the rate constants for the
intramolecular proton transfer (Cope-type elimination) between the initiator and the
dormant species; and k.p the rate constant for the intermolecular H-transfer between
nitroxides and C-centered radicals.

In comprehensive review [7], principle aspects of the NMP kinetics were described
and discussed in separate paragraphs including (1) equations for NMP and the phase

Initiation
R'RNOR —— R'R®NO- + Re (1) kg
R'R’NO+ + R — R'R’NOR () k.
Re+ M > R——M,* (3) kada
Propagation
R'R*NO«+ RM; ——— R'R’NOM,R (4 kegs
R'RZNOM,R ——  R'R?NO«+ RM;  (5) kqus
RM,+ + nM —> RM; ©) &
Termination
Self-termination
Re++ RM,» — dead products (7)) kigs

Cross side-reactions
R'RPNOR ——— R'R®NOH +alkene (8) kyp
R'R’NO- + R*——— R'R?NOH +alkene (9) #k,p

Scheme 7.2 Three-stage scheme for NMP [6]
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diagram approach, (2) evidence of the occurrence of PRE in NMP, (3) importance
of the k., kq, initiation stage, and side-reactions on the fate of NMP. Data on cross-
recombination of nitroxides and alkyl radicals are discussed in Chap. 3. In the review,
equations for the PRE dependence on the quasi-equilibrium constant, affording the
control, the livingness, and the polymerization time were also presented.

Figure 7.1 illustrates the enthalpic and entropic contributions of the various effects
in the NDP homolysis stage.

Effects of the polarity and polarizability on the NDP hemolysis are schematically
described in Fig. 7.2.

One of examples of the occurrence of PRE is the decomposition of the TEMPO-
based alkoxyamine in monocomponent systems initiated in both bicomponents and

Energies for kg

kq Effect from R+/R Effect from Ro;NO+/Ro;NO kg
Enthalpic contributions
- stabilization stabilization /
/ steric steric il or\
7 4 polar polar \
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\ steric steric / 01‘\

Fig.7.1 Enthalphic and entropic contributions of the various effects governing k4 values [7]. Private
communication from Prof. Elena Bagryanskaya
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Fig. 7.2 Energy profile for the solvent displaying the effects of the polarity/polarizability of the
displaying solvent [7]. Private communication from Prof. Elena Bagryanskaya
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monocomponent systems [33]. The following stages are involved in the reaction (1)
the C—ON bond hemolysis in the 2-phenyl-2-(2',2,6’,6'-tetramethylpiperidine-1’-
oxyl)propane (cumyl-TEMPO) 1 afforded an persistent nitroxide and an alkyl radical
PhMe,C' (kq), (2) the latter either cross-recombined (k.) in or self-terminated (k¢),
and (3) the decay of 1 is accelerated in the presence of a free alkyl radical scavenger
galvinoxyl. Solving the kinetic equations predicted the possibility of three different
kinetics regimes, that is (1) very short regime I for less than 0.1 s where a transient
and a persistent radical are generated at the same rate, (2) regime II lasting around
107 s, when the pre-equilibrium is set, and the growth of the nitroxide obeys a ¢!/3
law and the decay of the transient cumyl radical obeys a =3 law; and (3) the third
regime III which would last 107 s with the decays of alkoxyamine 1 and of the cumyl
radical 3 obeying a 1/¢ law.

It was shown [34] that in NMP, the concentration of persistent species obeys a
"3 law (7.1) [7]

3k2 -2k 0\
[13*]:[1>T]§/3-(—dk2 t) 3 (7.1)
C

where [PT]y is the initial concentration of alkoxyamine, kq4 is the rate constant of
alkoxyamine homolysis, k; is the recombination rate constant of transient radicals
T*, and k. is the recombination rate constant for radical T* and persistent radical
P*. In reversible-deactivation radical polymerization (RDRP), the self-termination
stage can be quantified by determining the dead chain fraction (DCF) as given in
(7.2) [35].

. 2
bep — _T1_ 2DPk{in(l — p)] a2
[R—X] [Mlok2t

where [T] is the number of dead chains, [R X] is the number of all initiated chains
[R X], DPy is the decreasing degree of polymerization, p is the conversion (p), and
k¢ and kj, rate coefficients of termination and propagation (kp). [M]o is the monomer
concentration, and ¢ is the reaction time ().

Review [35] describes the methods influencing C—ON bond homolysis without
alteration of temperature are protonation of functional groups in an alkoxyamine,
formation of metal-alkoxyamine complexes, and chemical transformation of
alkoxyamines. These approaches can have a significant effect on the homolysis rate
constant, by a factor of up to 30, and can shorten the half-lifetime from days to sec-
onds. Importance of the side-reactions on the fate of NMP such as the dimerization
and disproportionation of alkyl and polymeric radicals, self-termination reactions
of alkyl radicals, the nitroxide self-decomposition, the intramolecular proton trans-
fer reaction, the thermal decomposition of the alkoxyamine and nitroxides, and the
presence of an additive was also emphasized in [7]. More details on the development
of the kinetic equations and the subsequent consequences are available in papers
[2-7, 34, 36].
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7.4 Surface and Dispersed Systems

Surface-initiated nitroxyl-mediated polymerization (SI-NMP) on either flat or curved
(e.g., nanoparticles) structures has been applied to a diverse range of substrates and
applications including the formation of polymer brushes, and the graft modification
of nanoparticles (organic and inorganic) and renewable polymers to make new hybrid
materials for electronics, optoelectronics, biomedicine, etc. [37-56]. The most signif-
icant peculiarity of the surface-initiated nitroxyl-mediated polymerization (SI-NMP)
is that the local chain concentrations can be much higher than in solution or bulk
[5-9, 12]. In such systems, the initiating and propagating sites are in close proximity,
possibly several nanometers apart, and the polymer chain ends remain constrained
in closer proximity to each other than occurs in homogeneous NMP. Therefore, the
presence of a surface can have a profound impact on the course of polymerization,
including kinetics, chain length distribution, and chain end livingness.

Among the numerous inorganic—organic hybrid materials, silica—polymer hybrid
materials are the most commonly investigated. Grafting of polymer brushes by SI-
NMP has been widely dedicated to surface modification of spherical silica parti-
cles exhibiting cylindrical organized mesopores of 2.5-10 nm [37]. Using three
alkoxyamine chemical structures on the silicon wafers based on TEMPO, SG1 and
TIPNO

>Q< >l\T >J\N P(O)(OEt),
S &

0

TEMPO TIPNO SG1

and the surface pressure during Langmuir-Blodgett (LB) deposition, polystyrene
brushes with grafting densities of 0.3—1.0 chains nm 2 and stretching values of
40-70% were obtained [38]. Other inorganic surfaces subjected to NMP are clays,
Fe;0,4 (Magnetite), c-Fe, O3 (Maghemite), TiO, (titanium dioxide), zinc oxide ZnO
nanoparticles, CuO (cupric oxide), quantum dots cadmium selenide (CdSe) nanopar-
ticles, polystyrene surfaces, multiwalled carbon nanotubes, graphene oxide, and chi-
tosan. A newly designed diazonium-based isoindoline nitroxide was grafted to a
number of carbon allotropes including single and multiwalled carbon nanotubes,
graphene, glassy carbon, and carbon fiber [39]. Synthetic pathway for grafting
of various carbon allotropes with isoindoline nitroxide-free radicals was descried.
Spin-labeled compound
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was also synthesized.

To design higher capacity next generation lithium ion batteries, graphene was
grafted with 4-hydroxy-TEMPO via conventional esterification of its carboxylic
acid groups [40]. The hybrid nitroxide—graphene anode conjugate material possesses
superior lithium storage capacity as a result of its dual reservoir of graphene and the
reversible redox cycling nitroxide.

Though the majority of polymers produced via a radical mechanism in the indus-
try originates from bulk processes, emulsion and miniemulsion polymerizations
together with dispersion polymerization have been also widely studied techniques
in reversible-deactivation radical polymerization protocols (RDRP). Implementation
of polymerization in a dispersible environment is characterized as the row of features
that is especially important at an industrial production. In this process, kinetics is
usually faster, and final conversion and degree of polymerization are higher [41-58].
The concentration of radicals in the entire organic phase of a latex is largely supe-
rior to that of the corresponding homogeneous system. The final product of such
a polymerization in aqueous dispersed media is a latex, suspension of stable nano-
or microparticles that found applications as elastomers, adhesives, paints, and in
biotechnology.

As an example, using oleic acid/potassium hydroxide and alkoxyamine, particles
with diameters less than 20 nm were obtained by conventional radical polymerization
and nitroxide-mediated radical polymerization of styrene conducted in miniemulsion
SG1 [41]. The method was based on miniemulsion polymerization exploiting combi-
nation of the in situ surfactant generation approach whereby the surfactant is formed
at the oil-water interface by reaction between an organic acid and a base and by
ultrasonication. Microemulsions are formed spontaneously upon TEMPO mixing of
oil in water with a very high concentration of surfactant. In emulsions, the initia-
tion can occur in the aqueous phase and leads to the rapid formation of oligomers
reaching a critical length for exclusion from the aqueous phase, in combination with
appropriate concentrations of nitroxide in both aqueous and organic phases [42].
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Fig.7.3 Strategy for the synthesis of hybrid polymer latex/silica particle supracolloidal assemblies

and typical examples of obtained morphologies [44]. Reprinted from [44], Copyright 2012 American
Chemical Society

Sibcapelymer mulnped-hhe particles

Ab initio emulsion polymerizations, in which monomer droplets are present dur-
ing polymerization, droplet polymerization can be responsible for the formation of
large (>1 pm) particles that can lead to coagulum formation. Coagulum-free latexes
can be produced using a TEMPO-mediated ab initio emulsion polymerization by
suppressing droplet polymerization [42].

Overall strategy for the synthesis of hybrid polymer latex/silica particle supracol-
loidal assemblies is schematically illustrated in Fig. 7.3 [43].

Dispersion polymerization operated in an organic solvent and yielded large
particles (200 nm to 10 wm) was accomplished in the presence of a stabilizer
[45]. Diblock copolymers consisting of a poly(acrylic acid) (PAA) segment and
a LCST-type poly(NV,N-diethylacrylamide) (PDEAAm) block were obtained by
nitroxide-mediated polymerization in aqueous dispersion using a water-soluble
macroalkoxyamine. Polymeric nanoparticles, prepared via atom transfer radical
polymerization (ATRP BEFOR) and reversible addition—fragmentation chain trans-
fer (RAFT BEFOR), have gained importance as carrier systems for drugs [46, 47].
About 70 imaging scaffolds, micellar systems as nanostructures for biomedical appli-
cations, and as component in polymer mixtures to change the rheology of materials
were prepared [46]. Polymeric nanoparticles for biomedical delivery applications
were also designed in work [47]. The synthesis of micelles from diblock copoly-
mers consisting of a poly(acrylic acid) (PAA) segment and an LCST-type poly(N,N-
diethylacrylamide) (PDEAAm) block, utilized the water soluble of the SG1-capped
poly(sodium acrylate) macroalkoxyamine, was performed by nitroxide-mediated
aqueous dispersion polymerization. The polymer characterization, physical core
cross-linking of pH- and thermoresponsive dynamic diblock copolymer micelles,
and proposed mechanism for PAA-SGI-initiated DEA Am dispersion polymerization
were reported [45].

The generation of block copolymers micelles from biohybrid polymers of poly(n-
butyl acrylate) (PnBA) and polystyrene using a TIPNO and SGl-based bifunc-
tional initiator in combination with a controlled polypeptide synthetic technique,
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such as N-carboxyanhydride (NCA) ring-opening polymerization was achieved
[48]. The peptide block, poly(L-glutamate) was used as the hydrophilic compo-
nent and the formed vesicles and micelles for the transportation of thermolysin
and elastase. Gemcitabine, a hydrophilic anticancer drug, was linked to an SG1-
based alkoxyamine and served as an initiator for the NMP of isoprene which
led to stable nanoparticles of 130—-160 nm in diameter with narrow particle
size distribution and great colloidal stability [49]. A perfluorinated SG1-capped
macroalkoxyamine at 90% conversion was synthesized in supercritical carbon diox-
ide (scCO;) by MAMA-initiated homogeneous polymerization of heptadecafluo-
rodecyl acrylate and used to initiate the polymerization and simultaneously sta-
bilize the particles. Polymerization of styrene at 110 °C in the presence of a
large excess of nitroxide was carried out [51]. TIPNO (2,2,5-trimethyl-4-phenyl-
3-azahexane-3-nitroxide)-alkoxyamine was used for nitroxide-mediated precipita-
tion polymerizations of styrene in supercritical carbon dioxide (scCO,) [52]. Under
the same conditions, the analogous SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-
dimethylpropyl)nitroxide)-alkoxyamine gave higher rates of polymerization and
inferior controlled/living character. All polymerizations proceeded at a similar
rate and level of control to the TIPNO system in solution toluene. Suspen-
sion polymerization was proved as a route to the synthesis of poly(methacrylic)
resins with controlled molecular weight and complex macromolecular architec-
tures [53]. Using 3-(((2-cyanopropan-2-yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-
phenylpropanenitrile, the synthesis of methacrylic homopolymers by nitroxide-
mediated suspension polymerization was carried out. Both methyl methacrylate
and n-butyl methacrylate were successfully polymerized and showed the narrow
molecular weight up to 100,000 g/mol. Dialkoxyamine bearing two carboxylic acid
groups was synthesized and used as an initiator for the bulk polymerizations of
n-butyl acrylate and styrene [54]. Very stable latexes were obtained with small
particles and narrow particle size distributions employing the sodium salt counter-
part as a water-soluble initiator in the emulsion polymerizations of n-butyl acry-
late and styrene via a multistep process. As a result, well-defined poly(n-butyl
acrylate) and polystyrene-b-poly(n-butyl acrylate)-b-polystyrene triblock copolymer
were synthesized.

In review [55], progress by 2012 in living radical polymerization (LRP) disper-
sions was presented with a discussion of outstanding issues and challenges as well as
the outlook for adoption of LRP dispersions by industry. It was stressed that conduct-
ing LRP within nanoparticles enables faster reaction times and will provide better
control over the polymer livingness; it also has the potential in the control of the
particle mesostructure and microstructure.

Statistical NMP copolymerizations of a-gamma butyrolactone methacrylate, 3-
hydroxy-1-adamantyl methacrylate, and 2-methyl 2-adamantyl methacrylate with
5-10 mol% of controlling comonomers (i.e., styrene, p-acetoxystyrene, 2-vinyl
naphthalene, acrylonitrile, and pentafluorostyrene) were accomplished [56]. All of
the resulting copolymers have relatively low dispersities and show relatively low
absorbance at 193 nm. Reported in [57], emulsifier-free emulsion iodine transfer
polymerization of styrene with self-assembly nucleation was comprised with the
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following stages: (1) poly(methacrylic acid) (PMAA) was synthesized in dioxane
at 40 °C, (2) dioxane solution of PMAA37-I and styrene were added stepwisely
under stirring into an aqueous solution(pH ~ 9), and (3) emulsion was initiated by
adding 4,4’-azobis(4-cyanopentanoic acid) at 60 °C. Stable polystyrene emulsion
was obtained without coagulation.

The first nitroxide-mediated synthesis of multipod-like silica/polymer latexes
by polymerization-induced self-assembly of amphiphilic block copolymers in
aqueous emulsion was reported [58]. A water-soluble brush-type PEO-based
macroalkoxyamine initiator composed of poly(ethylene oxide) methacrylate and a
small amount of styrene was synthesized and adsorbed on the surface of silica par-
ticles through hydrogen-bonding interactions and employed to initiate the emulsion
polymerization of n-butyl methacrylate with a small amount of styrene under mild
conditions (85 °C).

7.5 NMP in Creation of Complex Macromolecular
Architectures

Data on controlled radical polymerization (CRP) of inimers or transmers (com-
pounds chain transfer group and vinyl group in one molecule) for the synthesis
of hyperbranched polymers were published [59—63]. Inimers and transmers carry
numerous functional groups could be homopolymerized, or copolymerized with
monovinyl monomers, using nitroxide-mediated polymerization producing hyper-
branched polymers and hyperstar polymers with tunable molecular weights, compo-
sitions, and degree of branching. CRP-produced hyperbranched can be applied for
encapsulation of guest molecules, nanomedicine, diagnostic imaging, and catalysis.
A typical example of production of CRP-produced hyperbranched dendric
polystyrene polymers is the first bulk chain transfer polymerization of styrene with
4-vinylbenzyl dithiobenzoate [60]. Starting from diblock copolymer [poly(vinyl
acetate)-b-poly(acetonitrile)] that was endcapped by a labile cobalt complex, general
structures of transmers to produce hyperbranched polymers were obtained. One way
to construct complex macromolecular architectures was based on employing func-
tional nitrones, for example, (a-4-(3-(trimethylsilyl)prop-2-ynyloxy)-N-tert-butyl
nitrone (Fig. 7.4) [59]. This nitron was used to introduce a secondary functionality
in the midchain position of a chain, which can be an alkyne for by copper-assisted
azide alkyne cycloaddition or an N-hydroxysuccinimide ester for bioconjugation.
Using nitrone spin capturing with PBN derivative, the diblock copolymer
[poly(vinyl acetate)-b-poly(acetonitrile)], endcapped by a labile cobalt complex, was
obtained from cobalt-mediated radical polymerization (CMRC) [61]. CMRC-derived
polymers were efficiently trapped by the nitrone, leading to symmetrical alkyne-
functionalized triblock copolymers. By reaction with a homotelechelic poly(ethylene
glycol) azide, the synthesis of H-shaped polymers via a combination of CMRP and
NMRC followed by CuAAC conjugation was performed. An approach to grow dense
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polymer brushes via SI-NMP from an ultrathin polymer coating was introduced
(Fig. 7.5) [62]. The synthesis of NMP inimer M1 comprised three consecutive syn-
thetic steps was described. A new NMP inimer of ethylbenzene-TEMPO derivative
to grow polymer brushes via SI-NMP was designed and employed to afford poly-
mer brushes with controlled molecular weights and low dispersity. Surface-initiated
nitroxide-mediated polymerization (SI-NMP) was conducted to grow polystyrene
(PS) brushes on the coating with a sacrificial layer designed to cleave the brushes
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Fig. 7.5 Substrate-independent approach to dense cleavable polymer [63]. Reprinted from [63],
Copyright 2018 American Chemical Society
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Fig. 7.6 Schematic illustration for the SI-NMP of polystyrene (PS)PS. Surface modification with
polymer brushes is an attractive method for tuning of physical and chemical properties of interfaces
such as wetting, adhesion, electronic, catalytic, or biological activity [64]. Reprinted from [64],
Copyright 2017 American Chemical Society

The brushes are grown on an inimer coating cross-linking and bearing nitroxide-
mediated polymerization (inimers and glycidyl methacrylate (Fig. 7.5). The cleaved
brushes have larger molecular weights than the corresponding free polymers.

Figure 7.6 shows an overview of the SI-NMP strategy including the following
steps to create bilayer polymer brushes: (1) P1 was thermally cross-linked to form
an inimer coating which provided high-density NMP initiators on the substrate. (2)
Then, a layer was designed to be a sacrificial layer. (3) The second brush layer is
released [63].

Therefore, the regiospecificity of graft-polymerized surfaces and precision graft-
chain architectures, including their surface graft-chain density, spatio segmental den-
sity, segmental or graded block chains, molecular shape or configuration, can be
accomplished.

7.6 NMP and Polymer Materials

Over the past two decades, NMP is widely used for designing numerous organic elec-
tronic devices, nanoporous membranes, and other technologies [8, 64—73]. The use
of NMP can result in homopolymers and copolymers that are characterized by having
a narrow molecular weight distribution providing a high quality of produced mate-
rials. Chromatography, pharmaceutical purification and filtration, high surface area
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catalysis, microelectronics, imprint lithography, and others are fields of application
of nanoporous membranes and nanoporous surfaces.

In work [64], a facile reaction method for incorporation of (TEMPO group into
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) chains through the atom transfer rad-
ical coupling reaction has been elaborated. The TEMPO-functionalized PPO (PPO-
TEMPO) was used as a macroinitiator for NMP of styrene to result in the corre-
sponding PPO-g-PS graft copolymers and to carry out a thermally induced self-cross-
linking reaction through radical coupling. The cross-linked PPO enhanced mechani-
cal properties, reduced oxygen permeability coefficient, and provided low dielectric
constant and low dissipation factor. Reaction route for incorporation of TEMPO
groups to poly(2,6-dimethyl-1,4-phenylene oxide) chains through an atom transfer
nitroxide radical coupling reaction was indicated in a scheme. The authors suggested
that the obtained materials have high potential for application in dielectric layers
of microelectronic. TEMPO was also used to synthesize poly(4-hydroxystyrene)
homopolymers possessing preferred absorption characteristics in the UV range (220—
260 nm) [66]. Using NMP, well-defined narrowly disperse glycidyl methacrylate
(GMA) and pentafluorostyrene (PFS) random copolymers for application in pho-
toresists were synthesized employing NMP. The polymer was proved to be amenable
to aqueous base microlithographic fabrication technologies. Poly(styrene)-block-
poly(ethylene oxide) [poly(S)-block-poly(EO)] and other block copolymers were
demonstrated to be suitable materials for nanoporous membranes and templates,
what is the basis for the next generation of photonics including polymer waveg-
uides, materials for lithography, etc. [67]. Role of NMP in polymer templating was
reviewed.

Poly(S) nanoporous membrane, coated with terpyridine groups, was prepared
[68]. The preparation was carried out by the following stages: (1) the synthesis of
functional terpyridine poly(S) homopolymers by NMP and coupling them to other
terpyridine functional poly(EO) homopolymers by forming nickel-terpyridine com-
plexes, (2) the resulting block copolymers self-assembled into a thin film with hexag-
onal morphology and were treated with a competing ligand, and (3) these ligands
reacted with the poly(S) blocks resulting in the dissolution of free poly(EO) blocks. A
formation of microporous thin films that made self-assembled poly(ethylene oxide)-
block-poly(styrene) was schematically illustrated. Obtained materials can be utilized
for further heterogeneous surface reactions.

Employing NMP, microporous thin films were made from acid cleaving and
washing of a thin film of self-assembled poly(ethylene oxide)-block-poly(styrene)
[poly(EO)-block-poly(S) [69]. The used breath figure technique is based on the prin-
ciple of a solution evaporating in the presence of wet air, which results in the polymers
self-assembling around the drying water droplets. A mixture of styrene and a styrenic
p-conjugated oligo(fluorene) side chain was polymerized in the presence of fluoromi-
casilicate layers [70]. A cation exchange between the silicate layers and amine func-
tional TEMPO molecules followed by a polymerization of the styrenic monomers
in the presence of this hybrid TEMPO-containing surface was investigated. The
obtained polymer exhibits in the solids a blue photoluminescence.
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7.7 Nitroxide on Inorganic Templates

For high temperature and electronic applications, block copolymers can be used
as a template for the nanofeatured design of inorganic materials, to make sil-
icon oxide hierarchical nanostructures, for example, utilizing self-assembly of
silicon-containing block copolymer. On this way, a series of silicon-containing
styrenic polymers and block copolymers by narrow molecular weight distribu-
tion (Mw/Mno1.2) was synthesized and exposed the final materials to an oxygen
plasma [71]. Poly(styrene-ran-acrylonitrile)-block-poly(EO)-block-poly(styrene-
ran-acrylonitrile) [poly(S-ran-AN)-block-poly(EO)-block-poly(S-ran-AN)] block
copolymers were prepared [72]. It was found that when spin coating the resulting
polymers from different solvent mixtures occurred free-standing nanoparticle films
were obtained.

Proton exchange membranes or polymer electrolyte membranes (PEMs) allow the
transfer of protons while preventing the passage of reactive gases such as hydrogen
and oxygen. These materials are an integral part of the modern fuel cell. Star polymers
of sodium styrenesulfonate with regulated, molecular weight, arm length, narrow
polydispersity, and with variable amounts of SO3;OH groups were prepared in a
one-pot TEMPO-controlled polymerization [73]. Poly(sodium styrenesulfonate) was
terminated with divinyl benzene, and star polymers were produced via stable-free
radical coupling of vinylic terminal groups. The polymers based on arms of 20 and
32 repeat units possessed ~33 and ~41 arms per star, respectively. Micrographs of
copolymer membranes: (poly(styrene)-graft-poly(styrene sulfonate) (poly(S)-graft-
poly(S)SA) and poly(styrene)-ran-poly(styrene sulfonate) (poly(S)-ran-SSA) were
obtained.

Ionic liquids are thermally stable, with negligible vapor pressure. Polymerizing
an ionic liquid-containing monomer allows for the combination of the ionic lig-
uid properties with the desirable polymer mechanical properties. These polymers
are potential candidates for next generation ion conducting membranes, polymer
electrolytes, and other electrochemical applications. NMP has been utilized to incor-
porate ionic liquid-containing monomers into a copolymer [74]. As an example,
using Bloc-Builder-MA as the initiator, the controlled homopolymerization of N-
vinylimidazole as well as a styrenic derivative, 1-(4-vinylbenzyl)-imidazole (ionic
liquid-containing monomers), was accomplished [75]. A difunctional alkoxyamine
NMP initiator based on SG173
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was employed for the synthesis of an imidazole-based ABA triblock copolymer.

7.8 NMP for Organic Electronics and Other Devices

Over the past two decades, significant progress has been made in the performance
of relatively more complex organic optoelectronic devices, such as organic light-
emitting diodes (OLEDs), thin film transistors (OTFT), and organic photovoltaic
(OPV) devices [40, 76—-84]. Morphology, photophysical properties, electrochemical
behavior and BHJ organic photovoltaic device performance of poly(vTPA)-block-
poly(PerAcr), coil—coil block copolymer synthesized by NMP, and poly(vTPA) and
poly(PerAcr) homopolymers have been evaluated [76].

Donor—acceptor rod—coil block copolymers—acceptor block copolymers, com-
posed of poly(3-hexylthiophene) homopolymers were synthesized by NMP, uti-
lizing the poly (3-hexylthiophene) macroinitiator to homopolymerize a pery-
lene diimide acrylate [77]. The resulting donor—acceptor block copolymers were
characterized by having a narrow molecular weight distribution of 1.2-1.4.
Obtained copolymers showed efficient photoluminescence quenching in the solid
state, indicative of charge separation, and were employed to produce a solar
cell with power conversion efficiency of 0.49%. The viability of three dif-
ferent synthetic pathways to achieve poly[1-(4-vinylbenzyl)-3-butylimidazolium
bis(trifluoromethylsulphonyl)-imide-co-methyl methacrylate] (poly(VBBI*TFSI™-
co-MMA)) was explored including direct NMP polymerization of the ionic liquid
monomer (VBBI*TFSI™) and post-functionalization of precursor polymer poly(4-
vinylbenzyl imidazole-co-methyl methacrylate) [78]. A full synthetic, kinetic, and
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compositional comparison between methods was described. In the first exam-
ple of plasmon-assisted NMP of stimuli-responsive block copolymers poly(N-
isopropylacrylamide)-co-4-vinylboronic acid, the growth of a polymer film at room
temperature was achieved via plasmon-induced homolysis of alkoxyamines cova-
lently attached to the surface of plasmon-active gold gratings at room temperature
[79]. EPR and other assays provided strong support for the plasmon-initiated mech-
anism of NMP. The resulting polymers are of interest as potential materials for
electronics. NMP has also been employed to synthesize well-defined poly(2-(N-
carbazolyl)ethyl acrylate) [poly(VAK)] homopolymers, which were subsequently
used as effective polymer hosts for blue and blue—green-emitting phosphor-based
device [80].

Electrical memory is inherently fast compared to other memory storage devices,
such as hard drives, floppy disks, DVDs, or CDs. The memory cell is an elec-
tronic circuit that stores one bit of binary information, and it must be set to store
a logic 1 (high-voltage level) and reset to store a logic 0 (low-voltage level).
Polymer-based memory devices comprising with memory cells can provide fast
digital electrical memory. NMP can be used to synthesize polymers for applica-
tions in memory devices. An oxadiazole-containing brush polymer, poly-((5-phenyl-
1,3,4-oxadiazol-2-yl-[1,10-biphenyl]carboxyloxy-(n-nonyl acrylate) was synthe-
sized using st-TIPNO [81]. The material exhibits volatile or non-volatile mem-
ory behavior based on the packing of the oxadiazole molecules within the polymer
film, which could be controlled with subsequent annealing steps. Authors of work
[82] employed NMP for the synthesis of a series of random copolymers contain-
ing pendant electron-donating 9-(4-vinylphenyl)carbazole and electron-accepting
2-phenyl-5-(4-vinylphenyl)-1,3,4-oxadiazole or 2-(4-vinylbiphenyl)-5-(4-phenyl)-
1,3,4-oxadiazole with various copolymer ratios. It was found that when building
simple anode/polymer/cathode devices, the electrical switching behavior could be
tuned through the donor—acceptor ratio. Thus, these copolymers exhibit memory
behavior.

Over a decade ago, it was estimated that controlled radical polymerization would
be a $20 billion market [83]. Based on the use of the Bloc-Builder alkoxyamine, the
range of polymeric products was developed by the chemicals and advanced materials
company (ARKEMA). Various all-acrylic poly(methyl methacrylate)-poly(n-butyl
acrylate)-b-poly(methyl methacrylate) (MAM), triblock copolymers were produced
at industrial scale.

To design higher capacity next generation lithium ion batteries, graphene was
grafted with 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-hydroxy-TEMPO)
via conventional esterification of its carboxylic acid groups [40]. When applied as the
anode material for lithium ion batteries (LIBs), TEMPO-G exhibited a high reversible
capacity with cycling stability for lithium storage in terms of 1080 mA h g~! at a
current density of 100 mA g~! after 400 cycles. Thus, the resultant 4-hydroxy-
TEMPO-functionalized graphene (TEMPO-G) was revealed to consist of an electri-
cally conducting network of graphene sheets with abundant electrochemically active
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nitroxide radical functionalities. The grafting reagents and conditions were described
in details, and unwanted dissolution of nitroxide radicals in the electrolyte was also
discussed.

7.9 NMP and Materials for Biomedical Applications

Polymer derived from the nitroxide-mediated polymerization, glycopolymers, bio-
conjugates, nanoparticulate, systems, and polymer nanocomposites have been recog-
nized as biomaterials [22, 85-91]. The main requirement for these materials is com-
patibility with biological and medical objects. Another avenue to use these polymers
is their biologic activity.

In work [86], poly(2-(b-D-galactosyloxy)ethyl methacrylate-costyrene)-3-
polystyrene (P(GalEMA-co-S)-b-PS) amphiphilic block copolymers were obtained
from SGl-mediated polymerization of glycomonomer G10, using either
P(AcGalEMA-co-S)-SG1 or PS-SG1 macroinitiators, followed by deacetylation
of AcGalEMA moieties. The polymer was used to prepare honeycomb-structured
porous films with bioactivity (Fig. 7.7). A fluorophore was conjugated with the sugar
moieties on the porous film, and proteins were conjugated to glycopolymer inside
the pore.

The combination of synthetic polymers with polypeptides has paved a way toward
innovative materials with unprecedented properties [22, 87-90]. For example, the
covalent linkage of poly(ethylene glycol) (PEG), a hydrophilic and flexible poly-
mer, to poly(peptide)-based therapeutics resulted in the synthesis of bioconjugates

Fig. 7.7 Schematic presentation formation of porous films with a fluorophore conjugated with the
sugar moieties on the porous film and proteins conjugated to glycopolymer inside the pore [86].
Reprinted from [86], Copyright 2009 American Chemical Society
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exhibited improved biodistribution and pharmacokinetics, high stability and solubil-
ity, reduced immunogenicity and longer plasma half-lives due to both reduced renal
filtration and proteolysis [87]. An SG1-functionalized peptide (SG1-GGGWIKVAV)
was also constructed by solid-phase peptide synthesis SPPS followed by the direct
attachment of the Bloc-Builder alkoxyamine to the terminal amine group of the
peptide in the presence of PyBOP as the coupling agent [22].

The conjugation of preformed polymer to free peptides and proteins relied on
the design of a-functional comb-shaped polymethacrylates with PEG side chains
from NMP of OEGMA with a few percent of acrylonitrile initiated by SG1-based
alkoxyamines bearing an N-hydroxysuccinimidyl moiety was achieved [88]. The
polymers exhibited tunable reactivities toward nucleophiles. Copolymers derived
from the SG1-based alkoxyamine can be quantitatively coupled with small molecules
and a neuroprotective peptide; whereas, partial conjugation was obtained with
lysozyme. a-functional, fluorescent comb-shaped polymethacrylates with PEG side
chains for bioconjugation purposes were designed. Reversible switching of the activ-
ity in the conjugates was demonstrated. The preparation of block copolymers of
PNVP and polypeptides (PNVP-b-PBLG, PNVP-b-PBLL and PNVP-b-PBLG-b-
PBLL), with PBLL for poly(tert-butyloxycarbonyl-L-lysine) in a sequential fashion
was performed using 4-Amino-TEMPO [89].

Carboxybetaine monomers differing in intercharge separating spacer groups were
synthesized, and nitroxide-mediated free radical polymerization was conducted using
alkoxyamine initiators with hydrophobic (TEMPO) and hydrophilic (8-phosphonate)
terminal groups (Fig. 7.8) [90]. The effect of the charge, hydration, and end groups
for corresponding films attached to silica surfaces on absorbed protein conformation
was studied with three plasma proteins, lysozyme, bovine a-lactalbumin, and human
serum albumin.

~/
o . N . . N\
- A -4
e L .
N s

Fig. 7.8 Combination of non-fouling properties with integrated biomimetic cell adhesive end
groups on silica surfaces and silica particles SiNP [91]. Reprinted from [91], Copyright 2011
American Chemical Society
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Well-defined PMMA-rich P(MMA-co-AN) copolymers using the nitroxide-
mediated controlled/living free radical polymerization of methyl methacrylate ini-
tiated by the SGl-based alkoxyamine Bloc-Builder were prepared [91]. It was
found that a minimal amount of acrylonitrile turns the nitroxide-mediated poly-
merization of methyl methacrylate into the controlled/living system. The poly-
mer structure was characterized by 'H, '*C, and *'P NMR technics. Detrembleur
et al. [92] made nitroxide-mediated polymerization of methacrylates at moder-
ate temperature straightforward by preparing and isolating the methyl 2-methyl-
3-nitro-2-nitrosopropionate (NMMA). Nitrone (a-phenyl-N-tert-butylnitrone PBN)
was involved in the homopolymerization of a variety of methacrylates by an NMP
process at moderate temperature (40-50 °C). The combination of a low-temperature
azo-initiator with a hindered nitroso-compound produces a mixture of hindered
nitroxides in the polymerization medium that act as efficient polymerization control
agents. Results of ESR spectroscopy experiments combined with mass spectrometric
studies support the proposed in situ NMP mechanism.

Water-soluble nitroxides based on 1,1,3,3-tetramethylisoindolin-2-oxyl and
1,1,3,3-tetraethylisoindolin-2-oxyl with an ionic group on the aromatic ring (either
a quaternary ammonium or a sulfonate substituent) and TEMPO were tested as
mediators in the controlled free radical polymerization of sodium 4-styrenesulfonate
carried out in water at 130 °C [93]. It was found that the steric hindrance at the
nitroxide site (ethyl or methyl substituent) had a much larger influence on the acti-
vation—deactivation equilibrium than the type of ionic group. For nitroxides bearing
four ethyl substituents, the equilibrium constant was one order of magnitude larger
than that obtained for nitroxides with four methyl substituents. Controlled radical
polymerization (CRP) of inimers or transmers for the synthesis of hyperbranched
polymers was summarized in review [94]. Data on nitroxide-mediated polymer-
ization (or reversible addition—fragmentation chain-transfer (RAFT) polymerization
techniques, producing hyperbranched polymers and hyperstar polymers with tunable
molecular weights, compositions, and degree of branching were also reviewed.

The ability of NMP to reduce the dispersity, to increase chain end homogeneity,
to synthesize block copolymers that could self-assemble, to tether the polymers to
surfaces, and to incorporate novel functional monomers has been well documented.
Aforementioned data showed that the use of NMP was explored in numerous appli-
cations, such as organic electronics nanoporous templating, photoresists, and mem-
branes for fuel cells. Thus, nitroxide-mediated polymerization (NMP) is a robust and
industrially relevant technique.
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Chapter 8 ®)
Nitroxides as Materials Check for

8.1 Introduction

Paramagnetic nitroxides show a fairly robust nature and bidentate character, and
therefore, have found various practical applications [1-14]. Metal-free paramag-
netic soft materials bearing nitroxides exhibit a unique dynamic, magnetic, and
electrical behavior induced by applied magnetic fields at high inhomogeneous inter-
molecular contacts due to the molecular motion and coherent collective properties
of molecules in the soft phases temperatures. Advanced chemistry techniques permit
structural modifications in order to fine-tune their physical. The synthesis and devel-
opment of organometallic-based magnetic materials are of great interest to current
research because of their possible technological applications in recording, quantum
computing, molecular spintronics, and high-density data storage.

Starting from pioneering work of Gatteschi groups [13], complexes paramagnetic
metals with the nitronyl nitroxide-based ligans have received much attention after
being successfully implemented as potential building blocks for molecular magnetic
materials. The pure organic nitroxide liquid crystals [3—7, 10] have great advan-
tage for directly obtaining microscopic information on dipole—dipole interactions
and exchange coupling of paramagnetic centers, p—p interactions, hydrogen bond-
ing, the molecular orientation, relative molecular position, and intermolecular mag-
netic interactions in the LC phases by the use of electron paramagnetic resonance
(EPR) spectroscopy, X-ray diffraction, neutron scattering, and optical techniques.
Metal-free paramagnetic soft materials bearing nitroxides exhibit a unique dynamic
magnetic and electrical behavior induced by applied magnetic fields at high inho-
mogeneous intermolecular contacts due to the swift molecular motion and coherent
collective properties of molecules in the soft phases temperatures. Advanced chem-
istry techniques permit structural modifications in order to fine-tune their physical
properties.
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8.2 Nitroxide Bearing Liquid Crystals

4-Nitrophenylnitronyl nitroxide (NPNN) was the first pure organic ferromagnet [10].
From the measurements of magnetization of magnetic susceptibility and heat capac-
ity, the y-phase crystal of 2-(4'-nitrophenyl)-4,4,5,5-tetramethyl-4 5-dihydro-1H-
imidazol-1-oxy-3-N-oxide was shown to become a bulk ferromagnet below about
0.65 K. These organic nitroxide radical crystals lost ferromagnetic behavior above
the Curie—Weiss temperature 7. which did not exceeded 1.46 K.

Magneto-electric or magneto-optical properties in the nitroxide liquid crystal (L.C)
state afford the following possibilities [11-14]: (i) formation of magnetic domains in
applied magnetic fields, (ii) occurrence of interactions between magnetic dipole and
electric dipole moments (magneto-electric effects) in the ferroelectric LC state, (iii)
realization of paramagnetic susceptibility anisotropy (Apara)-controlled molecular
orientation by weak magnetic fields, and (iv) providing ferroelectricity. The latter
is a characteristic of certain materials that have a spontaneous electric polarization
that can be reversed by the application of an external electric field. Liquid crys-
talline phases combining fluidity and anisotropy are considered to be non-equilibrium
dynamic states due to the molecular motion and the coherent collective properties of
molecules in the LC state. Accordingly, they are sensitive to external stimuli, such
as heat, light, temperature, pressure, electric, or magnetic field, and added chiral
dopants, etc.

The various complexes using 3d and rare earth/4f/5f-metal ions such as cobalt(II),
nickel(Il), manganese(Il), copper(Il), and so forth and nitronyl nitroxide radicals have
been synthesized and extensively studied using inelastic neutron scattering, electron
paramagnetic resonance (EPR) spectroscopy, and magnetization measurements [ 14].

Another area of application of nitroxide as potential materials could be magnetic
organic chains containing nitroxide groups. As it was predicted in [15], these poly-
mers may be a basis for a device which acts as effective spin filter and for other
spintronic constructions. The organic paramagnetic compounds nitroxides also have
a great potential as magnetic resonance imaging (MRI) contrast agents.

Tamura group [11], reported in 2014 the preparation and magnetic properties
of the first example of the second generation of paramagnetic all-organic rod-like
liquid crystal (LC) compounds. Specifically, the LC contains a chiral cyclic nitroxil
(PROXYL) unit in the mesogen core and shows various chiral and achiral phases
over a wide temperature range. The molecular orientation of the bulk liquid crystals
generated ferroelectric properties induced by weak magnetic fields was confirmed
by magnetic susceptibility measurements and EPR spectroscopy.

The next fundamental step in this area was made by the same group in [16] when
first observation of an unusual intermolecular magnetic interaction in the liquid crys-
talline state of an all-organic radical compound at 73 °C on water was demonstrated.
The magnetic interaction allows the LC droplet to move freely on water under the
influence of an ordinary permanent magnet (Fig. 8.1); whereas, the crystalline phase
did not respond to the magnet. Experimental results on the magnetic field depen-
dence of magnetization measured on a SQUID magnetometer, and the temperature
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(a)

magnet

hot water

Fig. 8.1 Motion of LC droplets on water under the action of a permanent magnet (maximum
0.5 T). a Schematic representation of the experimental setup for observing the attraction by a
permanent magnet of a paramagnetic LC droplet on water in a shallow laboratory dish. b Photographs
showing the attraction of the yellow paramagnetic N droplet of -1b on water at 73 °C to the magnet.
¢ Photographs showing the repulsion of the white diamagnetic N droplet of ZLI-1132 (Merck) on
water at 25 °C from the magnet [16]. Reprinted from [16], Copyright 2012 American Chemical
Society

dependence of g-value, and peak-to-peak line width (AH ;) obtained by EPR spec-
troscopy showed the ferromagnetic effect which was discussed in terms of spin—spin
dipole and exchange interactions [16].

This material exhibits of spin glass-like inhomogeneous ferromagnetic interac-
tions (average spin—spin-exchange interaction constant J > 0) induced by weak mag-
netic fields in various chiral and achiral LC phases at high temperatures (30-150
1C). The origin of such unique magnetic interactions was referred to as positive
‘magneto-LC effects. The synthesized second generation of chiral NR molecules
satisfies the following four mandatory requirements having: (1) a nitroxyl group
with a large electric dipole moment (ca. 3 Debye) and known principal g-values (g,
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8yy» 8z2)» (2) high thermal stability, (3) the rigid core of LC molecules, and (4) both
enantiomerically enriched and racemic samples.

In work [17], the generation of spin glass-like inhomogeneous magnetic interac-
tions (the average spin—spin interaction constant: _J > 0 or J < 0) was referred to
as positive or negative magneto-LC effects, respectively. To clarify the relationship
between positive or negative magneto-LC effects with spin—spin interaction constant
(J >0or _J <0, respectively) and magnitude of magneto-LC effects and the types
of rod-like LC phase and molecular structure, compounds with a terminal formyl
group were synthesized and investigated.

CHO

2a(n=10)"
2b (n=18)

The following measurements were carried out: (i) the temperature dependence of
molar magnetic susceptibility () ) measured on a SQUID magnetometer and (ii)
the temperature dependence of relative paramagnetic susceptibility () ), g value,
and peak-to-peak line width (AH ;) of EPR spectra. The origin of observed positive
magneto-LC effects (J > 0) operating in the SmA* and N* phases was interpreted in
terms of the generation of ferromagnetic head-to-tail spin—spin dipole interactions;
whereas, antiferromagnetic interactions (J > 0) arising from the formation of the RS
magnetic dipolar interaction were responsible for the negative magneto-LC effects
in the N phase.

To elucidate the relationship between the ferroelectricity which is a characteristic
of materials that have a spontaneous electric polarization and positive magneto-LC
effects of (25,55)-1 composed of nitroxide, the electric field dependence of EPR
spectra of (25,55)-1 confined in a surface-stabilized liquid-crystal cell was measured
[18].

The influence of the electric fields on the positive magneto-LC effects in the
FLC phase of nitroxide (2S5,55)-1 was evaluated by measuring the electric field
dependence of g-value (g), paramagnetic susceptibility () para), and the peak-to-peak
line width (AH ;) of the EPR spectra. By the application of electric field between
+25 and —25 V, two magnetic bistable states resulted from the anisotropy in
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spin—spin dipole interactions were observed. Spin—spin dipole interactions between
localized spins in the FLC phase were illustrated in a scheme.

To investigate the effects of the gelator on the positive magneto-LC effects
observed in the nematic phase of (£)-1 and the molecular alignment of (£)-1 in
the resulting nematic gels, liquid crystalline physical gels which consist of a chiral
racemic nitroxide radical compound (4)-1 indicating a nematic phase and a diamag-
netic, chiral organic gelator (R,R)-2 were prepared [4]. Experiments showed that (1)
the increasing amount of the gelator decreased the domain size, (2) the molecular
reorientation by a magnetic field (0.34 T) was considerably restricted in the nematic
gel phase, and (3) the intermolecular magnetic interactions (positive magneto-LC
effects) increased in the fine and random nematic polydomain structure formed by
self-assembled fibers of organic gelator molecules.

OR
1a: R=CsH;4, 1b: R=CgH,3 2

The magneto-responsive discotics formed by covalently linking triphenylene with
TEMPO or PROXYL molecular radicals have been evaluated for the first time [19].
The phase transition behavior of the discotics was determined with the help of a
polarizing optical microscope (POM), differential scanning calorimeter (DSC), and
X-ray diffraction (XRD). The measurements in the fluid columnar, frozen columnar,
and solid states using a SQUID susceptometer in the temperature range 2-300 K
revealed the antiferromagnetic intermolecular interactions of Curie—Weiss behavior.

O

0© I;-;Ie 0O,
(S.S.S,5)-3 (99% ee) Oé\@ocwm;

C1eH3:0

The preparation of liquid crystalline chiral biradical nitroxide (S,S,S,5)-3 as the
first all-organic biradical LC compound which showed large magneto-LC effects
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in the chiral nematic (N*) phase was performed [20]. The (S,S,S,5)-3 properties
and phase transition behavior of (S,5,5,5)-3 were characterized by EPR spectro-
scopic analysis, x\ measurement, differential scanning calorimetry, polarized opti-
cal microscopy, and X-ray diffraction analysis. It was suggested that the occurrence
of large positive magneto-LC effects originates from increased intermolecular spin—
spin exchange and dipole interactions due to inhomogeneous intermolecular short
contacts in the biradical N* phase. The biradical (S,S,S,5)-3 has shown much larger
positive magneto-LC effects in the chiral nematic (N*) phase than the monoradical
(8,5)-1. Scheme illustrated molecular structure of (S,S,5,5)-3 and LC superstructure
in the N* phase.

The observation of a unique superparamagnetic-like behavior and a large positive
magneto-LC effect in the nanocrystalline solid phases and the hexagonal columnar
(Colh) and smectic (Sm) LC phases, respectively, of non-w-delocalized nitroxide
diradical compounds 1 was reported [21]. The SQUID magnetization measurement
revealed that (R,S)-1 containing a small amount of racemic diastereomers (R*,R*)-
1 possessed an unusual and large temperature-independent magnetic susceptibility
(xtmm > 0) component in the original nanocrystalline solid 1 that was responsible
for the observed superparamagnetic-like behavior under low magnetic fields.

The mesonitroxide diradical (R,S)-1 was prepared by the condensation of the
dicarboxylic acid (R,S)-2, which was derived from the bisnitrone, and two equivalents
of 2-[3,4,5-tris(hexadecyloxy)phenyl]ethanamine (5) using 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM), and a catalytic amount
of N-methylmorpholine (NMM) in dichloromethane [21]. The following three new
important findings that elucidate the origin of the superparamagnetic-like behavior
and positive magneto-LC effect under low magnetic fields were observed: (1) The
achiral mesoorganic diradical (R,S)-1 with an intramolecular spin—spin-exchange
interaction at low temperatures showed a unique phase transition behavior. (2)
By SQUID magnetization measurement, it was revealed that (R,S)-1 containing
small amount of racemic diastereomers (R*,R*)-1 possessed a large temperature-
independent magnetic susceptibility (x i > 0) component in the original nanocrys-
talline solid which was responsible for the observed superparamagnetic-like behavior.
(3) Such unique magnetic phenomena were substantially induced by thermal pro-
cessing for (R,S)-1 or by adding a small amount of racemic diastereomers (R*,R*)-1
to (R,S)-1 as the impurity. The origin of aforementioned magnetic phenomenon in
terms of the formation and enlargement of magnetically inhomogeneous domains in
the solids and LC phases was discussed.

The aim of work [22] was to obtain the detailed structural information of mag-
netic LC phases composed of nitroxide from analysis and the shape and angular
dependence of EPR spectra of paramagnetic LC materials.
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The analysis carried out using the density functional theory calculations of
spin density distribution in the interacting molecules based on the crystal structure
(Fig. 8.2) and allowed to reveal the origin of the positive magneto-LC effects. The
obtained structural data indicated that spin polarization interactions between neigh-
boring molecules rather than the direct through space interactions between param-
agnetic centers are responsible for the specific magnetic properties of the studied LC
materials. Spin polarization is the degree to which the spin is aligned with a given
direction. Figure 8.3 demonstrates the mutual location of LC molecules in layer of
SmC phase along C-director neighboring molecules in two orthogonal planes.

The factors that control the orientation of guest molecules in anisotropic LC
media such as the nematic 4-n-pentyl-4'-cyanobiphenyl (5CB) and smectic 4-n-
octyl-4’-cyanobiphenyl (8CB) liquid crystals were evaluated [23]. For this purpose,
TEMPOL and novel nitroxide spin radicals with different molecular shapes were
applied. The orientation distributions of the radicals in the aligned samples in a
frozen state were determined in detail by means of EPR spectroscopy. A numerical
simulation of the EPR spectra recorded at 105 K was used for the determination of
the anisotropic magnetic parameters. The computation of the molecular geometry

Fig. 8.2 Crystal structure of (S,5)-3 determined by X-ray crystallographic analysis (a), relative
position of a pair of molecules in the crystal (b), and spin density distribution in the same pair by
quantum chemical calculations (c). The hydrocarbon chains are omitted for clarity in panels b and
¢ [22]. Reprinted from [22], Copyright 2014 American Chemical Society
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Fig. 8.3 Mutual location of (a) A (b)
LC molecules in layer of

SmC phase along C-director

(a) and in perpendicular C

direction (b). Circles denote ‘Off}e I"
the positions of %, r
paramagnetic nitroxide N
groups [22]. Reprinted from

[22], Copyright 2014

American Chemical Society (o]

am

director

of the radicals under consideration was performed with help of the ORCA software
package and computational model B3LYP/NO7D using optimization. Orientation dis-
tribution functions of the radicals in aligned liquid crystals were determined by the
joint numerical simulation of set of 10-20 EPR spectra recorded at different angles
(6, ) between the director of the sample and the magnetic field vector. Calculated
orientation distribution functions of various radicals are shown in Fig. 8.3.

The rigid fused phenanthrene-based (AS5) and 2-azaphenalene (A4) nitroxides as
well as the rigid core elongated C11 and Sa-cholestane (CLS) nitroxides were found
to be most sensitive to the orientation of the liquid crystal matrixes. The authors
concluded that the nitroxide radicals which are the most suitable for characterization
of the order of liquid crystals can be the more rigid fused systems with limited
degrees of intramolecular motions and with prospects for m-stacking with the LC
media (Figs. 8.4 and 8.5).

The synthesis of chiral all-organic NR compounds analogs of showing disordered
Colh phases, which have a new type of mesogen core including intermolecular N—
O---H-O H-bonds, was performed [3].

C12H250
o~ ).
Cq2H250

C12H250

The Colh phases were found to be stable at room temperature for both (+)-
1 and (2R,5R)-1. The LC compounds form hexagonal columnar phases at room
temperature, which solidify as LC glasses at low temperature. Data on magnetic
susceptibilities suggested that molecular mobility is one of the origins of the magneto-
LC effects. The results of SQUID magnetometry and EPR spectroscopy implied that
the spin—spin dipolar interactions are one of the origins of the positive magneto-LC
effect.

For targeted drug delivery systems visible by magnetic resonance imaging, robust
metal-free magnetic nanoemulsions (mean particle size less than 20 nm) consisting of
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Fig. 8.4 Orientation distribution functions of radicals A4 (a) C11 (b), A3 (c), A6 (d), A2 (e), and
Al (f) in aligned liquid crystal 5CB. The distributions are presented in reference frames of the
radicals [23]. Reprinted from [23], Copyright 2014 American Chemical Society

a biocompatible non-ionic surfactant polyethylene glycol hexadecyl and hydropho-
bic and low molecular weight 2,2, 5-trimethyl-5-(4-alkoxy)phenylpyrrolidine-N-oxyl
radicals were prepared [24]. The structure of the nanoemulsions was characterized
by ESR spectroscopy, dynamic scattering, and small-angle neutron-scattering mea-
surements. The obtained nanoemulsions possess: (1) high colloidal stability, (2) low
cytotoxicity, (3) reduction resistance to excess ascorbic acid, and (4) sufficient con-
trast enhancement in the proton longitudinal relaxation time (7'1) in vitro and in vivo.
Additional hydrophobic drugs and anticancer drug paclitaxel were incorporated into
the nanoemulsions. A preliminary MRI experiment was performed with living mouse
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Fig. 8.5 Possible orientation axes for radicals C11 (a), CLS (b), and TEMPOL (c) [23]. Reprinted
from [23], Copyright 2014 American Chemical Society

brain tissues. A distinct MRI contrast enhancement with high reproducibility was
observed in the pituitary gland after the drugs injection to living mouse brain tissues.

Novel achiral non-p-delocalized nitroxide diradical compounds (R,S)-1 and
racemic diastereomers (R*,R*)-1 were prepared, and its magnetic behavior was char-
acterized by EPR, differential scanning calorimetry, polarized optical microscopy,
and X-ray diffraction (XRD) and small-angle X-ray scattering analyses [25]. The
SQUID magnetization measurement revealed that (R,S)-1 containing a small amount
of racemic diastereomers (R*,R*)-1 demonstrated an unusual magnetic property in
the original nanocrystalline solid in the nanocrystalline solid phases and the hexag-
onal columnar Colh LC phase, namely possess a large temperature-independent
magnetic susceptibility component (ctpv > 0) in the original solid I before heating.
The component is responsible for the observed superparamagnetic-like M-H behav-
ior under low magnetic fields. In addition, the experiment showed a large increase
in the molar magnetic susceptibility (cM) (positive magneto-LC effect) at the solid
I-to-Colh transition in the first heating run at 0.05 T. The next step of the research was
molecular dynamic simulations on the mechanism of a large increase in the magnetic
susceptibility in the solid and LC phases. The influence of the coherent collective
molecular motion and inhomogeneous intermolecular short contacts on the magnetic
susceptibility, together with the in-depth data concerning the spin glass-like proper-
ties was taken in consideration. The authors summarized that strong intermolecular
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spin—spin dipole as well as exchange interactions should operate in the magnetically
inhomogeneous domains formed in the Colh phase to result in the x and xTtmm
increase.

8.3 Nitroxide Crystal Structure Materials

Mixtures of new synthesized 2-(4,5,6,7-tetrafluorobenzimidazol-2-yl)-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl =~ (FABImNN) and 2-
(benzimidazol-2-yl)-4,4,5,5-tetramethyl-4,5-dihydro- 1 H-imidazole-3-oxide-1-oxyl
(BImNN) were crystallized [26]. The following results were reported: (1) Solid solu-
tions (alloys) (F4BImNN),(BImNN),_,) with x < 0.8 gave orthorhombic unit cells,
while x > 0.9 gives monoclinic unit cells. (2) In one-dimensional hydrogen-bonded
chains, the dominant intermolecular packing leads to strong ferromagnetic exchange
along the chains (J/k = 12-22 K). (3) For the various compositions, interchain
exchange was estimated to be 33- to 150-fold weaker. An antiferromagnetic ordered
phase formation (Fig. 8.6) Néel temperatures in the 0.4—1.2 K range was evaluated.

An organic biphenyl-4,4'-bis(nitronyl nitroxide) biradical with intermediately
strong antiferromagnetic interactions was synthesized as a potential building block
for the design of new quantum magnets [27]. In coupled S = !/, dimer compounds
with the antiferromagnetic intradimer coupling constant J/kg = —14.0, short contacts
between the oxygen atoms of the nitronyl nitroxide units and the hydrogen atoms
of the benzene rings stabilize a planar geometry of the biphenyl spacer. This effect
is probably responsible for a small magnetic interdimer coupling. In crystal state,
the deviations from the isolated-dimer model are attributed to a small interdimer
coupling J'/kg, in the order of 1 K.

RGN O €

b

Fig. 8.6 A scheme of suggested an antiferromagnetic ordered phase formation [26]. Reprinted
from [26], Copyright 2012 American Chemical Society
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The first neutral paramagnetic hexabenzocoronene (HBC) derivative possessing
a tert-butyl nitroxide radical moiety was prepared [28] (Fig. 8.7). As was probed by
differential scanning calorimetry and ESR spectroscopy, HBC with five alkyl chains
exhibits a positive magneto-LC effect in columnar hexagonal liquid crystalline phase.
HBC derivative carrying a conjugated tertbutyl nitroxide radical moiety (HBCNO)
was found to exist in a helical hexagonal phase at low temperature and a columnar
hexagonal phase at higher temperatures. An obtained significant quenching of flu-
orescence indicated extensive energy or electron transfer on excitation of HBCNO.
The electrochemical properties of HBCNO were investigated by cyclic voltammetric

B(OH);

Toluene/H,0,
Pd(PPhy)s,
CizHzs 85°C, 16 hrs C,,H,g¢

Cy 2Hzs Cy 2“ 25
HBC-Br HBCSINO

1)THF, HCIIH,0| 2)DCM, Ag,0
Overnight, RT | RT

SOMO orbital of HBCNO calculated
using DFT UB3LYP/6-31g

Fig. 8.7 Synthesis of HBCNO from HBC-Br [28]. Reprinted from [28], Copyright 2014 American
Chemical Society
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(CV) measurements. CV scans of HBCNO displayed a reversible oxidation (0.269 V
vs. Fc/Fc™) and a non-reversible reduction wave. The change in magnetic interaction
during phase transition, variable temperature EPR spectra of a powder sample was
measured during the cooling process in the temperature range 380 K (Colh phase)
to 270 K (Helh phase). Closer m-stacking of disks in the Colh phase can provide
stronger intracolumnar magnetic interactions.

The influence of the p-bridges on the intra- and intermolecular exchange
interactions in conjugated biradicals was studied [29].
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X-ray structural data and performed DFT calculations suggested that the torsion
angles have crucial impacts on the overall p-conjugation in the nitroxide biradical
systems, which is responsible for the efficient communication between the nitrox-
ide fragments. Magnetic measurements, carried out on single-crystalline samples,
showed that for investigated biradicals, weak antiferromagnetic intramolecular inter-
actions are predominant and wt-bridged nitroxides possess a moderate intradimer the
intramolecular exchange constant Jiy, in the range —2 to —6 K.

O A

Investigation of the conduction mechanisms of nitronyl nitroxides NIT-R using
structural analysis, transport measurements, low-energy, subTHz spectroscopy, and
theoretical modeling was carried out [2]. Additional information on the mechanism
was obtained in the analysis of data on introducing differently substituted phenyl
appendages. Crystal structure of radical NIT-PhOMe, with the cylinders, highlights
the presence of overlap between the electronic clouds of aromatic appendages, and
the NIT moiety was established. For all substituents NIT-R attached to the NIT-
R radical transport parameters, namely minimum mobility pin,, surface thermal
carrier density nth, sheet resistance Rs, crossover voltage V., Ohmic conductance
and fitting exponent (G Q2 and  2), charge-limited parameters Gscy, nscL, and low-
field mobility g for the different NIT-R radicals were measured. Below threshold
voltage V. between the Ohmic regime and the nonlinear regime, the generated free
carriers inside density of the crystal were dominant with respect to the injected charge
carriers. In such condition, the behavior is given by Ohm’s law. Obtained findings
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Fig. 8.8 Structures of TTT-NN, TPT-NN, PTP-NN, and PPP-NN; distance between C2—-C2 of NN
[30]. Reprinted from [30], Copyright 2017 American Chemical Society

show that a non-trivial surface charge-limited regime is present in addition to the
standard low-voltage Ohmic conductance. Schematic representation of the different
conduction regimes and the different types of traps available for NIT-R systems was
presented.

Four nitronyl nitroxide (NN) biradicals (Fig. 8.8) were synthesized, and their
structure, molecular packing, magnetic susceptibility, and spin state were inves-
tigated using a combined approach involving by X-ray diffraction studies, SQUID
measurements, UV-Vis spectroscopy, EPR, and quantum chemical DFT calculations
[30].

As it is displayed in Fig. 8.9 in the slipped m-stacked, the T—m distance between
two TPT-NNs with the edge-to-edge (between thiophene and thiophene) approach of
the molecules is 3.5 A. The molar magnetic susceptibility () mo1) Of the polycrystalline
sample for TTT-NN and TPT-NN recorded using a SQUID magnetometer in the
temperaturerange K <7 < 300 Krevealed that (1) The intradimer magnetic exchange
coupling constant Jj, between two S = 1/2 spins are 2 J/kg = —6.2 K for TPT-NN
and J/kg = —11.9 K for TTTNN. (2) At room temperature, the magnetic moments
are close to the theoretical value 2.45 wB for magnetically uncorrelated spins of
biradicals, and for TPT-NN biradical. (3) EPR studies revealed that AMS = 1 and
AMS = 2 transitions at 130 K.

8.4 Nitroxides in Electric Batteries

Recent progress in the chemistry of charge transport by non-conjugated polymers
with ultimate density of redox sites has demonstrated that these polymers are promis-
ing as electroactive materials for various electronic devices such as rechargeable
batteries, hybrid capacitors, solar cells, electrochromic cells, sensors, and memory
devices. An organic nitroxide polymers battery being notable for its flexibility, rapid
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Fig. 8.9 X-ray crystal structure of the TPT-NN, a molecule, b edge-to-edge packing mode, and
¢ face-to-face mode of crystal packing; hydrogen atoms are omitted for clarity [30]. Reprinted from
[30], Copyright 2017 American Chemical Society

charging, and small size is candidates for replacing lithium transition metal oxide
[2, 31-41]. The p-type reaction of nitroxyl radical polymers is closest to a practi-
cal alternative to lithium transition metal oxides [33]. An organic nitroxide radical
battery (ORB) was first developed in 2004 [34]. The highlight review describes
the performance of organic radical batteries using a nitroxyl radical polymer as the
cathode-active material in publications before 2011 [35]. Below are some typical
examples in this area.

Employing nitronyl nitroxide pendant, which undergoes both p- and n-type (i.e.,
negative) charging, potential capability of playing a dual role as cathode- and
anode-active material in corresponding batteries was evaluated [35]. As an exam-
ple, electrode-attached layer of poly(phenylacetylene) bearing a pendant nitronyl
nitroxide group per repeating unit, obtained by the Rh-catalyzed polymerization of
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2-(4-ethynylphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide, underwent oxi-
dation and reduction at 0.80 and 0.84 V versus. Ag/AgCl. Galvanostatic coulometry
revealed the plateau voltages for both p- and n-type charging. Galvanostatic Coulomb
titration confirmed the charge-storage capability of the polymer. This finding sup-
ports suggestion that the radical survived during the course of the polymerization to
allow both positive and negative charging of the pristine neutral polymer substantially
per repeating unit. Electrochemical reversible bipolar charging and discharging pro-
cesses in the dual dopable poly(phenylacetylene) with nitronyl nitroxide pendants
were illustrated in a scheme.

Nitroxide polymer brushes with the poly(2,2,6,6-tetramethylpiperidin-4-yl
methacrylate) (PTMPM) segment for organic radical batteries were synthesized via
surface-initiated atom transfer radical polymerization (SI-ATRP) [36]. The follow-
ing results were reported: (1) Patterned nitroxide polymer brush thin-film electrodes
of the voltammetry and AC impedance and X-ray photoelectron spectroscopy results
showed that an increase in the oxidation time could oxidize the PTMPM segment
at the bottom of the brush. (2) This results in overoxidation of the brush at the top,
which decreases the energy capacity of the polymer brush. (3) The energy capacity
of the polymer brush electrode for organic radical batteries was determined to be
approximately 94.0 mA h g~! at a discharge rate of 20 C. (4) Its cycle-life perfor-
mance exhibits 97.3% retention after 100 cycles. (5) Atomic force microscopy results
indicated, in this condition, the polymer brush resists dissolution of polymers into
electrolytes.

Poly(3-hexylthiophene)/ZnO (P3HT/ZnO) hybrid film was prepared from by
in situ hydrolysis of a cross-linked block copolymer poly(3-hexylthiophene)-b-
poly(zinc dimethacrylate) (P3HT-b-PZn(MA),) [37]. The device based on cross-
linked P3HT/ZnO hybrid film obtained by in situ hydrolyzing P3HT-b-PZn(MA),
block copolymer yielded a power conversion efficiency of 0.45% under AM 1.5 G
illumination from a calibrated solar simulator with an intensity of 100 mW/cm?. Cur-
rent density—voltage characteristics of solar cells under AM 1.5G irradiation with
irradiation intensity of 100 mW/cm? were also determined. Normalized power con-
version efficient of photovoltaic cells based on cross-linked P3HT/ZnO hybrid films
obtained by hydrolyzing P3HT-b-PZn(MA)2 block copolymer and non-cross-linked
P3HT/ZnO hybrid films obtained by hydrolyzing PAHT-TIPNO/Zn(MA)2 blend film
during long-term exposure to air was illustrated in a figure.

Ambipolar redox-active polymers with a reversible charging and discharging
capability were synthesized via ring-opening metathesis polymerization of nitronyl
nitroxide radical (NN) mono- and disubstituted norbornenes [38]. The NN poly-
mer/carbon composite electrode exhibited both p- and n-type charging/discharging
with plateau potentials near the redox potentials of the polymer at 0.78 and —0.80 V
versus Ag/AgCl, respectively. The spin-coated layer electrode of the NN polymer
immobilized on a current collector demonstrated a fast charging/discharging perfor-
mance in the range of 10-100 C rates and a cycle stability especially for the p-type
reaction.
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An affordable, safe, and scalable redox-flow batteries were fabricated [39]. The
battery was characterized by using organic polymers as the charge-storage material
in combination with dialysis membranes. The membranes separate the anode and the
cathode by the retention of the non-metallic, active species, and an aqueous sodium
chloride solution as the electrolyte. The water- and polymer-based RFB have an
energy density of 10 W hours per liter, current densities of up to 100 milliamperes
per square centimeter, and stable long-term cycling capability.

An organic molecule possessing two bipolar redox-active nitronyl nitroxide units
connected via a tetraethylene glycol chain was synthesized and used as symmetric
redox-flow battery (RFB) soluble in organic solvents [40]. In this battery, NN units
are employed as a bipolar redox-active charge-storage material. The battery exhibits
the following properties: (1) quasi-reversible redox reactions of the NN*/NN redox
couple at Ey, = 0.37 V and the NN/NN~ redox couple at Ey, = —1.25 V versus
AgNOs/Ag, (2) cell voltage of 1.62 'V, (3) a stable charge/discharge performance over
75 consecutive cycles with a high-energy efficiency of 82% and an overall energy
density of the electrolyte system of 0.67 W h 17!, (4) an overall energy density of
the electrolyte system of 4.1 W h 17!, and (5) an energy efficiency of 79%.

A novel approach for the immobilization of polymer poly(2,2,6,6,-
tetramethylpiperidinyl-1-oxyl methacrylate (PTMA) on reduced graphene oxide
(rGO) via n—m-stacking of pyrene-functionalized PTMA-chains, forming a clayered
composite material with well-dispersed PTMA among the carbon layers (Figs. 8.10
and 8.11) was developed [41]. The results in P(TMA-co-PyMA) random copolymers
with near quantitative amounts of pyrene along the PTMA chain were suitable for
greater w—1t interaction with graphene oxide (rGO), while the nitroxide radicals on
the polymer could simultaneously be used for energy storage. Attaching PTMA to
surfaces reduced capacity loss due to dissolution of the organic polymer into the
electrolyte. Faradaic reactions and a cooperative effect in the rGO-g-PTMA/rGO
electrodes were evaluated.
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Fig. 8.10 Immobilization strategies of PTMA on rGO preventing restacking of the individual
sheets. a m—mn-Interactions between rGO and pyrenefunctionalized PTMA. b Surface-grafted PTMA
[41]. Reprinted from [41], Copyright 2017 American Chemical Society

In study [42], ionic liquids (IL) as electrolytes with the view of increasing redox
potentials of nitroxide radicals were used. A series of imidazolium, phosphonium,
and pyrrolidinium-based ionic liquids (IL) coupled with widely used anions was
chosen to predict redox potentials of TEMPO radical using state-of-the-art quantum
chemical calculations. Some ILs showed a significant increase in the redox potential
of this radical to reach as much as 5.5 eV, compared to the previously measured value
of 2.2 eV in aqueous media. In particular, ILs were shown to stabilize the aminoxy
anion.

Robust radical-substituted polymers PTGE with effective redox capability were
used as surfaces for liquid crystal orientation [43]. The alignment of the smectic liquid
crystal electrolytes with low-dimensional ion conduction pathways was reversible
and switched in response to the redox states of the polymers enabling both a rapid
cell response and long charge retention. PTGE cathode triggers realignment of the
self-assembled liquid crystal from planar in the discharged state to homeotropic in
the fully charged state (Fig. 8.12).

A novel styrenic nitroxide polymer, poly(5-vinyl-1,1,3,3-tetramethylisoindolin-2-
yloxyl) (PVTMIO) was synthesized and employed as an effective organic p-dopable
cathode materials [44]. Cyclic voltammetry revealed a high oxidation potential of
3.7 V versus Li. The suitability of PVTMIO for utilization in a high-voltage organic
radical battery was confirmed with a discharge capacity of 104.7 mAh g~', high rate
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Fig. 8.11 An illustration of the radical “command surface” triggering a redox-responsive switch-
ing of the smectic liquid crystal electrolyte [43]. Reprinted from [43], Copyright 2017 American
Chemical Society
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Fig. 8.12 Dependence x T(T) for [[Cu(hfac);]3(jn-O,N-L*),][Cu(hfac),(O-L?);] (data points rep-
resent experimental values; solid line denote the theoretical curve). The arrows indicate the direction
of variation of x T during the cooling and subsequent heating of the sample [46]. Reprinted from
[45], Copyright 2012 American Chemical Society
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performance, and stability under cycling conditions (90% capacity retention after
100 cycles).

Recent review presented a comprehensive summary of synthetic strategies avail-
able for the preparation of nitroxide radical polymer materials for electric batteries
[33].

8.5 Nitroxide Single-Crystal Molecular Magnet

Polymer chain complexes Cu(hfac),LR represent a new type of molecular magnets
exhibiting thermally induced and light-induced magnetic switching, in many respects
similar to a spin crossover [45-53]. In the majority of these compounds, the poly-
mer chain consists of alternating one- and three-spin units composed of copper(Il)
ions and nitronyl nitroxides. A review [45] highlighted works on the capabilities
of EPR in investigating magnetic interactions breathing crystals published before
2017. The “breathing crystals” Cu(hfac)2LR (where hfac is hexafluoroacetylaceto-
nate, and LR is a pyrazolyl-substituted nitroxideligand) represent a new family of
switchable molecular magnets based on copper(Il) ions bridged by stable nitrox-
ide radicals (Fig. 8.1) [6—14]. In many compounds, crystals also include solvent
molecules (Solv) located in the interchain space (Cu(hfac)2LR-0.5Solv).

First example of a reversible single-crystal-to-single-crystal polymerization—
depolymerization accompanied by a unique magnetic anomaly was reported by
Ovcharenko group [46].

A paired heterospin complex [[Cu(hfac),]3(p-O,N-La)2][Cu(hfac),(OLa),]
(Fig. 8.12) was prepared in the reaction of copper(Il) hexafluoroacetylacetonate
[Cu(hfac),] with the stable nitronyl nitroxide 2-(1-ethyl-3-methyl-1H-pyrazol-4-yl)-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl (La). Magnetic mea-
surements were carried out on an SQUID magnetometer in the temperature range
of 2-300 K and in a magnetic field of up to 5 kOe. X-ray structural analysis
revealed the great shortening of intermolecular distances (from 4.403 A at 295 K
to 2.460 A at 150 K; Ad = 1.943 A) between the terminal Cu atoms of the trin-
uclear fragments. The crystals of the compound were found to be capable of a
reversible single-crystal-to-single-crystal (SC-SC) transformation initiated by the
variation of temperature. A reversible topotactic polymerization—depolymerization
coordination reaction takes place in the solid during repeated cooling—heating cycles:
[Cu(hfac),]3(n-O,N-La),][Cu(hfac)2(0-La),] = Cu(hfac),(ju-O,N-La). The length-
ening of distances between the paramagnetic centers on cooling below 225 K resulted
in a transition from antiferromagnetic to ferromagnetic exchange. A transition from
ferromagnetic exchange to antiferromagnetic exchange occurs during the heating
of the heterospin polymer above 270 K (Fig. 8.12), as a result of the shortening of
spin—spin distances.



8.5 Nitroxide Single-Crystal Molecular Magnet 207

The “breathing crystals” Cu(hfac),LR where hfac is hexafluoroacetylacetonate,
and LR is a pyrazolyl-substituted nitroxyl ligand also represent a family of switchable
molecular magnets based on copper(Il) ions bridged by stable nitroxide radicals [47].
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Diagram of magneto-structural transitions between the weakly coupled (SS) and
strongly coupled (WS) states (top) is shown in Fig. 8.13. The energy levels of a spin
triad based on spin-Hamiltonian in SS were found to be with IJ1 3> 10cm ™! and J <0,
and for WS IJ1 ~ 10-20 cm~'. A scheme of the energy levels of an exchange-coupled
spin triad in SS and WS states was also presented.

Three plausible mechanisms that can cause dynamic mixing processes of mixing
of the two doublets D(S = 1/2) and (S = 1/2) and one quartet Q(S = 3/2), namely
(1) modulation of exchange interaction, (2) dynamic Jahn-Teller effect, and (3)

Fig. 8.13 Diagram of magnetostructural transitions between the weakly coupled and strongly
coupled states [47]
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intercluster exchange couplings between different spin triads were discussed [47].
It was found that for breathing crystals exhibiting abrupt spin transitions, in spin
triads the jump-like change of exchange interaction from weak ferromagnetic (J ~ 1-
10 cm™") to strong antiferromagnetic (J ~ —100 to —200 cm™") occurs. Experimental
data and calculation for the SS state indicated that (1) exchange parameters (Jgrr)
for the nearest nitronyl nitroxide radicals belonging to different polymer chains, (2)
the magnetic chains contain only spin triads (no Cu, units) and owe to the nitroxide—
nitroxide interchain couplings Jiner, (3) the week intercluster exchange interaction
between Cu, and the spin triad is ~0.1-1.5 cm~', and (4) breathing crystals exhibits
abrupt spin transitions, in spin triads the jump-like change of exchange interaction
from weak ferromagnetic (J ~ 1-10 cm™!) to strong antiferromagnetic (J ~ —100to —
200 cm ") occurs. The authors stressed on unusual properties of the copper-nitroxide-
based molecular magnets in which the magnetic chains can be turned across or along
the structural polymer chains by varying the type of nitroxide radicals.

Q-band (EPR) spectroscopy demonstrated that Cu(hfac), LR complexes are one-
dimensional in the sense of the topology of their exchange channels, and the magnetic
chains spread across the structural polymer chains and consist solely of spin triads of
nitroxide—copper(Il)-nitroxide [48]. Utilizing four selected examples of complexes
Cu(hfac),LR, it was found that the exchange coupling values between the spin triads
of neighboring polymer chains range from <1 to 10 cm ™. Pair exchange parameters
(JR-R) for the nearest nitronyl nitroxide radicals belonging to different polymer
chains calculated for the SS states of the corresponding breathing crystals using the
spin-unrestricted broken-symmetry approach UB3LYP/6-31 were tabulated.

A comparative study of photoluminescence from new synthesized compounds
substituted nitroxide derivatives of substituted 2-pyrazolylquinolines indicated that
introduction of a nitronyl nitroxide radical group results in the reduction in pho-
toluminescence from the pyrazolylquinoline moiety (Amax = 425 nm, life time 7,
= 0.055 ns), and appearing a new red photoluminescence band (Ap,x = 692 nm,
71 = 1.76 ns) in acetonitrile from the radical fragment [49]. The experiments were
performed in acetonitrile with the excitation Ap,, = 280.

The first study on the spatial distribution of high- and low-temperature (HT/LT)
magneto-structural states (HT/LT) phases of copper(Il)-nitroxide-based molecular
magnets Cu(hfac)2LR during gradual transitions in these compounds was carried
out [50].

To explore the possibility of domain formation at intermediate temperatures, the
EPR and X-ray diffraction data were analyzed, and numerical calculations of EPR
spectra for different models of exchange-coupled networks were performed. Based
on the models of the typical structure of breathing crystals and EPR data, the infinite
chain of coupled spin triads by 16- or 32-membered rings was considered, suggesting
that each triad has g-factor (gSS or gWS) depending on its state. A thorough analysis
showed that formation of single-phase domains larger than 4-8 clusters is doubtful.

The synthesis of novel nitroxides, 4-[(3-methoxy-3-oxoprop-1-en-1-yl)oxy]-(1)
and 4-[(3-ethoxy-3-oxoprop-1-en-1-yl)oxy]-TEMPO and their application as lig-
ands for assembly of heterospin chain polymers of [Cu(hfac)2L]; type was reported
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[51]. The polymers solid state was characterized by X-ray analysis, FT-IR, UV-
Vis, and EPR spectroscopy. The temperature dependences of the effective magnetic
moment () for heterospin complexes show the y ¢ values 2.56-2.67 1B (300 K)
for the complexes which corresponded to the spin-only one (2.45 1B) for two non-
interacting paramagnetic centers with spins S = 1/2 and g = 2.00. The x.¢ value
increases with lowering temperature below 50 K that points to a presence of ferro-
magnetic exchange interactions, which are typical for Cu(Il) complexes with axially
coordinated nitroxides.

The electronic absorption spectra of single crystals of three thermoswitchable
molecular magnets (Cu(hfac),LMe, Cu(hfac), LEt-CP, Cu(hfac),LPr), and observed
thermochromism of the complexes were investigated in the visible and near-IR
regions [45]. It was established that the color of the complexes is mainly determined
by optical properties of the nitroxide radicals; whereas, the Cu(hfac), fragment con-
tributes to the near-IR range with the intensity smaller by an order of magnitude. The
following trends in UV—Vis—near-IR spectroscopy of breathing crystals Cu(hfac),LR
were pointed out: (1) UV/Vis—near-IR spectra are dominated by the absorption bands
of nitroxides in both WS (high-temperature) and SS (low-temperature) states. (2) The
spectra are changed moderately depending on the magneto-structural state. (3) The
nitroxide spectrum shifts to the higher energies upon the transition from the WS
to SS state. (4) Three-spin nitroxide—copper(I)-nitroxide clusters manifest a new
band centered at ~500 nm in the SS state, tentatively assigned to the charge transfer
transition. (5) The d—d transitions of copper(Il) are relatively weak in intensity; the
band positions and shapes do change upon WS <« SS conversion, but cover the same
spectral region ~700-2000 nm.

Ferromagnetic coupling in a new bis(3,6-di-tert-butyl-catecholato) manganese
complex (Fig. 8.14) was revealed by an approach combined X-ray diffraction, mea-
surement of temperature dependence of effective magnetic moment (ug) value in
the temperature range of 100-300 K [52]. The following findings were reported:
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Fig. 8.14 Temperature dependence of for bis(3,6-di-tert-butyl-catecholato)manganese complex
[52]. Reprinted from [52], Copyright 2017 American Chemical Society
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Fig. 8.15 Fragment of crystal packing of 1. The tert-butyl groups and H atoms have been omitted
for the sake of clarity [52]. Reprinted from [52], Copyright 2017 American Chemical Society

(1) X-ray diffraction indicated an octahedral environment of the manganese atom
with a transarrangement of ligands and the compound specific packing in solid state
(Fig. 8.15). (2) Values of the bonds lengths in the inner coordination core of the metal
and in the chelate cycles were found to be correspondent to the charge distribution
between the metal and ligands displayed a Mn(IV)(Cat%f). (3) Intramolecular ferro-
magnetic coupling between the Mn(IV) S = 3/2 spins and spins of nitronyl-nitroxyls
and intermolecular ferromagnetic interactions of spins of adjacent nitronyl nitroxide
fragments in a chain of molecules at low temperatures were revealed. (4) The g
value in the temperature range of 100-300 K is ~4.55 wB that is close to a theo-
retical spin-only one (4.58 uB) for a NIT-Py ligands and the manganese(I'V) ion.
(5) In this condition, the Curie constant value is close to the theoretical magnitude
of 1.875 K cm™ mol~! for a single paramagnetic center (S = 3/2) with (g = 2.6)
Below 100 K, p.ft increases and reaches 6.5 B at 2 K, which points to a domination
of ferromagnetic exchange interactions between spins of nitroxide (S = 1/2) and
Mn(IV) ions (S = 3/2).

In work [53], a model compound Cu(hfac),Liso-Pr (Fig. 8.16) residing in the
mixed SS/WS state at a room temperature was investigated using femtosecond opti-
cal spectroscopy and measurement of the temperature dependence of the effective
magnetic moment (i) of the compound. The kinetics of photoswitching was mea-
sured in a pump-probe time-resolved experiment by pumping the system at 675 nm
and probing with white light. The switching SS to WS occurs within less than
200 fs; whereas, the lifetime of the excited (WS) state is in the order of 100 ps.
Suggested energy scheme of photoexcitation, switching, and relaxation processes
in Cu(hfac),Liso-Pr at 300 K showing SS — WS — WS* — WS transitions was
sketched in Figs. 8.16 and 8.17. Thus, this study is the first time evidence of the
feasibility of photoswitching in nitroxide—copper(Il)-nitroxide molecular magnets
at room temperature.

The structural, electronic, and magnetic properties of two different models of the
heterospin polymer chain complexes of Cu?* hexafluoroacetylacetonate with two
pyrazole-substituted nitronyl nitroxides Cu(hfac), LR have been studied by means of
multiconfigurational perturbation theory. The calculation revealed an important role
of the end-standing NO in the exchange interactions with Cu(Il) [54].
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Fig.8.16 a Structure of polymer-chain complex Cu(hfac), Li**P* b Temperature dependence of the
effective magnetic moment (peff) of Cu(hfac)zLiSO‘P‘. Structures of SS and WS states are sketched,
and corresponding arrangements of spins are shown using arrows. Yellow arrows illustrate the
photoswitching to WS state, and the horizontal red line is the magnetization level characteristic of
WS state. ¢ Temperature dependence of UV (vis) absorption spectrum of Cu(hfac), Li©P*, Spectral
region of the MLCT band is shaded with green [53]. Reprinted from [53], Copyright 2017 American
Chemical Society

The calculations, employing multiconfigurational ab initio theoretical description
of the structure and magnetic properties of nitroxide—Cu(II)-nitroxide spin triads o,
revealed the presence of two minima in the electronic energy curve along the Cu-Oy,
bond, separated by only 6 kcal/mol, and corresponding to the X-ray structures of the
CuOg centers in Cu(hfac), L™ at 115 and 293 K, respectively. At low temperatures, the
predicted ground state is ?A,, well separated from the *A,, *A,, states and calculated
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Fig. 8.17 Energy schemes of Cu(hfac)2Liso-Pr at 300 K residing in ~50% of ground SS states
(left) and ~50% ground WS states (right). Corresponding photoexcitation, switching, and relaxation
processes are shown [53]. Reprinted from [53], Copyright 2017 American Chemical Society

g-factors, g = 1.848, g, = 1.965, 1.974, qualitatively correspond to the observed
g < 2 signals in the low-temperature EPR spectra.
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Chapter 9 ®)
Nitroxides in Disease Check for

9.1 Introduction

The mostly used nitroxides in biology and medicine are a group of heterocyclic
nitroxide derivatives of piperidine, pyrroline, and pyrrolidine. The nitroxides are
served as antioxidants and drugs for cancers, neurodegenerativity (Parkinson,
Alzheimer, and others diseases), ischemia, obesity, radiation damage, age-related
degeneration, immunomodulatory patology, oxidative stress, inflammation, etc.

Design and application of anticancer drugs of breast, hepatic, lung, ovarian, lym-
phatic, prostatic, and thyroid cancers still are challenging fundamental problem in
modern medicine to be solved. Anticancer effects of nitroxides and their derivatives,
involving in synergetic effects with known anticancer drugs in vivo and in vitro
experiments in cancer cells and tumor tissue are as follows: (1) reducing the viability
of tumor cell lines, (2) slow down ATP production, (3) damage to electron transport
chain, (4) mitochondrial mitosis, (5) induction of apoptosis, (6) cell cycle arrest in
G1 phase, (7) the induction of oxidative stress, and (8) protection against obesity.

Since the pioneering work of Konovalova, Bogdanov, Miller, Rozantsev, Neiman,
and Emanuel in which was demonstrated on model tumor, leukemia, [1] nitroxide
radicals and their biologically active derivatives have found increasing application
in biomedicine and medicine [2—10].

9.2 Nitroxides in Cancer

9.2.1 Cells

Mito-CP11, a mitochondria-targeted nitroxide formed by conjugating a triph-
enylphosphonium cation to a five-membered nitroxide, carboxy-proxyl (CP), was
used as a superoxide dismutase (SOD) mimetic [4]. The antiproliferative and cyto-
toxic properties of submicromolar levels of Mito-CP11 alone and in combination
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with fluvastatin, a cholesterol lowering drug, in breast cancer cells were investi-
gated. The nitroxide inhibited MCF-7 breast cancer cell proliferation, significantly
enhanced fluvastatin-mediated cytotoxicity in MCF-7 cells. Mito-CP11 alone, and in
combination with fluvastatin also inhibited nuclear factor kappa-B activity mainly in
MCEF-7 cells. It was concluded that Mito-CP11, being non-toxic to non-tumorigenic
cells could enhance the cytostatic and cytotoxic effects of statins in breast cancer

cells.
Q /@
0 " .

P

N Mito-CP

Mito-carboxy-proxyl (Mito-CP), a lipophilic cationic nitroxide, accumulated in
the mitochondria HepG?2 cell line and primary hepatocytes was coadministered with
2-deoxyglucose (2-DG), a glycolysis disrupting agent. Mito-CP has been shown to act
by disrupting the energy-producing mechanism, inducing mitochondrial-mediated
apoptosis, and also enhancing the action of other chemotherapeutic agents in cancer
cells [5].

Tert-butyl-2(4,5-dihydrogen-4,4,5,5-tetramethyl-3-0-1 h-imidazole-3-cationic-
1-oxyl-2)-pyrrolidine-1-carboxylic ester (L-NNP) displayed cytotoxicity on human
breast cancer MCF-7 and MDA-MB-231 cell lines [6]. The nitroxide was selective
for liver cancer cells, while being non-toxic to normal hepatocytes. It was found
that L-NNP reduced cell viability and increased ROS production and lipid peroxida-
tion accompanied by a reduction in mitochondrial potential and GSH level in hep-
atoma cells. Mitochondria-targeted metabolism-interfering triphenyl-phosphonium-
conjugated nitroxide can effectively suppress human B-RafV600E melanoma cell
lines and their/PLX4032-resistant progenies using Mito-CP and ubiquinone [7].

Two series of novel spin-labeled combretastatin derivatives were synthesized
and evaluated for cytotoxicity against tumor cell lines (K562, SGC-7901, Hela
and HepG-2) [8]. The results indicated that some of the compounds showed sig-
nificant cytotoxicity against four tumor cell lines in vitro with IC(50) values
ranging from 0.15 to 1.05 wM, compared with values of 0.014-0.403 uM for
3-amino-deoxycombretastatin A-4.

COOCH;

An adamantyl nitroxide derivative displayed a higher anticancer activity against
all the tested human hepatoma cells (Bel-7404 cells) with IC50 of 68.1 WM in Bel-
7404 cells, compared to the positive control 5-FU (IC50 = 607.7 uM) [9]. This
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nitroxide: (1) significantly inhibited tumor growth in a xenograft mouse model with
low toxicity, (2) suppressed the cell migration and invasion, (3) induced the G2/M
phase arrest, and (4) induced cell death, which was accompanied with damaging
mitochondria, increasing the generation of intracellular reactive oxygen species,
cleavages of caspase-9 and caspase-3, as well as activations of Bax and Bcl-2. The
effect of synthetic antioxidant Pirolin (3-carbamoyl-2,2,5,5-tetramethylpyrroline-1-
oxyl) on breast cancer progression in Sprague-Dawley rats was evaluated [10]. The
rats were administered with 7,12-dimethylbenz anthracene (DMBA) and then treated
with the nitroxide. The median number of tumors and their volume, at the end of the
study, was found to be considerably smaller in antioxidant-treated groups.

A novel nitroxide derivative, 4-ferrocenecarboxyl-2,2,6,6-tetramethyl piperidine-
1-oxyl (FC-TEMPO), was synthesized for evaluating the effects of spin-label com-
pounds on tumor cells (metastatic lung cancer cell line 95-D) and its biological effects
on tumor and normal cells [11]. This compound resulted in: (1) 50% reduction in
the viability (390 uM, 48 h), while other nitroxide TEMPOL had no effect at the
same concentration, (2) FC-TEMPO inhibiting the viability of cancer cells i, while
it was less toxic to a normal human cell line, (3) suppressing the growth of tumor
cells by induced apoptosis through activating caspase-3, (4) a significant release
of extracellular lactatedehydrogenase (LDH), (5) enhance apoptosis and caspase-3
activity (260 wM, 48 h), and 6) increase of superoxide dismutase and catalase. It
was suggested that the cytotoxicity of FC-TEMPOL may result from the presence
of ferrocenecarboxyl group at position 4, which interacts with cancer cell DNA or
induces genotoxicity resulting from redox reaction.

Three series of novel spin-labeled rotenone derivatives analogs

where R are nitroxides were synthesized and evaluated for cytotoxicity against four
tumor cell lines, A-549, DU-145, KB and KBvin [12]. All of the derivatives exhibited
promising in vitro cytotoxic activity against the tumor cell lines tested, with ICs
values ranging from 0.075 to 0.738 pg/mL. A series of spin-labeled fluorouracil
derivatives of compound



220 9 Nitroxides in Disease

0o

HN k
O)\);/O H
N 0]
T

were used as a drug against lung cancer A549 cell line with anticancer activity at IC50
values of 2.76-2.38 uM [13]. These compounds were twofold more cytotoxic than
5-FU and less toxic against other tested cell lines. To evaluate the proof-of-concept
anticancer-versus-antioxidant efficacy of the DAPs, a novel class of bifunctional
compounds based on diarylidenyl piperidone conjugated to an N-hydroxypyrroline
(NOH) and a nitroxide precursor group, HO-3867, for example, were tasted.

o
F . F

O,
*H

A number of cancerous (breast, colon, head and neck, liver, lung, ovarian, and
prostate cancer) and non-cancerous (smooth muscle, aortic endothelial, and ovar-
ian surface epithelial) human cell lines were subjects of interest for work [14]. The
study utilized four DAPs, namely H-4073 and H-4318 without NOH and HO-3867
and HO-4200 with NOH substitution. All four compounds induced significant loss
of cell viability in cancer cells; whereas, HO-3867 and HO-4200 showed signifi-
cantly less cytotoxicity in non-cancerous cells. EPR and biochemical measurements
indicated (1) a metabolic conversion of the N-hydroxylamine function to nitroxide,
(2) significantly higher levels of the metabolite, (3) superoxide radical-scavenging
activity in non-cancerous cells compared to cancer cells, (4) arrest and apoptosis
in cancer cells growth mediated by inhibition of phosphorylation human protein
(STAT?3) at the Tyr705 and Ser727 residues, and (5) induction of apoptotic markers
of cleaved caspase-3 and PARP were also evaluated.

In work [15], several principle mitochondrial effects of TEMPOL in a human
promyelocytic leukemic cell line (HL-60) on 24-h exposure to TEMPOL were eval-
uated. Experiments revealed the following alterations: (1) decrease in both the intra-
cellular and mitochondrial glutathione pools, (2) impairment of oxidative phospho-
rylation, and (3) decrease in mitochondrial membrane potential. In addition, TEM-
POL specifically targeted complex I of the respiratory chain, with minor effects on
complexes II and IV, suggesting that mitochondrial effects might play a role in the
nitroxide-induced oxidative stress and apoptosis.
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The cytotoxicity and genotoxicity of TEMPO in mammalian cells were investi-
gated using the mouse lymphoma assay (MLA) and in vitro micronucleus assay [16].
Specifically, the following effects were described: (1) In the absence of metabolic
activation (S9), 3 mM TEMPO produced significant cytotoxicity and marginal muta-
genicity in the MLA; (2) In the presence of S9, treatment of mouse lymphoma cells
with 1-2 mM TEMPO resulted in decreases of the relative total growth and increases
in mutant frequency; (3) treatment of TK6 human lymphoblastoid cells with 0.9—
2.3 mM TEMPO increased the frequency of both micronuclei (a marker for clasto-
genicity) and hypodiploid nuclei (a marker of aneugenicity), (4) TEMPO induced
reactive oxygen species and decreased glutathione levels in mouse lymphoma cells;
and (5) The majority of TEMPO-induced mutants had loss of heterozygosity at the
Tklocus, with allele loss of <34 Mbp. The authors concluded that TEMPO is muta-
genic in the MLA and induces micronuclei and hypodiploid nuclei in TK6 cells, and
oxidative stress may account for part of the genotoxicity induced by TEMPO in the
cell lines.

Eighteen novel spin-labeled analogs of camptothecin exhibited significant in vitro
antiproliferative activity against these four tested human tumor cell lines (A-549,
MDA-MB-231, KB, and KBvin) [17].
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For example, compounds 9e displayed the greatest cytotoxicity against the
multidrug-resistant KBvin cell line.

The selective cytotoxicity of Tert-butyl-2(4,5-dihydrogen-4,4,5,5-tetramethyl-
3-O-1H-imidazole-3-cationic-1-oxyl-2)-pyrrolidine-1-carboxylic ester (L-NNP on
isogenetic human hepatoma HepG2 and normal L-02 cell lines was investigated [6].
Effects of L-NNP on cell growth inhibition, intracellular reactive oxygen species pro-
duction, the mitochondrial membrane potential loss, malondialdehyde generation,
and glutathione levels were analyzed.

Curcumin is a phytochemical agent with diverse molecular targets and well
known for its antitumor potential. Curcumin-loaded pH-sensitive redox nanoparticles
(RNP(N)) by self-assembling amphiphilic block copolymers conjugated with reac-
tive oxygen species (ROS) scavenging nitroxide radicals were prepared [18]. In con-
ditions mimicking the physiological environment, the entrapment of both curcumin
and nitroxide radicals in the hydrophobic core of RNP(N) suppressed curcumin
degradation. Curcumin-loaded RNP(N) induced strong cell apoptosis compared to
free curcumin. Intravenous injection of curcumin-loaded RNP(N) suppressed tumor
growth in vivo, which is probably due to the increased bioavailability and significant
ROS scavenging at tumor sites.
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The pro-oxidative effect of TEMPOL on the inhibition of cellular proliferation and
its role in enhancing the effect of anticancer drug cisplatin (DDP) on the induction
of apoptosis in ovarian cancer cells was studied [19]. The experiments revealed that:
(1) Cell viabilities of OVCAR3 and SKOV3 cells were decreased by TEMPOL in
dose-dependent manner at concentrations of 2—10 mM after 48 h incubation. (2) The
cell proliferation rates of OVCAR3 and SKOV3 cells were suppressed by TEMPOL
at lower toxic concentrations of 1.5 and 1 mM, respectively, compared with the con-
trol group. (3) The combination therapy significantly inhibited the cell proliferation
of OVCARS3 cells compared with treatment with DDP alone. (4) The combination
treatment increased the proportion of early apoptotic cells in OVCAR3 cells com-
pared with single DDP treatment. (5) The combination treatment markedly decreased
the Bcl-2:Bax expression ratio compared with treatment with DDP alone. (6) The
combination therapy significantly increased cellular ROS generation compared with
the DDP-only therapy.

Nitroxide 1.3. 5-carboxy-1,1,3,3-tetramethylisoindolin-2-yloxyl (CTMIO) has
been investigated in the context of Ataxia Telangiectasia (A-T), an autosomal reces-
sive disorder including progressive neurodegeneration, immunodeficiency, a strong
predisposition to cancer [20]. This nitroxide and its derivative DCTEIO were found
to regulate the expression of a collection of genes involved in oxidative stress and
antioxidant defense and significantly expressed genes participation also in the inflam-
matory response or innate immunity. It was suggested that these nitroxides may func-
tion as immune-modulating agents. CTMIO and DCTEIO also exhibited a similar
pattern of gene regulation to H,O,. This finding indicates that the nitroxides may
have a pro-oxidant inducing oxidative stress, either by generating reactive oxygen
species or by inhibiting antioxidant system rather than antioxidant role in prostate
cancer cells. It is important that CTMIO demonstrated minimal toxicity in prostate
cancer cells in comparison with TEMPO and TEMPOL.

Rotenone is used as a broad spectrum insecticide, piscicide, and pesticide.

Ability of twelve new derivatives of known antioxidants trolox (TroH), trolox suc-
cinate (TroS), a-tocopheryl succinate (a-TOS)-containing nitroxyl radicals to pro-
tect bacterial cells from spontaneous and peroxide-induced mutagenesis and their
cytotoxicity against six different tumor cells as well as two normal cells was eval-
uated [21]. In contrast to TroH and TroS, all nitroxide derivatives demonstrated not
only antioxidant properties, but also suppressed the growth of human tumor cells:
myeloma, mammary adenocarcinoma, hepatocarcinoma, T cells leukemia, histio-
cytic lymphoma, and T-cellular leucosis. In addition, one group of compounds was
capable of inhibiting the growth of normal mouse (LMTK) and hamster (AG17)
fibroblast cells, while some nitroxide conjugates showed pronounced selectivity in
suppressing the growth of several cancer cells. The authors concluded that the most
perspective derivatives as antioxidants and as antitumor agents are the compounds
containing pyrrolidine nitroxides.
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Cisplatin [Cis-Diammine-Dichloroplatinum(II)], CDDP is one of the most widely
used anticancer drugs. Nevertheless, the efficacy of the anticancer drug cisplatin
is restricted by tumor cell resistance and occurrence of severe side effects. It was
reported that platinum (IV)-nitroxyl complexes (PNCs) are able to circumvent CDDP
resistance in RT112 bladder cancer cells, thus being hybrid compounds combin-
ing platinum and biologically active nitroxyl pharmacophores [2, 22]. For further
improving the therapeutic efficacy of the anticancer drug cisplatin, newly synthesized
platinum-nitroxyl complexes (PNCs) (Fig. 9.1) were investigated for their potential
to circumvent cisplatin resistance [23]. Intracellular platinum accumulation, DNA
platination, and cytotoxicity upon treatment with the PNCs in a model system of
the bladder cancer cell line RT112 and its cisplatin-resistant subline RT112-CP were
evaluated. Induction of DNA strand breaks, and oxidative base modifications were
assessed using the PM2 DNA relaxation assay. It was found that platinum accu-
mulation and DNA platination were similar in RT112 and RT112-CP cells for both
bivalent and four-valent PNCs. Experiments also indicated a significant decrease in
the amount of Pt bound to DNA in cisplatin-treated resistant RT112-CP cells as com-
pared to the parental RT112 line (62 vs. 152.4 nmol Pt/g DNA). A strong correlation
was observed between cellular accumulation, DNA platination, and cytotoxicity in
RT112 cells. Using a cell-free assay, induction of oxidative DNA damage by cis-
platin but not by PNCs was observed. It was suggested that cisplatin exerts its toxic
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Fig. 9.1 Structure of platinumnitroxyl complexes (PNCs) [23]
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action by platination and oxidative DNA damage, while cells treated with PNCs are
protected against oxidatively induced lesions. The authors concluded that system
PNCs were able to circumvent cisplatin resistance and may be used as improved
platinating drugs in cisplatin-resistant cancer.

In work [24], the mode of action of the platinum(IV)-nitroxyl complex PN149

was investigated in the bladder cancer cell line RT112 and the renal cell carcinoma
cell line A498 on the molecular and cellular level. For gene expression, analysis
high-throughput RT-qPCR was applied. Atomic absorption spectroscopy was used to
determine the intracellular platinum content. Apoptosis and cell cycle were analyzed
by flow cytometry simultaneously. The p53 protein (a protein encoded by homolo-
gous genes in various organisms) level upon treatment with PN149 or CDDP was
analyzed using immunoblotting. Cytotoxicity was investigated by relative cell count
as well as by colony forming ability. Gene expression analysis was applied to iden-
tify the mode of action of PN149 in comparison with CDDP. The following impacts
were evaluated: (1) MT gene expression and platinum uptake, (2) genes related to
oxidative stress response, (3) genes related to DNA damage response (DDR) and
on p53, and (4) progression and control of the cell cycle on the transcriptional and
functional level. Gene expression analysis showed that PN149-induced genes related
to DNA damage response (RRM2B, GADD45A), cell cycle regulation (CDKNI1A,
PLK3, PPM1D, and coding for the pro-apoptotic factors PUMA and Noxa.
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9.2.2 Animals

The effect of synthetic antioxidant Pirolin (3-carbamoyl-2,2,5,5-tetramethylpyrr
oline-1-oxyl) on breast cancer progression in Sprague-Dawley rats was evaluated
[10]. The rats were administered with 7,12-dimethylbenz(a)anthracene (DMBA)
and then treated with the nitroxide. The median number of tumors and their volume,
at the end of the study, were found to be considerably smaller in antioxidant-treated
groups. The role of oxidative stress in carcinogenesis in the investigated animals was
emphasized.

The antineoplastic properties of TEMPO in the human hormone-
dependent/hormone-independent prostate carcinoma models (LNCaP, DU-145,
and PC-3) were examined [25]. TEMPO treatment of LNCaP cells resulted in: (1)
enhanced activities of caspase-9 and caspase-3, (2) enhanced number of cells in
G,/M phase of the cell cycle, (3) decreased BrdU incorporation indicating a decline
in the number of proliferating cells, (4) a significant inhibition of tumor growth, and
(5) in hormone-refractory prostate carcinoma cells, a combination of relatively low
doses of TEMPO and doxorubicin or mitoxantrone caused enhanced cytotoxicity as
compared with single agents.

The influence of the structure of the nitroxide on the reduction rate in normal
tissue, tumor, kidney, and artery regions in mice was investigated by MRI using
two cell-permeable nitroxides, 4-hydroxy-2,2,6,6,-tetramethyl-1-piperidynyloxyl
(TEMPOL) and 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl (3CP), and
one cell-impermeable nitroxide, 3-carboxy-2,2,5,5,5-tetramethylpyrrolidine-1-oxyl
(3CxP) [26]. MRI measurements were done with a 4.7 T scanner. EPRI data acquisi-
tion was carried out using a home-built 300 MHz CW EPR imager. The combination
of the nitroxide contrast agent and SPGR MRI studies provided pharmacokinetic
information for various tissues. The decay of TEMPOL and 3CP in tumor tissue
was found to be significantly faster than in normal tissue, while in the case of 3CxP
(membrane impermeable), there was no difference in the reduction rates between
normal and tumor tissue.

Daunorubicin (Dauno) is commonly used as a drug for acute myeloid leukemia,
acute lymphocytic leukemia, chronic myelogenous leukemia, and Kaposi’s sarcoma.
The activity of ruboxyl (Rbx), a nitroxyl analog of daunorubicin in experimental rat
models of hepatic metastases from colorectal carcinoma was compared with its par-
ent compound and with 5-fluorouracil (SFU) [27]. Experiments indicated that in mice
treated by intraperitoneal injections, Rbx and SFU were more effective than Dauno.
In addition, Rbx showed only minor and manageable toxic side effect. The regional
reduction and pO, status in a mouse radiation-induced fibrosarcoma tumor model
were evaluated using sequential three-dimensional EPR imaging after intravenous
injection of a tissue-permeable nitroxyl probe, HM-PROXYL, and EPR oximetry
with lithium phthalocyanine (LiPc) microcrystals implanted within the tumor [28].
The experiments indicated that the regional decay of HM-PROXYL signal obeyed
first-order kinetics, and the amplitude of the reduction rate and extent of its hetero-
geneity in a tumor varied among six mice. The relationship between pO, and the
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reduction rate at the region of pO, measurement were found to be low (r = 0.357)
in 13 tumor-bearing mice.

9.3 Miscellaneous

Aging causes decrease in the ability to cope with environmental stress resulting
in increased susceptibility and vulnerability to diseases. The seminal proposal in
the 1950s by Denham Harman that reactive oxygen species are a cause of aging
invoked the discussion about free radical theory of aging [29]. It was concluded
that certain age- and environmental-related pathophysiological changes, degenerative
conditions, and diseases are driven and accelerated by radical—(i.e., "OH, H, O, and
0,-) induced oxidative stress and inflammation [30].

Nitroxides mostly used in biology and medicine are a group of heterocyclic
nitroxide derivatives of piperidine, pyrroline, and pyrrolidine, which may also be
served as antioxidants to delay aging. Nitroxides have been proved to be preventa-
tive or therapeutic pharmaceutical drugs for diseases of aging which associated with
patient genetics, smoking, diet, oxidative stress, chronic inflammation, and other
environmental-induced pathophysiological conditions [31]. In addition to aging,
nitroxides can prevent the destructive consequences of smoking, high sugar or high
fat diet, or radiation, etc. For example, radical-induced oxidative stress and inflam-
mation can be modulated by TEMPOL (TP)-based nitroxide drugs to prevent or
treat vascular, ocular, and other pathological conditions and aging-associated dis-
ease. Effects of TP, TEMPOL hydroxylamine (TP-H), and TP-H prodrug (OT-551)
on age-related degeneration (Fig. 9.2) were evaluated in groups of patients. It was
found that: (1) Non-smokers versus smokers with cutaneous microvascular dys-
function, rapidly reversed by cutaneous TP. (2) Elderly cancer patients at risk for
radiation-induced skin burns or hair loss were prevented by topical TP. (3) Elderly
smoker or non-smoker AMD patients at risk for vision loss were prevented by daily
eye drops of OT-551. (4) Both TP and TP-H topically penetrate and function in skin
or mucosa, protecting and treating radiation burns and hair loss or smoking-induced
cutaneous vascular dysfunction. (5) OT-551 penetrates and travels to the back of the
eye, preserving visual acuity and preserving normal and low light luminance in dry
AMD smokers and non-smoker patients. (6) OT-551 can activate nuclear factor E2-
related factor (Nrf-2) and the antioxidant response element (ARE) and can inhibit
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB. Clinical data
for TP, TEMPOL hydroxylamine (TP-H), and the more lipophilic TP-H prodrug,
OT-551, were reviewed [31].

The antioxidant effects of TEMPOL on ovarian ischemia/reperfusion (I/R) injury
in rats were investigated treating forty female Wistar albino rats [32]. TEMPOL
(50 mg/kg) was found to be effective in the reducing ovarian I/R injury. A hypothesis
that scavenging reactive oxygen species with TEMPOL would protect renal oxygena-
tion and nitric oxide (NO) levels in the acute phase of renal ischemia/reperfusion
I/R was tested [33]. Results demonstrated that scavenging ROS using TEMPOL not
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only reduced renal oxidative stress following I/R but also normalized renal tissue
NO levels and thereby reduced rapid ventricular rate, improved drenal blood flow,
renal DO,, and renal microvascular oxygenation.

Administration of the antioxidant TEMPOL (TP) in the food of mice prevents
obesity, causing significant weight loss without toxicity [34]. The results showed
that the treatment of 3T3-L1 cells with TEMPOL inhibits the expression of key
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adipogenesis factors, adipose differentiation, lipid storage and may underlie some
of the in vivo effects of TEMPOL on body weight. In addition, dietary TEMPOL
decreased body mass and plasma lipid level, both parameters caused by high fat
feeding of apoE~~ mice. ApoE~'~ mice were fed a high fat diet without or with
the nitroxide TEMPOL. The latter suppressed metabolic changes, increased leptin,
plaque collagen, macrophage numbers, and atherosclerotic plaque stability [35]. TP
and TP-H inhibit tissue oxidative stress and inflammation, and also have effects on
the gut microbiome, food energy utilization, and metabolism. TP has been shown to
prevent obesity-induced changes in adipokines in cell and animal systems. Supple-
mentation with TB inhibits inflammation and atherosclerosis in apoE(” “)mice fed a
high fat diet (HFD). TEMPOL had a significant impact on body mass, atherosclerosis,
hyperlipidaemia, and inflammation.

The immunomodulatory effects and therapeutic potential of orally delivered TEM-
POL in the mouse experimental autoimmune encephalomyelitis EAE model were
examined [36]. Mice receiving TEMPOL for 2 weeks prior to induction of active
EAE displayed delayed onset and reduced incidence of disease compared to control-
fed animals. Reduced disease severity was suggested to be associated with limited
microglial activation and fewer inflammatory infiltrates. After the induction of dis-
ease, and the onset of clinical symptoms, TEMPOL reduced the severity of multiple
sclerosis (MS).

Ten healthy young male smokers, who had smoked for 6 years with an average
daily consumption of nine cigarettes, were tested with TEMPOL [37]. Experiments
indicated the nitroxide acutely and rapidly (within 30 min) improves the thermal
hyperemia response in young adult smokers, returning the response back to that
typically observed in healthy non-smokers and effectively reversing their impaired
endothelial function observed. The authors concluded the effect of TEMPOL was
due to the removal of oxidative stress. The purpose of work [38] was to investigate the
effect of the superoxide dismutase mimetic TEMPOL on decreases in retinal blood
flow that are found in diabetic STZ mice. A three-week administration of TEMPOL
in the STZ mice led to significantly higher blood flow rates than in the untreated
mice.

Novel compound SANR was synthesized by introducing functional moiety of
salicylic acid into «-nitronyl nitroxides, and the strong analgesic effects of this newly
synthesized compound in a rat low back pain of a rat were examined [39]. Both
acute and repeated SANR treatment exerted strong analgesic effect in low back pain
mimicked by chronic compression of dorsal root ganglion in rats. Four compounds,
apocynin (inhibitor of NADPH oxidase, 4-oxo-tempo, U-83836E), and tirilazad (drug
for treating acute ischemic stroke), that reduce reactive oxygen species (ROS) and
the downstream lipid peroxidation products, affected on nocioceptive behaviors in
chronic SCI animals [40]. Specifically, apocynin and 4-oxo-tempo were found to
reduce abnormal mechanical hypersensitivity measured in forelimbs and hindlimbs
in a model of chronic SCI-induced neuropathic pain.

TEMPOL-H was administered in increasing doses via an intraperitoneal route
to C3H mice and provided protection against the lethality of whole body radiation
in the mice with a dose modification factor of 13 [41]. TEMPOL-H was associated
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with less hemodynamic toxicity than TEMPOL. The efficacy of TEMPOL in cell
culture and animal models of the central and peripheral dysfunction associated with
Parkinson’s disease was examined [42]. In vivo, intraperitoneal TEMPOL protects
mice from intrastriatal 6-hydroxydopamine (6-OHDA)-induced cell and dopamine
metabolite loss in the striatum. In addition, TEMPOL protects mice from the ptosis,
activity level decrement, and mortality induced by intraperitoneal administration of
6-OHDA, a model of autonomic dysfunction in Parkinson’s disease. Adjunctive use
of polynitroxylated albumin enhances the in vitro and in vivo effects of TEMPOL.
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Protective effects of L-NNNBP on f-amyloid (Af) deposition and memory deficits
in an Alzheimer disease (AD) model of APP/PS1 mice were evaluated [42]. Treat-
ment with L-NNNBP for one month led to a marked decrease in brain Ap deposition
and tau phosphorylation in the blinded study on APP/PS1 transgenic mice, as well
as decrease of astrocyte activation and improvement of spatial learning and memory
compared with the vehicle-treated APP/PS1 mice. Using a rat model of paclitaxel-
induced pain (intraperitoneal 2 mg/kg paclitaxel on days 0, 2, 4, 6), the effects of
a non-specific ROS scavenger, N-tert-Butyl-a-phenylnitrone (PBN) and a superox-
ide selective scavenger, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL)
were compared [43, 44]. TEMPOL significantly inhibited mechanical hypersensitiv-
ity and paclitaxel-induced painful peripheral neuropathy, but in a lesser extent than
PBN. Thus, such effects cannot be attributed to superoxide radicals alone.

A nitroxide radical-containing nanoparticle (RNPO) that accumulates specifically
in the colon to suppress inflammation and reduce the undesirable side effects of
nitroxide radicals was designed [45]. RNP(O) was synthesized by assembly of an
amphiphilic block copolymer that contains stable nitroxide radicals in an ether-
linked hydrophobic side chain. RNP(O), with a diameter of 40 nm and a shell of
poly(ethylene glycol), had a significantly greater level of accumulation in the colonic
mucosa than low-molecular-weight TEMPOL or polystyrene latex particles. The
effects of RNPO that accumulates specifically in the colons of mice with colitis were
determined with dextran sodium sulfate (DSS)-induced colitis and are more effective
in reducing inflammation than low-molecular-weight TEMPOL or mesalamine that
commonly treats inflammatory bowel disease, including ulcerative colitis.

Intravenous TEMPOL administration to hypertensive rodent models caused rapid
and reversible dose-dependent reductions in blood pressure in 22 of 26 studies [46].
The administration is accompanied by vasodilation, increased nitric oxide activity,
reduced sympathetic nervous system activity at central and peripheral sites, and
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Fig. 9.3 Keapl-Nrf2-ARE pathway in human keratinocytes (HaCaT) [47]. Reprinted from [47],
Copyright 2013 Elsevier

enhanced potassium channel conductance in blood vessels and neurons. Oral or by
infusion administration over days or weeks to hypertensive rodent models reduced
blood pressure in 59 of 68 studies and was accompanied by correction of salt sensi-
tivity and endothelial dysfunction. In addition, the administration reduced agonist-
evoked oxidative stress, contractility of blood vessels, renal vascular resistance, and
increased renal tissue oxygen tension.

Study [47] showed that nitroxides may act as electrophiles, directly or indi-
rectly, capable of activating the Keap1-Nrf2-ARE pathway in human keratinocytes
(HaCaT) and in human skin (human organ culture model) (Fig. 9.3). The high
potency of oxoammonium cations versus hydroxylamines in activating the system
was demonstrated.

Various aspects of nitroxides as antioxidants and anticancer were recently
discussed in a comprehensive review [48].
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Chapter 10 ®)
Spin Labeling i

10.1 Introduction

A number of problems concerning the structure and dynamics of complex molecular
systems including examples from biology can be solved by a modification of a chosen
portion of the object of interest by a physical label such as a stable radical, paramag-
netic complex, luminophore, or Moessbauer atom followed by monitoring the label’s
properties by appropriate physical methods. In this series, a special place is occupied
by nitroxide stable radicals and methods of electron paramagnetic resonance (EPR)
and nuclear magnetic resonance (NMR), and its combination.

The birth of the spin-labeling method pioneered by McConnell group in 1965 [1]
was preceded by the development of synthetic chemistry of nitroxide starting with
classical synthesis of Frémy’s salt [2] (Chap. 1). The work by Neiman et al. [3], in
which the principal possibility of the reaction of stable radicals without affecting the
center of free valence, was demonstrated, happened to be of crucial importance. Since
then, synthetic chemistry of nitroxides and their use for modification of biological and
non-biological molecules have received a powerful development. In the last decade,
triarylmethyl (TAM) radicals and labels based on complexes of paramagnetic metal,
gadolinium in particular, also found wide application. According to the generally
accepted classification, a covalently bound compound is called “a label,” while an
adsorbing or free-moving compound is considered “a probe.”

Numerous applications of labels and probes are based on four types of spin—spin
interactions: (1) the dipole—dipole interaction arises from the magnetic dipole field
of one paramagnetic center inducing a local magnetic field at the site of another
paramagnetic group, (2) the exchange interaction is caused by overlap of the orbitals
occupied by unpaired electrons as the particles approach each other, (3) the electron—
nuclear dipole hyperfine interaction which can affect the powder pattern and spectra
arising from rotational motion, and (4) the contact hyperfine (spin electron—spin
nucleus) interaction, which arises from a finite electron spin density at the nucleus.
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On the basis of these fundamental phenomena, the following methods were
invented and developed to determine: (1) the electron spin—electron spin and elec-
tron spin—nuclear spin distances (spin ruler), (2) local viscosity and molecular motion
(spin viscose meter), (3) local acidity (spin pH meter), (4) oxygen dynamics (spin
oximeter), (5) functional group analysis (spin assay), and (6) spatial distribution
of labeled molecular objects (spin imaging). This fundamental approach can pro-
vide a wealth of information for establishing the system’s structural and dynamic
properties. Since pioneered McConnell group work, application of spin labeling in
chemistry, biology, and physics has received increasing attention. At present, the
SciFinder program offers 4100 references with the keywords “nitroxide spin label
and spin probe.” The progress of the spin-labeling approach is largely associated
with the use of modern methods of magnetic resonance, with their pulsed versions
in particular (Chap. 4).

10.2 Nitroxide Labeling

10.2.1 Proteins and Peptides

The method of double spin labeling (DSL), pioneered by Likhtenshtein in 1968 [4],
is based on specific modification of chosen groups in the object of interest by two
or several spin labels, nitroxides or complexes of paramagnetic metal followed by
analysis of the effects of the spin—spin interactions on the label ESR spectra or spin
relaxation times. The principle feasibility of the method was demonstrated, for exam-
ple, albumin covalently labeled with copper complexes. Later on, at the beginning
of the 1970, a method using spin dipole—dipole interaction between nitroxides was
developed on a quantitative level and then widely employed [5-21]. The method
for determining the distance between nitroxides based on the phenomenon of spin
exchange was first used by Likhtenshtein group [16, 17] on the example of non-heme
iron proteins and nitrogenase.

The first applications of dipole—dipole spin—spin interactions for the investigation
of protein surface topography were based on changes in the lineshape of nitroxide
radical ESR spectra, arising from interactions with a second nitroxide radical or
a paramagnetic ion, allowed one to estimate distances between the paramagnetic
centers up to 2.5 nm. Later, the higher sensitivity of power saturation curves of
a radical to interactions with paramagnetic species and development advance pulse
EPR spectroscopy allowed to expand the distance determination maximum in specific
cases up to 15 nm [15-21].

As a first example of quantifying the distance between selected groups in pro-
teins, estimation of distances between the heme group of human hemoglobin and
the nitroxide fragment of three spin labels attached covalently to the $-93 SH-group
was carried out using analysis of CW power saturation curves in solids based on
static dipolar interaction [10, 13, 22]. The values of r (in A with an accuracy 5-6%)
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Table 10.1 Comparison of distances (r in A) between heme iron and spin labels on hemoglobin
[22]

Labels A(U/T ) A(1/T2) AT 1) A1/T ) r
IA-TEMPO? 17.0 15.1 15.9 18.6
M-TEMPO? 152 152 15.2 16.3
PCMB-TEMPO? 16.5 15.1 15.8 17.3

ATEMPO 2,2,6,6-tetramethylpiperidine-N-oxyl; JA 4-iodoacetamido; M 4-maleimido; PCMB
p-chloromercuribenzoate

between heme and the nitroxide fragment were found to be in reasonable agreement
with the X-ray diffraction structure of hemoglobin (Table 10.1).

Two heme-containing proteins, human neuroglobin (NGB) and sperm whale myo-
globin (Mb), were used to test a method exploiting wideband excitation techniques
based on composite pulses and relaxation properties of low-spin Fe(III) in high mag-
netic fields [23]. The proteins were both prepared to have low-spin Fe(IIl) heme
centers. Four different samples (NGB-C120R1, Mb-S3R1, Mb-S117R1, and the
doubly spin-labeled Mb-S3R1-S117R1) were obtained using mutagenesis to pro-
vide free cysteine amino acids for attachment of the (1-oxyl-2,2,5,5-tetramethyl-
A3-pyrroline-3-methyl) methanethiosulfonate (MTS) spin label. The results on the
label—heme distance measurement (3.2 nm) and schematical presentation of the
DEER finding—are shown in Fig. 10.1.

To investigate the difference between native and melted global (MG) state in open-
and closed-form mutants, maltose-binding protein (MBP) 09-11, continuous-wave
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Fig. 10.2 Overview of the complete set of MBP mutants in open-state MBP (Protein Data Bank
entry: 10MP). Blue lines indicate Ca amino acid distances of mutants MBP 01-06. Green lines
indicate Ca amino acid distances of mutants MBP 07-11 [24]. Reprinted from [24], Copyright 2018
American Chemical Society

and double electron—electron resonance (DEER) EPR spectroscopy in combination
in spin labeling were employed [24]. The spin label (S-(1-oxyl-2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate, MTSL) positions were
placed near the active site (Fig. 10.2). Binding of the protein ligands leads to a confor-
mational change from open to closed state, where the two domains are more closely
together. All distances in MBP samples were measured by double-quantum coher-
ence (DQC) EPR using the six-pulse sequence 77 /2—t,—m—t,—7 /2—t = —tq—7 /2—(t1n—
tp)—t—(tm—tp)—echo. The experimental complete set of MBP mutants obtained at pH
3.2 (MG) and pH 7.4 (native state) was in agreement with theoretic predictions of
distances between the labels in biradicals constructed by molecular modeling from
the crystal structures of MBP in open and closed forms. Measurements showed a
defined structure around the binding pocket of MBP in MG, which explains maltose
binding. In both states, ligand-free MBP can be found in open and closed forms, while
ligand-bound MBP only appears in closed form due to maltose binding. In combina-
tion with MD simulation, analysis of MTS distances in mutants MBP 01-11 reveals
the changes between open and closed state and ligand binding.

Hsp70s are allosteric molecular chaperones with conformational landscapes that
involve large rearrangements of their two domains (viz. the nucleotide-binding
domain and substrate-binding domain) in response to adenine nucleotides and sub-
strates. Two complementary methods, ion-mobility mass spectrometry (IMMS) and
double electron—electron resonance (DEER), were employed to map the confor-
mational species present under biologically relevant ligand-bound conditions (ATP,
ADP/substrate, and ATP/substrate) [25]. Spins are introduced by attaching MTSL
to Cys pairs engineered into the protein at strategic and tolerant locations. A DnaK
mutant carrying the mutation T199A impairs ATP hydrolysis and thus allows the
study of the protein-binding ATP and ATP/substrate. The mobility of the protein
ions in the gas phase through a helium-filled tube under a weak electric field was
studied using IMMS. The mobility depends on mass and conformation on protein
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under investigation. DEER yielded the distance distributions between two spin sys-
tems for a frozen sample and is sensitive to distances between 20 and 80 A. Energetic
profile and allosteric conformational rearrangement, the interconversion between
the domain-docked and domain-undocked states of DnaK in of DnaK were also
established.

The architecture of Aer2, a soluble gas-sensing receptor that has emerged as a
model for PAS (Per-Arnt-Sim) and poly-HAMP (histidine kinase-adenylyl cyclase-
methyl-accepting chemotaxis protein-phosphatase) domain signaling, was investi-
gated by X-ray analysis and pulsed dipolar ESR measurements [26]. Aer2 was
labeled by MTSL at position S183, and the interdomain PAS-PAS distance was
assessed by monitoring the magnetic dipolar interactions between spins (Fig. 10.3).
PDS distance measurements of MTSSL spin-labeled Aer2 1-402 S183C gave sharp
P(r) distribution centered at 26.7 A and were in good agreement with the expected
distance based on the crystal structure. It was found that the helical lid of DnaK is a
highly dynamic unit of the structure in all ligand-bound states, and DnaK populates
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Fig. 10.3 Interdomain distance is only consistent with a PAS dimer. a Time-domain signal and
b corresponding probability distance distribution [P(r)] for spin-labeled Aer2 1-402 S183C. A
sharp P(r) centered at 26.8 A is smaller than the diameter of a HAMP domain and fully consistent
with the ferric Aer2 PAS dimer. ¢ Model of MTSSL spin-labeled Aer2 S183C PAS dimer. The
dimer interface directs the two spin labels (blue) away from each other to add approximately 15 A
to the S183 Ca—Ca atom distance [26]. Reprinted from [26], Copyright 2013 Elsevier
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a partially docked state in the presence of ATP and substrate. This state represents
an energy minimum on the DnaK allosteric landscape.

An overview of available spin labels, the strategies for their introduction into
proteins, and the associated potentials for protein structural studies in vitro and in
the context of living cells was published.

Figures 10.4 and 10.5 describe commonly employed nitroxide spin labels and
protein SDSL strategies.

Site-specific incorporation of Cu?* into non-metalloproteins was accom-
plished through the use of a genetically encodable non-natural amino acid, 3-
pyrazolyltyrosine (PyTyr), in cyan fluorescent protein CFP) (Fig. 10.6) [27]. Then,
distances between Cu”*- and nitroxide spin label were measured by the DEER spec-
troscopy, and the effects of solvent conditions on Cu®* binding and protein aggre-
gation were examined. This method was also applied to characterize the complex
formed by the histidine kinase CheA and its target response regulator CheY.

N-terminal-labeled gramicidin A (GALN) and double-labeled gramicidin C
(GCDL) modified by 2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid rad-
icals (Fig. 10.7) were reconstituted into phospholipid bilayers proteoliposomes
with consequence investigation by ESR and dynamic nuclear polarization-cryogenic
solid-state nuclear magnetic resonance DNP-SSNMR [28]. It was found that the
doubly spin-label tagged protein can be used as enhancement agents. Analysis of the
labeled GALN and GCDL incorporated into the membrane allowed to establish dis-
tances between the labels and the protein mutual disposition (Fig. 10.7). It was also
demonstrated that the doubly spin-label tagged protein can be used as enhancement
agents. Specifically, 'H-'*C cross-polarization 'D '3C NMR spectra of GALN and
GCDL showed obtained signal enhancements of sixfold for the dimeric protein and
the overall impact of spin label to the sample 7.

IA new Gd(III)-based spin label, BrPSPy-DO3A-Gd(II), derived from a label,
BrPSPy-DO3MA-Gd(II), by removing the methyl group from the methyl acetate
pending arms, was prepared [29]. This small chemical modification (Fig. 10.8) led
to a reduction in the zero-field splitting and to a significant increase in the phase
memory time, which together culminated in a remarkable improvement of in-cell
DEER sensitivity, while maintaining the high distance resolution. The performance of
BrPSPy-DO3A-Gd(II) in in-cell DEER measurements was demonstrated on doubly
labeled ubiquitin and GB1 delivered into HeLa cells by electroporation.

Site-directed spin-labeling (SDSL) and EPR spectroscopy were applied to study
oligomerization of the bacterial toxin colicin A (ColA) upon membrane insertion
in vitro and in vivo (Fig. 10.9) [30] ColA labeling was carried out with purified
proteins in vitro, and the labeled protein was incubated with Escherichia coli cells.
Labeling ColA with MTSSL at position 192, located on helix H10. DEER inter-
spin distance measurements were performed on proteoliposomes containing ColA-
A192R1. Reconstitution of spin-labeled ColA into liposomes for the EPR exper-
iments was carried out with a high-protein lipid ratio of (1:500) to maximize the
EPR signal strength. Analysis of the data in terms of a distance distribution yields
a mean distance of 2.6 nm, comparable to the results obtained for proteoliposomes.
Applying SDSL-EPR led to conclusion that the pore-forming domain of colicin A
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Fig. 10.4 Nitroxide spin
labels. a General structure of
commonly employed
nitroxide spin labels.

b Nitroxides for peptide
labeling by solid-phase
synthesis.

¢ Sulthydryl-reactive
nitroxides for protein
labeling by cysteine
conjugation reactions.

d Nitroxides for protein
labeling by conjugation with
genetically encoded ncAA.

e Nitroxide ncAA for protein
labeling by direct genetic
encoding [118]. Reprinted
from [118], Copyright 2016
RCSr
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Fig. 10.5 Protein SDSL strategies. a Solid-phase peptide synthesis. b Peptide—protein ligation.
¢ Conjugation reactions with canonical amino acids. d Chelation by genetically encoded peptide
tags. e Conjugation reactions with genetically encoded ncAA. f Direct genetic encoding of spin-
labeled ncAA [118]. Reprinted from [118], Copyright 2016 RCS
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Fig. 10.6 Targeted Cu®*
incorporation into CFP.

a Cu”*-binding amino acid
PyTyr shown with Cu2*-NO
separation in CFP expected
from the crystal structure of
CFP (PDB: 3ZTF18)
modeled with a nitroxide on
residue 208. b Distance
distribution and denoised
time-domain spectrum
(inset) obtained by Cu**-NO
DEER spectroscopy in
H,O-based buffer The red
regions indicate the small
uncertainty arising from the
SVD of the denoised signal
[27]. Reprinted from [27],
Copyright 2018 American
Chemical Society
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Fig. 10.7 Spin-labeled gramicidin compounds used in this study; a N-terminally labeled grami-
cidin A (GALN). Two spin labels, each from a different monomer, form a membrane embedded
spin pair in the dimer, with an experimentally characterized interspin distance of 7.5 A. b Dou-
bly labeled gramicidin C (GCDL) has spin pairs on each gramicidin monomer, located close to
the membrane surface and separated by an average interspin distance of 9 A. The intermolecular
interspin distance between spin labels on neighboring GCDL molecules is 25 A. The right-handed
b6.3-helical structure (PDB: 1IMAG) is depicted for both compounds, as confirmed by ESR [28]
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Fig. 10.8 Structure of BrPSPy-DO3A-Gd(III), BrPSPy-DO3MA-Gd(III) label protein and spin
the results of DEER measurements [29]. Copyright 2018 American Chemistry Society

Fig. 10.9 Top panel: crystal
structure of the ColA pfd
(PDB: 1COL7), with a spin
label side chain attached at
position A192. Amphipathic
helices are colored in green,
and the hydrophobic hairpin
is shown in magenta. Bottom
panel: site-directed spin
labeling. After site-directed
mutagenesis to replace the
residue of interest by
cysteine, reaction of the
methanethiosulfonate spin
label (MTSSL) with the thiol

of the cysteine yields the protein
spin-label side R1 [30]. backbone § ’\_, 9
Reprinted from [30], s + HC—g-H

+
Copyright 2015 RCS rw" 9 — : 3
'SH M,C —i.—s
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forms oligomers in artificial membranes as well as in the membrane of live E. coli
cells, most likely in the form of dimers.

ESR was used to investigate the direct interaction between a protein and a partic-
ular lipid, illustrating the case of lipid binding into a hydrophobic pocket of chloro-
catechol 1,2-dioxygenase, a non-heme iron enzyme responsible for catabolism of
aromatic compounds [31]. The effects of GPI-anchored tissue-non-specific alkaline
phosphatase, a protein that plays a crucial role in skeletal mineralization, on the
ordering and dynamics of lipid acyl chains were revealed. The interaction saturated,
or unsaturated fatty acids with model membranes of the brain fatty acid binding
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Fig.10.10 Spin-labeling ESR from the membrane perspective and structural dynamics-line-shape
correlations. The lipid bilayer was built with CHARMM-GUI Membrane Builder and rendered with
Visual Molecular Dynamics. Reprinted from [31], Copyright 2016 Elsevier

protein, was evaluated. Different n-PCSL (n = 5, 7, 10, 12, 14, and 16) spin labels
reported on specific regions of the lipid bilayer (Fig. 10.10).

An elegant method for determining the position of proteins in membranes was
proposed in [32]. The method utilized an oxygen permeability gradient, which is a
smooth continuous function of the distance from the center of the membrane. The
relaxation gradient of oxygen in zwitterionic and anionic phospholipid membranes
was detected by attaching a single nitroxide probe to the transmembrane o-helical
polypeptide followed by studies of the oxygen effect on spin relaxation parameters
of the spin labels. The peptide was used to determine the depth of penetration of
the calcium-binding loops of the C2 domain of cytosolic phospholipase A2. Exper-
iments showed that the relaxation gradient constrains the possible values of the
membrane-dependent oxygen concentration and the oxygen diffusion gradients. The
average oxygen diffusion coefficient is estimated to be at least twofold smaller in the
membrane than that in water.

Complexin is a small soluble presynaptic protein that interacts with neuronal
SNARE proteins in order to regulate synaptic vesicle exocytosis. Optical and mag-
netic resonance spectroscopy were employed to precisely define the boundaries of
the two disordered C-terminal domain (CTD) membrane-binding motifs of com-
plexin and to characterize their conformations [33]. The structure of the CTD in the
presence of dodecylphosphocholine (DPC) micelles was characterized by standard
solution-state NMR experiments. The AH and CT motifs of phospholipid vesicle
bound CPX-1 CTD were investigated by electron spin resonance (ESR) spectroscopy
with site-directed spin labeling. Together, these experiments provided a model of the
structure and boundaries of the membrane-binding motifs of the CPX-1 CTD with
MTSL. The crystal structure of full-length glycoprotein B (gB), the fusogen from
herpes simplex virus, complemented by electron spin resonance measurements was
examined [34]. To determine the structure of the CTD C terminus and its orientation
within the membrane, the continuous-wave electron spin resonance spectroscopy on
isolated CTD, residues 801-904, bound to synthetic membrane vesicles composed



246 10 Spin Labeling

of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphate (POPA) was employed. Single-cysteine CTD mutants
from H861C to K885C were expressed in E. coli, purified, and spin labeled with 3-(2-
iodoacetamido)-PROXYL. Four-pulse DEER measurements at 17.3 GHz and 60 K
were performed using the w/2—-m—n pulse widths were 16 ns, 32 ns, and 32 ns,
respectively, and the 7 pump pulse was 32 ns. Distance distributions for all mutants
in solution were found to be broad and centered at ~40 A but narrowed in the presence
of anionic liposomes, indicating that highly dynamic regions become more ordered
upon membrane binding. This concurs with the increase in helicity and decrease in
proteolytic susceptibility of the CTD in the presence of anionic liposomes.

Phosphocholine spin labels on the lipid headgroup and different positions on
the acyl chain (Fig. 10.11) were employed to detect the HIV gp41 fusion peptide
(FP) perturbation on lipid bilayers containing different cholesterol concentrations
by DEER [35]. The work findings showed that: (1) gp41 FP affects the lipid order
via cooperative effect versus the peptide/lipid ratio, (2), gp41 FP induces membrane
ordering in all lipid compositions, and (3) in high-cholesterol-containing lipid bilay-
ers, gp41 FP is in the b-aggregation conformation. Schematic representation of the
modes of HIV gp41 FP insertion into lipid bilayers is presented in Fig. 10.12.

A distance r between two 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-
carboxylic acid spin labels synthetically incorporated at positions 1 and 16 of this
19-mer peptide was measured at the nanometer scale via the electron dipole—dipole
interaction between two labels [18]. Data on distance distribution functions F(r)
between the two spin labels for frozen Alm at 77 K are displayed in Fig. 10.13. Two
data sets were collected at 77 K: (i) from aggregates of Alm in hydrated egg-yolk
phosphocholine (ePC) vesicles (at peptide-to-lipid ratios of 1:200 and 1:75) and (ii)
from non-aggregated Alm in pure (non-hydrated) ePC and in solvents of different
polarity. The intramolecular distance between the two labels obtained in this manner
was found be independent of the molecular aggregated state and the environment
polarity as well.

DEER distance measurements between spectroscopically orthogonal Gd(IIT) and
nitroxide spin labels in the nanometer range were performed on a series of membrane-
incorporated orthogonally labeled WALP23 polypeptides [36]. Four WALP23 con-
structs were synthesized by solid-phase synthesis with cysteine at position 7, 11,
15, or 19 for labeling with MTSSL and with a DOTA-Gd(III)-lysine derivative
at the N-terminus. The distance distributions (r = 3-3.5 nm) obtained in 10 GHz
(X-band) and 35 GHz (Q-band) experiments exhibit a shift of the mean distance
by the a-helical pitch when the nitroxide labeling site is shifted by four residues.
The developed orthogonal labeling approach allowed for site-specific studies of the
nitroxide environment by pulse and CW-EPR in the presence of the lanthanide label
and for an independent check of the polypeptide aggregation within the lipid bilayer
by nitroxide—nitroxide DEER measurements. The local environment of the nitroxide
spin labels was also characterized.

Relaxation time measurements and electron spin echo envelope modulation
(ESEEM) experiments using pulse EPR in combination Overhauser dynamic nuclear
polarization (DNP) at X-band frequency and a magnetic field of 0.33 T were
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Fig. 10.11 a Structures of spin-labeled lipids DPPTC, 5PC, and 14PC. b Peptides used in this
study, with mutations shown in bold letters [35]. Reprinted from [35], Copyright 2014 Elsevier

employed to investigate water accessibility in the hydrophobic «-helical peptide
WALP23 inserted in unilamellar liposomes of DOPC, a membrane-inserting pep-
tide [37]. Information on the water accessibility of the labeled site was obtained by
the measurement of the change in the intensity of the '"H NMR spectrum of H,O
at a Larmor frequency of 14 MHz under a continuous-wave microwave irradiation
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Mutant V2E FP in alpha WT FP in alpha WT FP in beta
sheet structure

helical structure helical structure

0 ~20 mol% cholesterol 30 mol% cholesterol
HoFusion Less efficient fusion More efficient fusion

Fig. 10.12 Schematic representation of the modes of HIV gp41 FP insertion into lipid bilayers, and
its effects on membrane order and fusion activities. The FP in b-sheet conformation is represented
as a trimer simply because gp41 is a trimer. Its real stoichiometry during the membrane fusion
process has not been confirmed. FP conformations shown are a-helical (red), b-sheet (green); the
gp41 ectodomain is black [35]. Reprinted from [35], Copyright 2014 Elsevier
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Fig. 10.13 Distance distribution functions F(r) between the two spin labels for frozen Almat
77 K. (left) Curves 1, 2, and 3 are related to the PELDOR decays of Almin frozen methanol,
methanol/toluene (1:4), and non-hydrated ePC. (right) Curves 1 and 2 are related to the PELDOR
decays of Alm + unlabeled alamethicin (1:10) in hydrated ePC vesicles (P/L molar ratios of 1:75
and P/L = 1:200)). In the upper part of the figure, a model of Alm [1, 16], built from the crystal
structure of Alm (molecule A) (27), is shown [18]. Reprinted from [18], Copyright 2008 American
Chemical Society
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of the nitroxide spin label. Water accessibility measurements with all techniques
are conducted for eight peptides with different spin-label positions and low radical
concentrations (10-20 wM). Consistently in all experiments, the water accessibility
appears to be very low, even for labels positioned near the end of the helix.

10.2.2 Lipid Membranes

Spin-labeling method provides wide facilities for quantitative measurements of
chemical, biochemical, and physical processes in biological and model membranes.
Principles of the spin-labeling application to investigating biological membranes and
recent results have been reviewed [38—45]. Location of the labels, water, and oxy-
gen in membranes, membrane microstructure, and dynamics has been discussed in
detailed. Here the recent current approaches and results in this area are illustrated by
several examples.

The effectiveness of nitroxide-labeled lipids (TOTAPOL3) as polarization agents
for lipids and a membrane-embedded peptide was demonstrated [43]. The chemical
structure of the nitroxide lipid labels used in this work is shown in Fig. 10.14.

Rotational motion of the label was characterized by values of the (24,.x). DNP
enhancements for SL-lipids in MLVs versus 20 mM TOTAPOL3 suspended with
MLVs, measured via '3C CP NMR spectra, are indicated in Fig. 10.15.

Nitroxide Biradicals Spin Labeled Lipids (SL-lipids)
TOTAPOL TEMPO-PC 7-Doxyl-PC  16-Doxyl-PC

X . 4
N*~y Mo~ Ne

0.,.0 7 Lo, £ 0,0

oo oo ¢ o

o 0.0 o 0.0 o /DTO

AMUPol A &G ok
5 y

Fig. 10.14 Molecular structures of (left) common water-soluble nitroxide biradicals and (right)
SL-lipids used in this study. The unpaired electron, indicated by an orange dot, is distributed over
the N-O bond [43]. Reprinted from [43], Copyright 2016 American Chemical Society
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Fig. 10.15 a DNP enhancements for 3 mol% of indicated SL-lipids in MLVs versus 20 mM
TOTAPOL3 suspended with MLV, measured via '>C CP NMR spectra. Error bars were calculated
by measuring the RMS noise in the baseline of each 13C CP spectrum and propagating through
the DNP enhancement calculation. b Area normalized X-band CW EPR spectra of 3 mol% of
the indicated SL-lipids reconstituted in MLVs at 282 K. Values of the super fine splitting of the
label ESR spectra (2Amax) are indicated with blue arrows for each spectrum. ¢ The distribution of
available conformations for nitroxides in TEMPOPC, 7-Doxyl-PC, and 16-Doxyl-PC relative to the
lipid bilayer normal is depicted by the shaded blue region around the respective nitroxide moiety
[43]. Reprinted from [43], Copyright 2016 American Chemical Society

The relative DNP NMR sensitivity enhancement between 15-{[(7-
oxyl-3,11-dioxa-7-azadispiro[5.1.5.3]hexadec-15-yl)carbamoyl][2-(2,5,8,11-
tetraoxatridecan-13-ylamino) }-[3,11-dioxa-7-azadispiro[5.1.5.3]hexadec-7-
yl])oxidanyl ~ (AMUPol)  and 1-[(2,2,6,6-tetramethyl-1-oxidopiperidin-4-
yl)amino]-3-(2,2,6,6-tetramethyl- 1-oxopiperidin-1-ium-4-yl)oxypropan-2-ol
(TOTAPOL) and between deuterated and protonated lipid membranes was
quantified [44]. Several lipid membranes were used in this study, namely 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), d54-DMPC, 1,2-dilauroyl-
sn-glycero-3-phosphoethanolamine  (DLPE), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE), and a eukaryotic membrane mixture which
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contains 1-palmitoyl-2-oleoyl-sn-glycero-3-phophocholine (POPC), POPE, egg
sphingomyelin (SM), and cholesterol (Chol) at molar ratios of 25.6:25.6:25.6:23%.
'H T, relaxation times were measured using the inversion recovery experiment.
'H/"3C/'N MAS probe 2D '3C spectra and 2D PN '*C correlation spectra were
measured without DNP. AMUPol showed fourfold higher sensitivity enhancement
than TOTAPOL. Deuterated lipid membrane does not give net higher sensitivity for
the membrane peptides than protonated membrane. Overall, a 100-fold enhancement
between the microwave-on and microwave-off spectra can be achieved on lipid-rich
membranes containing conformationally disordered peptides. Data on measurement
of the paramagnetic relaxation enhancement of lipid signals by TOTAPOL and
AMUPol indicated a bimodal distribution of both radicals, a surface-bound fraction
and a membrane-bound fraction where the nitroxides lie at 10 A from the membrane
surface. TOTAPOL appears to have a higher membrane-embedded fraction than
AMUPol and TOTAPOL preferentially binds to the middle of the membrane,
10 from the membrane surface [46].

10.2.3 Nucleic Acids

The spin labeling in combination with classical and advance EPR and NMR methods
and its pulse modification, in particular, have proved to a powerful approach to study
of structure and motion/rearrangements of the nucleic acids under biologically similar
conditions [47-53].

Modern synthetic chemistry developed elegant methods of tethering nitroxide and
other labels to all fragments of nucleotide including the nucleobase, the sugar, and
the phosphate backbone of nucleic acids (Figs. 10.16 and 10.17, as example). The
spin labels can be incorporated during chemical synthesis of the oligomer (phospho-
ramidite approach) or post-synthetically, by reaction of a spin-labeling reagent with
a reactive functional group on the oligonucleotide [47].

o]
=
= =
A
(o]
o4
-
I

OR OH

Fig. 10.16 Examples of nitroxides that have been conjugated to the nucleobase (left), the sugar
(middle), and the phosphate backbone of nucleic acids (right) [47]. Reprinted from [47], Copyright
2011 De Gruyter
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Fig. 10.17 Incorporation of 2’-amino-modification into RNA

(left) and post-synthetic spin labeling of 2’-amino-modified
(right). DMT = 4,4’-dimethoxytrity [47]. Reprinted from [47

Fig. 10.18 Secondary

Mini TAR-DNA

10 Spin Labeling

o}
3- EU\NH
’j‘o N’&o

2'-ureido-spin-labeled RNA

using the phosphoramidite approach
RNA with a spin-labeled isocyanate
], Copyright 2011 De Gruyter

Complementary

SU"UCEHC Of lflnini TAR Dl:A With Labeling Sites Mini TAR-RNA
together with positions o

spin labels attached via c e A u = GG
phosphorothioate linkages. T G (5 A
The complementary mini @"“-‘c = G.——-"‘ C-G
TAR RNA is also shown. On - . o
the mini TAR DNA, the spin G-C @ G=C
labels were attached in pairs, A U
SLA-SLB, SLC-SLD, ‘ AC S |
SLE-SLF, and the constructs A=T A=-U
were called SLAB, SLCD, E’ :'I(': 2: S
and SLEF, respectively [48]. c-G E-G
Reprinted from [48], c - -G
Copyright Elsevier 5 3 5 3

The post-synthetical covalent modification RNA with labels was illustrated in

Fig. 10.17,
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and their derivatives used for non-covalent modification were also performed.
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DEER was applied to strategically placed, site-specifically attached pairs of
nitroxide spin labels to monitor changes in the mini TAR DNA stem-loop struc-
ture brought on by the HIV-1 nucleocapsid protein NCp7 [48]. Spin labels (3-(2-
miodoacetamide) proxyl (IPSL) for thio-amido attachment and 3-iodomethyl-(1-
oxy-2,2,5,5-tetramethylpyrroline) for thio-methyl attachment) were attached at the
positions SLA, SLB, SLC, SLD, SLE, and SLF of mini TAR DNA (Fig. 10.18). Mea-
surement of distance between from several pairs of double labels (SLAB, SLCD,
SLEF) within mini TAR DNA in the presence of NCp7 and complementary mini
TAR RNA revealed marked changes both from the initial stem-loop structures in the
absence of NCp7 to the case of duplex DNA-RNA. Specifically, when duplex TAR
DNA-TAR RNA formed, double labels initially located 27.5 A apart at the 30- and
50-termini of the 27-base mini TAR DNA and then relocated to opposite ends of a
27 bp RNA-DNA duplex with 76.5 A between labels. Different sets of double labels
initially located 26-27 A apart in the mini TARm DNA upper stem and altered their
interlabel distance to ~35 A when 27 bp TAR DNA-TAR RNA duplex formed.

Structure of the two N-terminal dsSRNA-binding domains (dsRBDs) of Dicer-
binding partner TRBP in complex with a functionally asymmetric siRNA using
NOESY NMR, DEER, and single-molecular FRET spectroscopy was solved [50].
Using suggested model a Dicer-TRBP-siRNA ternary complex, it was shown that

Fig. 10.19 Scheme of
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TRBP’s dsSRBDs and Dicer’s RNase III domains bind a canonical 19 base pair siRNA
on opposite sides. This finding supports a mechanism whereby TRBP influences
Dicer-mediated cleavage accuracy by binding the dsRNA region of the pre-miRNA
during Dicer cleavage.

Hepatitis C Virus RNA internal ribosome entry site consisting of ~330 nucleotides
and having a complicated spatial structure was modified by spin labels (Fig. 10.19).

Fig. 10.20 Distance
measurements on dsIRNA. 1.00
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Q-band DEER/PELDOR
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analysis fitting (fit);
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Application of pulsed double electron—electron resonance provided spin—spin dis-
tance distribution, which agrees well with the results of molecular dynamics (MD)
calculations (Fig. 10.20).

An approach that combines high-resolution NMR restraints with low-resolution
long-range constraints, based on site-directed spin labeling and measurements of
distance distribution restraints in the range between 15 and 80 A by the four-pulse
double electron—electron resonance (DEER), EPR technique, was developed and
discussed on example of determination of structures of large RNAs and protein—RNA
complexes in solution [52].

The utility and capability of EPR line shape analysis and distance measurements
to monitor and describe site-specific changes in the conformational dynamics of
internal loop nucleobases as well as helix—helix interactions of the kink-turn motif in
the Vibrio cholerae (VC) glycine riboswitch that occur upon sequential K*-, Mg?*-
, and glycine-induced folding were explored by spin labels incorporated into the
232-nucleotide sequence via splinted ligation strategy [53]. Results demonstrate the
ability of SDSL to interrogate site-specific base dynamics and packing of helices in
large RNAs and demonstrate ion-induced stability of the kink-turn fold of the VC
riboswitch.

Data on spin labeling of nuclear acids published by 2016 were briefly reviewed
in [54].

10.3 Spin Tools

10.3.1 Background

In the last decade, spin ruler method which is long-distance measurements (2—8 nm)
in biomolecules obtained from pulse dipolar electron paramagnetic resonance (PD-
EPR) spectroscopy in general, and double electron—electron resonance (DEER)
technique in particular have been developed and widely used for solving various
structural problems such as investigation of structural changes upon ligand binding,
protein—protein, or protein—-DNA interactions, the assembly of subunits of proteins,
and for accessing the flexibility of particular regions in the biomolecule.

The recent advances of in vivo molecular EPR-based spectroscopy and imaging
of tumor microenvironment (TME) and redox using functional paramagnetic probes,
and applications of these approaches in various animal models of cancer magnetic res-
onance imaging (MRI) and low-field electron paramagnetic resonance (EPR)-based
techniques were demonstrated in a series excellent works by Khramtsov group [55]
and references therein. A principle key role of the important physiological com-
ponents, such as acidity (pH), oxygen concentration (pO,), intracellular glutathione
(GSH) and other sulfide, redox status, and interstitial inorganic phosphate (Pi) in nor-
mal and pathological biological processes (cancer progression in tumor for example)
have been established. Progress in development of functional paramagnetic probes
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together with recent advances of low-field electron paramagnetic resonance (EPR)-
based spectroscopy, which provided a reasonable radiofrequency penetration depth
in living tissues and allows larger samples to be used, opens the way for quantitative
investigation of imaging in vitro and vivo of tumor macroenvironment and redox
properties.

The following chemical structures of the EPR multifunctional probes were used
in [55]:

pH and redox probes, disulfide biradical probe for GSH detection, pO, probe.
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For the detection of spin probes, along with conventional versions of EPR spec-
troscopy, the method of field cycling proton electron double-resonance imaging
(FC-PEDRI has recently been used [55, 56]. A new concept of variable field pro-
ton—electron double-resonance imaging (VF PEDRI), which allows for functional
mapping using specifically designed paramagnetic probes (e.g., pH mapping) with
MRI high-quality spatial resolution and short acquisition time, was proposed [57].
It was demonstrated that this method provides pH resolution of 0.1 pH units and a
spatial resolution of 1.25 mm at 200 G field.
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10.3.2 Spin Oximetry

Molecular oxygen plays a key role in many biochemical and physiological and patho-
physiological processes such as mitochondrial respiration, synthetic and degradative
reactions, oxidative damage, cell signaling, so forth. ESR oximetry is a technique
that can make non-invasive sensitive and localized measurements of oxygen. Spin
oximetry is a version of the method of spin label-spin probe in which molecular
oxygen plays the role of a spin probe (Chap. 11). Nitroxides, stable aromatic radicals
(derivatives of triarylmethyl radical, Indian ink), phthalocyanine, and micrococrys-
tals (fusinite and carbohydrate chars) show narrow singlet ESR lines sensitive to O,
concentration in water and cells, organs, small animals, and even parts of human
body [55, 58, 59]. For example, the EPR linewidth of triarylmethyl radical can be
served as spin probe for the measurement of pO, with accuracy 1 mm Hg and range,
1-100 mm Hg.

In pioneering work of James Hide group [60, 61] a method for measuring the
oxygen diffusion-concentration product was invented. The method was based on the
dependence of the spin—lattice relaxation time 7', of the spin label on the bimolec-
ular collision rate with oxygen [62]. Both time-domain and continuous-wave satu-
ration methods showed strong Heisenberg exchange between spin label and oxygen
which contributes directly to the T; of the spin label. Advantages in measurement
of the oxygen transport parameter using saturation-recovery EPR have been clearly
demonstrated in saturated (DMPC) and unsaturated (POPC) lipid bilayer membranes
with the use of stearic acid (n-SASL) and phosphatidylcholine (n-PC) spin labels.
Figure 10.21 illustrates a profile of the oxygen transport parameter across the POPC
membrane obtained by X-, Q-, and W-band spectroscopy.

The effect of O, on the spin lattice relaxation time 7';, derived from saturation
curves of the CW ESR spectra of nitroxide radicals, was examined for radicals
incorporated into phosphatidylcholine (PC) liposomes and attached to lysozyme and

Profiles of the oxygen transport parameter across POPC membrane
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Fig. 10.21 A profile of oxygen transport (accessibility) obtained at X-, Q-, and W-band. Measure-
ments and equilibrations with gas for X- and Q-band were performed at 29-30 °C. Measurements
and equilibrations with gas for W-band were performed at room temperature [61]. Reprinted from
[61], Copyright 2011 Elsevier
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albumin [63]. O, increased the rates of spin—lattice and spin—spin relaxation by the
factor kex C, where ke is a spin-exchange constant and C is the oxygen concentration.
The experiments indicted that for the liposomes, k.xC increased as the spin label
approached the center of the bilayer, while for the tagged proteins, k.xC was very
close to that of the radicals in aqueous solution.

10.3.3 Spin pH Meter

A spin pH probes technique for the measurement of local acidity in biological and
non-biological objects including organs and even living organisms was invented in
work of Khramtsov, Weiner, Grigor’ev, and Volodarsky in 1982 and since then found
wide application in biological systems, in vivo in particular [55, 64—68]. EPR spectra
of stable nitroxides of the imidazoline and imidazolidine types
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have been shown to be sensitive to pH and serve as spin pH probes.

Data on the synthesis of a wide set of pH-sensitive nitroxides is a pH spin probe
(in the range from 6 to 8.0 with accuracy —0.05) of different sensitivity, stabil-
ity to reduction, lipophilicity, covalent binding properties to macromolecules, and
applications have been reported [65, 66, 68].

Typical pH-dependence of the observed hyperfine splitting constant, ay, DNP
spectra of the nitroxide NR1 acquired in acid, pH 4.98, and slightly alkaline, pH
7.62, and the effect of protonation of the radical heterocycle resulting in decreasing
unpaired electron density at the nitrogen nucleus of the N-O fragment were presented.
pH dependencies of the hyperfine splitting, ay, for R; probe measured using L-band
EPR spectroscopy are shown in Fig. 10.22.

10.3.4 Spin Redox Probe

Redox reactions play a key role in the fundamental chemical, photochemical, and bio-
logical processes and in the provision of energy of living organism, in particular. The
spin redox probe techniques utilize ability of nitroxides and corresponding hydroxyl
amines to proceed in following chemical reactions which include: (1) reduction of a
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Fig. 10.22 pH dependencies of the hyperfine splitting, an, for R; probe measured using L-band
EPR spectroscopy. Temperature-dependent shift of the titration curve was observed with pK , values
being equal to 6.84 ({J, 23 °C) and 6.60 (@, 37 °C). Insert: L-band EPR spectrum of the R probe
measured in vivo after injection (10 pL, 10 mM) in mammary tumor tissue. The hyperfine splitting,
an, was found to be equal to 14.72 G which corresponds to the value of pH, = 6.52 assuming tumor
tissue temperature 34 °C and pK, = 6.65. b EPR signal decay of the probe R; after injection (10
pL, 10 mM) in mammary glands (O) and mammary tumors (H). The analysis of the initial part of
the kinetics yields the rates of the EPR signal reduction, kg, in extracellular media of the tissues
being equal to 0.5 x 1073 s~! and 2.5 x 1073 s~!, respectively [65]. Reprinted from reference
[65], Copyright 2012 Wiley

nitroxide with reducing agent to corresponding hydroxyl amine, (2) oxidation of a
nitroxide to oxoammonium cation and (3) oxidation of hydroxyl amine with an oxi-
dant to correspondent nitroxide. All these reactions run as the simple one-electron
processes and can be readily followed by the standard and advance ESR technique [5,
68—75]. The values of the nitroxide redox potential depend on their chemical struc-
tures (Chap. 3). For example, the redox potential of piperidine derivatives nitroxide is
high enough to oxidize such biological compounds as ascorbic acid, semiquinones,
and superoxide radical. As long ago as 1968, reduction of nitroxides was observed
in electron transport in mitochondria [75]. Later, such processes were found to be
typical of various biological systems.

A typical example of determination of in vivo pH and redox assessment of TME
in mouse model of breast cancer using dual-function NR1 probe is described in
Fig. 10.22 [65].

Real-time assessment of extracellular pH (pH(e)), redox, and intracellular glu-
tathione were monitored in PyMT mice-bearing breast cancer tumors during treat-
ment with granulocyte macrophage colony-stimulating factor using L-band EPR
spectroscopy and nitroxide probe and disulfide nitroxide [76]. It was observed that
(1) tumor pH(e) is about 0.4 pH units lower than that in normal mammary gland tissue,
(2) treatment with granulocyte macrophage colony-stimulating factor decreased the
value of pH(e) by 0.3 units compared with PBS control treatment, and (3) tumor tissue
reducing capacity and intracellular glutathione were elevated compared with normal
mammary gland tissue, and (4) granulocyte macrophage colony-stimulating factor
treatment resulted in a decrease of the tumor tissue reducing capacity and intracellular
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glutathione content. In addition, pH(e) mapping was performed using recently pro-
posed variable frequency proton—electron double-resonance imaging (VF PEDRI).
The pH mapping superimposed with MRI image supports probe localization in mam-
mary gland/tumor tissue showed high heterogeneity of tumor tissue pH(e) and a dif-
ference of about 0.4 pH units between average pH(e) values in tumor and normal
mammary gland.

10.3.5 SH Moiety Assay

SH moiety assay is based on the use of RSSR probes (Fig. 10.21), in which two
nitroxides are tethered with flexible bridge. The dynamic spin exchange in moment
of close contact between the nitroxide leads to appearance new satellites in EPR
spectra [55, 74, 77]. The reaction of thiol/disulfide exchange with a sulfide-bearing
compound (glutathione, GSH for example) splits the RSSR disulfide bond resulting
in formation of two monoradicals and cancelation of intramolecular spin-exchange
between the monoradical fragments. Reaction of the RSSR probe with glutathione
on the EPR spectra resulted in disappearance of the biradical spectral components
and a corresponding increase of the intensity of the monoradical components. The
rate of the increase of the amplitude of the monoradical component is proportional
to the GSH concentration.

As an example, in the SH moiety assay, a set of RiSSRi biradicals (Fig. 10.23)
was employed.
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Fig. 10.23 Chemical structures of the imidazoline, R;SSR, imidazolidine, R,SSR, and R3SSR3,
and pyrrolidine disulfide biradicals, R4SSR4 and RSSSRS5 [77]. Reprinted from [77], Copyright
2017 American Chemical Society
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10.3.6 Spin Imaging

The basic principles of using stable organic radicals involved in reversible exchange
processes as functional paramagnetic probes were reviewed [77, 78]. It was demon-
strated that these probes in combination with electron paramagnetic resonance (EPR)-
based spectroscopy and imaging techniques provide analytical tools for quantitative
mapping of critical parameters of local chemical microenvironment.

One way of field-cycled proton—electron double-resonance imaging (PEDRY) of
free radicals designed in Lurie group and realized in collaboration with Khramtsov
group was to use so-called phantoms [78, 79]. Images were acquired separately by
changing the external magnetic field for EPR irradiation between '“N and N nuclei
in FC-PEDRI. The center of the phantom consisted of several tubes of internal diam-
eters 3—15 mm filled with a spin probe. For example, five tubes of internal diameters
15,9, 5, 4, and 3 mm are filled with 2 mM TEMPOL solution. These were enclosed in
acylindrical container of diameter 4 cm that was filled with water doped with copper
sulfate to give the same 7'; as that of the free radical solution (650 ms at 2.5 MHz).
Fourteen sample tubes with internal diameters of 8 mm were attached around the
outside of the cylinder, with alternate tubes being filled with 2 mM TEMPOL solu-
tion or copper sulfate-doped water. The overall diameter of the phantom was 6 cm,
about the size of a small rat. The feasibility of redox imaging using nitroxyl radi-
cals was validated by in vitro experiments showing the time-dependent redox reac-
tion of both membrane-permeable '“N/'3N-3-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine-1-yloxy (MC-PROXYL) and membrane-impermeable '“N/!3N carboxy-
PROXYL in the presence of ascorbic acid. Images were acquired separately by
changing the external magnetic field for EPR irradiation between “N and N nuclei
in FC-PEDRI. Seven phantom tubes comprising six outer tubes with liposomes
encapsulated with 100 mM ascorbic acid were shown.

Simultaneous molecular imaging of redox reactions monitored by Overhauser
enhanced MRI with '*N- and 'SN-labeled nitroxyl radicals was reported in [80].
Time-dependent PEDRI of '>N/!'*N-carboxy-PROXYL and "N/!*N-MC-PROXYL
in liposomes encapsulating ascorbic acid (100 mM) was detected in seven phantom
tubes in the presence and the absence of liposomes. The images of the decay rates
for '#N- and "N-enhanced PEDRI images were calculated by assuming first-order
kinetics for the time-dependent decrease of the contrast, and only MC-PROXYL
showed decay images in both '*N- and '*N-enhanced PEDRI [80].

A pH map was extracted from two PEDRI acquisitions performed at EPR fre-
quencies of protonated and unprotonated forms of a synthesized pH-sensitive probe
[81]. Probe deuteration resulted in a narrow spectral line of 1.2 G compared to a
non-deuterated analog line width of 2.1 G allowing for an increase of Overhauser
enhancements and reduction in rf power deposition. Binding of the probe to the cell-
impermeable tripeptide, glutathione (GSH), allowed for targeting to extracellular
tissue space for monitoring extracellular tumor acidosis. In vivo VRF PEDRI was
performed on Met-1 tumor-bearing mice (Fig. 10.24), and broad pH distribution with
acidic mean pH, (6.8 &£ 0.1) in tumor tissue was observed.
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Fig. 10.24 VRF PEDRI pH calibration (a—d) and in vivo pH mapping (e, f) by using NR2 probe.
Calibration has been performed by using a 10-tube phantom (a) at room temperature. PEDRI images
were acquired at two EPR irradiations, RFy = 559.3 MHz (b) and RF; = 562.1 MHz (¢), acquisition
time, 8.4 s. The tube with water alone is not visible on either image due to lower intensity compared
with the signal from tubes containing the paramagnetic probe. EPR off image (not shown) was
subtracted from both EPR on images acquired at RF; and RF», yielding image intensities, /(rF,)
and /(r,). d pH dependence of the ratio I(rr,)/(I(RF,) + I (RF,))- Solid line is nonlinear least-squares
fit of the data to a conventional titration equation, yielding pK, value equal to 6.75-0.05. Error bars
represent the standard deviation. In vivo PEDRI pH mapping was performed in the anesthetized
breast tumor-bearing mouse (e, f). Paramagnetic NR2 probe was injected into the tumor (number 4
mammary gland, left) and normal mammary gland (number 9, right). e Qualitative visualization of
the distribution of the NR2 probe, in vivo. The image is the average of two PEDRI images acquired
at two EPR frequencies, RF| = 562.1 MHz and RF, = 559.3 MHz, NMR frequency, 784.9 kHz,
matrix, 64 x 64; field of view, 80 mm. Irradiation time was 8.4 s for each acquisition. f pH map (in
color) calculated from two PEDRI images superimposed with the MRI image (gray scale) showing
the coronal view of the mouse [81]. Reprinted from [81], Copyright 2017 American Chemical
Society

DNP-MRI imaging of free radical intermediates that are derived from endoge-
nous species involved in metabolic processes was first reported [82]. Simultaneous
images of free radical intermediates generated from the coenzyme Q10 (CoQ10),
flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD) involved in
the mitochondrial electron transport chain as well as carbamoyl-PROXYL and the
radicals derived from vitamins E and K1 were visible. Each of the radical species can
be distinguished in the spectroscopic images by the changing the frequency of irra-
diation. Figure 10.25 shows the EPR signals of the intermediate of various candidate
probes.
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Fig. 10.25 Typical EPR spectra (a), the absorption EPR spectra (b), and simultaneous DNP-MRI
image (c) of free radical intermediates from FMN, FAD, CoQ10, vitamin E, vitamin K1, and the
synthetic stable radical "*N carbamoyl-PROXYL. The vertical solid line in part b indicates the
frequency of EPR irradiation for PEDRI (527.5 MHz), which is the resonance frequency of the
central peak of carbamoyl-PROXYL. MRI spectra with and without EPR irradiation were obtained
with a spin echo sequence at 850 kHz by using a homemade in vivo PEDRI system kept at room
temperature [82]. Reprinted from [82], Copyright 2014 American Chemical Society

Two nitroxyl radicals, the cell membrane penetrable (carbamoyl-PROXYL) and
the cell-impermeable (carboxy-PROXYL), were used in the in vivo PEDRI experi-
ments to investigate the redox reactions which can occur in the intracellular or extra-
cellular compartment [83]. Nitroxyl radical solution was injected to the same region
of the mouse leg that had received BPVC pretreatment. In vivo DNP-MRI images
and redox maps at 4 and 24 h after BPVC treatment in mice, taken after injection of
2.5 mM carbamoyl-PROXYL (50 IL) into both legs, were presented. Redox maps
were calculated by using four pharmacokinetic in vivo DNP-MRI images, and decay
rates were calculated for the DNP-MRI images of untreated and BPVC-treated legs.
Differences between decay rates in BPVC-treated versus untreated (contralateral)
legs in individual mice were shown. In vivo DNP-MRI images and redox map at 4
and 24 h after BPVC treatment in mice, taken after injection of 2.5 mM carboxy-
PROXYL (50 IL) into both legs, were also indicated. Thus, the decay rate of the
BPVC-treated leg was found to be faster than that of the control leg.
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Real-time assessment of extracellular pH (pH(e)), redox, and intracellular glu-
tathione was monitored in PyMT mice-bearing breast cancer tumors during treat-
ment with granulocyte macrophage colony-stimulating factor using L-band EPR
spectroscopy and nitroxide probe and disulfide nitroxide [76]. It was observed that
(1) tumor pH(e) is about 0.4 pH units lower than that in normal mammary gland tis-
sue, (2) treatment with granulocyte macrophage colony-stimulating factor decreased
the value of pH(e) by 0.3 units compared with PBS control treatment, (3) tumor
tissue reducing capacity and intracellular glutathione were elevated compared with
normal mammary gland tissue, and (4) granulocyte macrophage colony-stimulating
factor treatment resulted in a decrease of the tumor tissue reducing capacity and
intracellular glutathione content. In addition, pH(e) mapping was performed using
the VF PEDRI). The pH mapping superimposed with MRI image supports probe
localization in mammary gland/tumor tissue shows high heterogeneity of tumor tis-
sue pH(e) and a difference of about 0.4 pH units between average pH(e) values in
tumor and normal mammary gland.

10.3.7 Molecular Dynamics. Spin Viscose Meter

The principles underlying the application of the nitroxide spin-label method as a tool
for experimental investigation of protein molecular dynamics (“breathing”) were for-
mulated in the late 1960s and early 1970 by Likhtenshtein [62, 84, 85]. In parallel,
complementary research on protein dynamics was performed by a proposed Moess-
bauer atom labeling [5, 86]. Transglobular conformational change in myoglobin and
lysozyme as a consequence of a protein molecular dynamics was first demonstrated
in [62].

A suggested approach for the investigation of protein dynamics relied on the well-
known finding that the mobility of a molecule in a condensed phase is modulated to
a great extent by the molecular dynamics of the surrounding molecules. Therefore,
the particulars of nitroxide motion report on characteristics of the dynamics of the
surrounding medium. An important feature of nitroxides is their structural anisotropy
which causes anisotropy of magnetic interactions, such as the hyperfine splitting and
the g-tensor. Radical motion leads to averaging of the hyperfine interaction and
the g-tensor which causes significant changes to the ESR spectrum. Modern ESR
techniques (Chap. 4) allow ones to access dynamic processes such as rotation and
wobbling with a wide range of correlation time, 7. = 10>-10'° s and amplitude
ending low-amplitude high-frequency vibration and the phonon processes in media.
Essential knowledge about molecular dynamic state of system under investigation
can be derived from the measurement of dynamic interactions between nitroxides
and other paramagnetics at its encounters.

The following parameters of spin probes in liquid glasses, polymers, mem-
branes, biomolecules, and proteins are sensitive to low-amplitude high-frequency
and phonon dynamics: (1) line width of a radical pair (RP), (2) RP ESR signal split-
ting, (3) amplitude of RP ESR signal, (4) spin packet of a nitroxide probe AH
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(5) nitroxide spin phase (1/T. ~ AH ;) and spin—lattice relaxation rate (1/7';.), (6)
ESR spectra of nitroxides line width §, and (7) nitroxides hyperfine splitting A,piso.
Atomic vibration and molecular motions of a nitroxide affect the spin relaxation
parameters and line shapes of the nitroxide ESR spectra.

The first dynamic theory of the nitroxide ESR spectra for nitroxide rotation in the
fast (t. = 107°-107'° 5) and slow regions (. = 10771078 s) was developed by
Kivelson [86] and Freed [87], correspondingly. In the case of spin-labeled macro-
molecules (polymers, proteins, membranes, and nuclear acids), the situation appears
to be more complicated when the nitroxide segment can be involved at least in two
types of motions: high-amplitude low-frequency (t. > 1073 s) motion or/and low-
amplitude high-frequency wobbling (t. < 10~ s) [87]. To distinguish from above-
mentioned models, a method based on an analysis of correlation between the values of
the A, shift and the line width induced by temperature and viscosity change was pro-
posed [88]. Comparison of experimental data for a series of spin-labeled bioobjects,
including biomembranes and proteins, indicated that the rotation of the nitroxyl frag-
ments of the spin labels at an ambient temperature can be described by the model of
slow anisotropic rotation with correlation time 10~’—10~8 s under conditions where
the rotation of the macromolecules and membranes is slow in the ESR time scale and
can be neglected [88]. Pulsed multifrequency EPR was used to investigate orienta-
tional molecular motion of the nitroxide spin probe ([(SO3),NO'], Fremy’s salt) in
glycerol glass near the glass transition temperature [28, 29, 89, 90]. Measuring echo-
detected EPR spectra at different pulse separation times at resonance frequencies of
3, 9.5, 95 and 180 GHz of Fremy’s salt, in glycerol glass near the glass transition
temperature allowed for estimating parameters of transverse relaxation tensor and
thus for discriminating between different relaxation mechanisms and characterize
the timescale of molecular reorientations (10~7=10710 s).

In work [91], dynamic behavior of di-tert-butyl nitroxide in aqueous solution
has been investigated by means of an integrated computational approach, including
Car—Parrinello molecular dynamics and quantum mechanical calculations involving
a discrete—continuum embedding. Decoupling of the structural, dynamical, and envi-
ronmental contributions to the nitroxide ESR spectra allowed one to elicit the role
played by different dynamic effects and stress the importance of specific vibration
modes. Data on motions in a protein detected by changes in the average distance
and/or the shape and width of the distribution using DEER have been reported [92].
The following findings were described: (1) DEER detection of triggered conforma-
tional changes; (2) motion of a transmembrane helix during the transition from state
A to state B alters the average distance (r,,) between spin labels; (3) the rotameric
ensemble of each label generated from a rotamer library using the program MMM,;
(4) A and B are distinct conformers of different energies; (5) the conformational shift
manifests primarily as a change in r,,, and (6) altering the biochemical conditions
alters the contribution of each distinct conformation (dashed curves) to the distance
distribution.

An extensive set of electron spin resonance spectra of the dynamics of spin-
labeled T4 lysozyme was obtained over a wide range of frequencies (9, 95, 170, and
240 GHz) and temperatures (2-32 °C) [93]. The native side chain at solvent-exposed
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helical sites, 72 or 131, was labeled with nitroxide side chain (R1), or a methylated
analog with hindered internal motion (R2). The spectra at all four frequencies were
simultaneously fit with the slowly relaxing local structure (SRLS) model which
suggests the global tumbling of the protein and the internal motion consisting of
backbone fluctuations and side chain isomerizations. Quantitative spin labeling of
SecB mutants containing a single cysteine per subunit or an exposed highly reactive
new cysteine after removal of the nearby intrinsic cysteines was achieved with the
methanethiosulfonate spin label (MTS) at positions C97 or E90C, respectively [94].
High-field (W-band) EPR measurements revealed that in labeled bovine pancreatic
trypsin inhibitor (BPTI), the spin labels are exposed to a more polar/hydrophilic
environment. Binding of BPTTI led to a slight change in distances between labels at
C97 but not at E90C.

General aspects of the dynamics of the tether linking methanethiosulfonate
(MTSSL) spin probes to a-helices have been investigated with the purpose of ratio-
nalizing its effects on ESR line shapes [95]. Torsional profiles for the chain bonds
have been calculated ab initio, and steric interactions with the a-helix and the neigh-
boring residues have been introduced at the excluded-volume level. The implications
for the ESR spectra of spin-labeled proteins were discussed, and suggestions for the
introduction of realistic features of the spin probe dynamics into the line shape
simulation were presented.

To investigate the single transmembrane (TM) domain conformational proper-
ties of integrin, Bla, 26 consecutive, single-cysteine mutants were generated for
site-directed spin-labeling and continuous-wave electron paramagnetic resonance
(CW-EPR) mobility and accessibility analyses [96]. The following results were pre-
sented: (1) the mobility analysis identified two integrin $1a-TM regions with differ-
ent motional properties in micelles and an integrin fla-TM helix with high immo-
bility in liposomes; (2) the accessibility analysis verified the TM range (Val737-
Lys752) of the integrin f1a-TMC in micelles; and (3) mobility and accessibility
comparisons of the integrin B1a-TMC domains in micelles or liposomes identified a
monomer embedded in detergent micelles and leucine-zipper-like homo-oligomeric
clusters in liposomes were established. The phase diagram of 1,2-dipalmitoyl-sn-
glycerophosphatidylcholin labeled (labeled at the end-chain 16-PC)—cholesterol
binary mixtures versus temperature was studied using 2D-ELDOR at Ku band with
the “full Sc” method [97]. The line shape changes and the homogeneous 7’s,
extracted from the pure absorption spectra in the 2D-plus-mixing-time represen-
tation, allowed the characterization of the membrane phases with respect to their
dynamic molecular structures and to determine the phase boundaries.

The dynamic behavior of spin labels with nitroxides located in different positions
on the aliphatic chains in liposomes was first investigated with high-frequency (2-
mm) ESR spectroscopy [98]. On the basis of temperature dependence of the spin
probe spectra over the range temperatures, it was concluded that in the temperature
range 220-260 K, the nitroxide rotation is essentially anisotropic with correlation
time 7. = 1077108 s and about 10~ s at physiological temperatures.
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10.3.8 Spin Polarity Meter

The dependence of isotropic and anisotropic hyperfine splitting (Ajs, and Agpiso) and
g-factor for nitroxides on the spin density on nitrogen atom and the energy of the
n — * transition in the N-O" fragment makes this probes suitable for assessing
local polarity and the availability of hydrogen bond donors to form H-bond with
the N-O" group [70, 99-102]. The physical reason for such a dependence is that
the contribution of polarized resonance structure N-O" <> N*-O~ increases in a
polar media, causing an increase in the spin density on nitrogen atom observed as an
increase in the Ajs, value. At the same time, the A,piso Values are larger for the ionic
structure.

The isotropic '*N-hyperfine coupling, a), of nitroxyl spin labels depends linearly
on the unpaired electron spin density on the nitrogen atom (pX) and to a lesser extent
on that on the oxygen atom (pg)v [99]:

ay = Onpy + Onop?,

where pN+ 09 ~ 1 and the leading term is that involving Ox (3>Ono). The spin den-
sity distribution, and hence the hyperfine coupling, is perturbed linearly by the reac-
tion field from the polar environment [22]. The polarity dependence of the principal
z-element of the hyperfine tensor is determined by both the isotropic and anisotropic
terms:

3

Ay, = ay +2|T}

where — | T¢ | is the perpendicular element of the traceless hyperfine tensor that arises
from the electron—nuclear dipolar interaction.

The g-factor values are also reported to be sensitive to the medium. A correlation
between a decrease of gx and an increase in A, has been observed for nitroxides in
simple liquids and labeled proteins [101]. A polarity effect (up to AAjs, = 0.13 mT)
was observed for the TEMPOL radical and for the formation of H-bond with N-O
group of the nitroxides AAjs, = 0.15 mT). ESR spectra of a nitroxide probe in solvent
of various polarities can be used for estimation of local apparent dielectric constant
in the vicinity of a nitroxide incorporated in system of interest.

The dependences of electronic paramagnetic resonance properties on environmen-
tal dielectric permittivity and proticity in biomolecular assemblies were reviewed
[99].

10.4 Alternative Spin Labeling

The most commonly used SLs are nitroxyl radicals, but recently SL new approaches
have been shown to be an attractive alternative for PD-EPR, particularly double
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electron—electron resonance (DEER). The first one, based on high-spin Gd* (S =
7/2) complexes, was designed and developed in Goldfarb group [103—-109]. The
long spin relaxation, narrow EPR signals, neutral chemical character, and stability of
triarylmethyl radicals (trityls, TAMs) trityls at room temperature in liquid solutions
make them a promising alternative for traditional nitroxides [15].

The following advantages of the first approach can be pointed out: (1) high sen-
sitivity because high-field measurements at spectrometer frequencies higher than
30 GHz are associated with an increase in the absolute sensitivity; (2) Gd** com-
plexes are stable toward oxidation or reduction, and therefore, it can be used in the
reductive environment in cells; (3) neutral chemical character of this compounds,
possessing neutral chemical character, does not alter the chemical properties of the
parent molecule region to which they are attached; (4) and the long spin relaxation
and narrow EPR signals.

The C7-Gd and C8-Gd tags, which are compact hydrophilic cyclen-based lan-
thanide tags for conjugation to cysteine residues in proteins, were loaded with
Gd(III) on two mutants of the homodimeric ERp29 protein and investigated by EPR
(Fig. 10.26) [105].

The W-band EPR spectra were found to differ between the tags in the free state and
after conjugation to the protein. In addition, the spectra were sensitive to the labeling
position, which may originate from an environment-dependent charge density on the
Gd(III)-coordinating oxygens.

Two small and uncharged Gd(III) tags, propargyl-DO3A and C11 (Fig. 10.27),
were attached to E. coli aspartate/glutamate-binding protein and the Zika virus
NS2B-NS3 protease [106]. Distance measurements between the label on the proteins
were performed by double electron—electron resonance experiments. Echo-detected
EPR spectra and echo-decay spectra measurements were carried out at 10 K on a
home-built pulse EPR spectrometer operating at W-band (94.9 GHz). Owning their
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Fig. 10.26 Schematic presentation of Small Gd(III) Tags for Gd(II[)—Gd(III) distance measure-
ments in proteins by EPR spectroscopy [108]. Reprinted from [108], Copyright 2014 American
Chemical Society



10.4 Alternative Spin Labeling 269

Fig. 10.27 Crystal structure of the Zika virus NS2B-NS3 protease (PDB: 5LCO0) [34] with Gd(III)
tags modeled at different sites. NS2B and NS3 are shown as yellow and blue ribbons, respectively.
Tagged residues and the inhibitor cn-716 (indicated in orange) are shown in a line representation.
Distances measured by DEER experiments are shown as dotted lines. a Structure with AzF residues
tagged with propargyl-DO3A in positions 67%*, 77*, 85* and 27. b Structure with cysteine residues
tagged with C11 in positions 81%, 85%, 27, 33, and 34 [106]. Reprinted from [106], Copyright 2018
RCS

compact structure, the tags delivered narrower distance distributions. A closed con-
formation determined by X-ray crystallography in the presence of the high-affinity
inhibitor cn-716 was confirmed in the EPR experiments, in which DEER measure-
ments were performed in the presence as well as in the absence of this inhibitor. In
this conformation, NS2Bc contributes to forming the substrate-binding site of the
protease (Fig. 10.27).

The properties of the conformational landscape of a biomolecule, especially for
proteins with disordered regions, are of capital importance to understand its func-
tion. To provide an upper bound of the statistical weight of each conformation of
Ca?*-bound calmodulin (CaM), Maximum Occurrence (MaxOcc) approach in com-
bination with DEER was proposed [107]. For probing the interdomain distance dis-
tributions, three different mutants of calmodulin, N53C-T110C, N53C-A103C, and
T34C-T117C, were labeled by Gd** DOTA-maleimide compound. One label was sit-
uated in the C-terminal domain and the other in the N-terminal domain. The reduction
of the space that is covered by conformations with MaxOcc Z30% was appreciated
with the viewpoint along the central helix, i.e., the fourth helix of the N-terminal
domain. DEER data were highly complementary to NMR and small-angle X-ray
scattering.
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The spin labels C7-Gd

C7-Gd

and C8-Gd were loaded on two mutants of the homodimeric ERp29 protein
(S114C/C157S and G147C/C157S) [108]. The labeled protein was investigated by
an arsenal advance EPR techniques including the '"H ENDOR, Mims >H-ENDOR,
DEER, echo-detected EPR of 94.9 and 240 GHz. Due to their small size, short tether
to the protein broad central EPR transition, narrow distance distribution, and sensi-
tivity of EPR spectra to their nearby protein environment, the C7 and C8 tags were
demonstrated superior for measurements of short (<4 nm) distances.

A combined method, employing NMR and EPR spectroscopies, was used to com-
pare different types of nitroxide-based and Gd(III)-based spin labels attached to
isolated RBDs of the polypyrimidine-tract-binding protein 1 (PTBP1) and to short
RNA fragments (Fig. 10.28) [109]. DEER and continuous-wave EPR spectroscopy
performance, resulting distance distributions, and their consistency with the predic-
tions from the spin-label rotamers analysis were described in detail. As an example,
the assumption of incomplete RBD/RNA complex formation was tested by DEER
measurements in three-spin systems with two Gd(III)-based or nitroxide-based spin
labels attached to the RBD2 and one IAP spin label at the U135 site of the RNA stem
loop (Fig. 10.29).

In the last three decades, triarylmethyl (TAM)



10.4 Alternative Spin Labeling 271

®

P

Gd(l)-DOTA

> i %
— —4 e 5
I b y " ] ¥ -
o ey é ) b

MY A "« ' Gd(m)-oTPA

d ¥ ™ o Y &

L]

Fig. 10.28 Solution-NMR structures of the individual RBDs showing the selected mutation EXIST
positions (red) in the a-helices of each domain (a). RBD34 is treated as one inter-domain construct,
i.e., as a single rigid body, because of its hydrophobic interactions. SDSL with the respective spin
labels, nitroxide radicals (1-3), and Gd(III)-based spin labels (4, 5), is shown in (b). The MTSSL-
based side chain (R1) is formed by an S-S bond formation which is reversible under reducing
conditions (1). Iodo-acetamido proxyl (IAP) and succinimide-containing labels (MAP, Gd(III)-
DOTA, Gd(III)-DTPA) form a C—S—C thioether group (2-5), including the sulfur and the Cb atom
of the cysteine residue, which makes the spin labels irreversible also under reducing conditions
[109]. Reprinted from [109], Copyright 2017 RCS

TAM

radicals have been widely employed as spin probes for oxymetry in EPR and EPR
tomography owing to the narrow EPR linewidth and high stability in living sys-
tems. Nowadays, TAM successively used as spin labels for studies on the structure
of proteins and nucleic acids utilizing site-directed spin labeling (SDSL) and PD-
EPR spectroscopy [15, 110, 111]. The propeller-shaped structure of a TAM drawn
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Fig. 10.29 Spectroscopically orthogonal two-label system and control with three non-orthogonal
labels. a Representation of the RBD2-SLF complex with labeled positions on the protein and on
RNA (blue and red dots). b, ¢ Experimental data (black) and background fits (red, dashed line)
for three nitroxide labels (b) and two Gd(III) labels combined with one nitroxide label (¢). d,
e Background-corrected DEER data (black) and form factor fit (red, dashed line) for three nitroxide
labels (d) and two Gd(III) labels combined with one nitroxide label (e). f and g Experimental
distance distributions (black) and simulated distance distributions (colored lines) for three nitroxide
labels (f) and two Gd(III) labels combined with one nitroxide label (g) [109] Reprinted from [109],
Copyright 2017 RCS

using EPR, ENDOR, and quantum-chemical analysis of two simple symmetric trityl
radicals was established [110].

An idea of use of carbon-centered triarylmethyl (trityl) radicals instead of nitrox-
ides for nanometer-distance measurements was first introduced and realized in 2012
[112].

Specifically, the tetrathiatriaryl methyl gave an EPR spectrum with one line only
and has a transverse relaxation time 7, in the microsecond regime, even at room
temperature in the liquid state. To evaluate the potential of trityls as spin labels for
nanometer-distance measurements, two derivatives of Poly(para phenyleneethyny-
lene)s (PolyPPEs) were prepared. Compound 1 contains one trityl and a typical
nitroxide, whereas compound 2 has two trityl groups. PELDOR and double-quantum
coherence (DQC), both in combination with DEER analysis showed the spin—spin
distance values of about 35 and 50 A for compounds 1 and 2, respectively, in excel-
lent agreement with their structure. Triarylmethyl radicals were attached via disulfide
linkages to substituted cysteine residues at positions 65 and 80 or 65 and 76 in T4
lysozyme immobilized on Sepharose. Interspin distances determined using double-
quantum coherence (DQC) in solution were found to be close to those expected from
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Fig. 10.30 Schematic
representation of
TAM-labeled DNA duplex in
trehalose distance
distribution studied by
X-band DQC and DEER
[114]. Reprinted from [114],
Copyright 2014 American
Chemistry Society

glassy
trehalose

Distance / nm

models [113]. The experiments revealed the narrow distance distribution in each case
which indicates that the TAM-based spin label is relatively localized.

The first detailed investigation of trehalose as a prospective immobilizing
agent of spin-labeled nucleic acids for pulse EPR distance measurements at room
temperatures was reported [114].

Two other saccharides of close structure, sucrose and glucose, and compare their
performance with trehalose were also investigated. The 10-mer DNA duplex doubly
spin-labeled with TAM radical was used a model system for pulse EPR distance
measurements. Schematic representation of TAM-labeled DNA duplex in trehalose
distance distribution studied by X-band DQC and DEER is shown in Fig. 10.30.

In work [115], the broad range of triarylmethyl radicals (TAMs) varying polarity,
number, and nature of substituents attached to carboxyl moieties located in para-
positions of TA aryl rings, and structure of the TAM core were synthesized, and
their relaxation times at room temperature in liquids were measured. Pulsed and
low-temperature CW-EPR experiments were carried out at the X-band (9 GHz) and
Q-band (34 GHz). Measurements of electron spin relaxation (T, ~ T, T1) were
performed at the X- and Q-bands at 7 = 300 K. T, was measured using a two-
pulse electron spin echo (ESE) sequence; 7| was measured using inversion-recovery
technique with inversion m-pulse and detecting two-pulse ESE sequence. Data on
Electron Spin Dephasing Time, T, and Electron Spin—Lattice Relaxation Time,
T, for Investigated Radicals at 300 K at the X- and Q-Bands were tabulated and
discussed in detail.

An approach that keeps structural conformation and unity of immobilized double-
stranded DNA labeled with TAM (Fig. 10.31) using saccharides trehalose, sucrose,
and glucose as immobilizing media, which provides conditions suitable for room-
temperature EPR distance measurements, was proposed [116]. Room-temperature
electron spin dephasing time of triarylmethyl-labeled DNA in trehalose was found
to be noticeably longer compared to previously used immobilizers, thus providing a
broader range of available distances.
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(d) g

Fig. 10.31 Typical positions of spin labels relative to DNA duplexes: a I (D1-Pip-TAM/TAM);
b VI (D1-NH-TAM/TAM); ¢ IV (D1-Pip-NIT/NIT); d V (D1-NH-NIT/NIT) [116]. Reprinted from
[116], Copyright 2010, American Chemical Society

The results of a nucleic acid study obtained using TAM were compared with data
on nitroxyl spin labels (Fig. 10.32). In order to find structure/property relations in
a series synthesized nitroxides with different substituents adjacent to NO-moiety
(spirocyclohexane, spirocyclopentane, tetraethyl and tetramethyl groups), electron
spin relaxation times (7’1, T, & 700 ns) of these radicals immobilized in trehalose
were measured at room temperature at X- and Q-bands (9/34 GHz) [117]. In addition,
a comparison was made with the corresponding relaxation times in nitroxide-labeled
DNA immobilized in trehalose. The room-temperature value of T, in trehalose is
weakly dependent on the structure of substituents adjacent to NO-moiety of nitroxide.

A new site-directed 2,5-bis(spirocyclohexane)-substituted spin label, based on the
attachment of a linker containing an aliphatic amino group to the target nucleotide

Fig. 10.32 Nitroxide- SL
labeled DNA immobilized in 7]
trehalose [117]. Reprinted SL ~o%, @'
from [117], Copyright 2016 1, Sk =
> py g 5 3 \ N
Elsevier CG sC G |
AT AT ) Q
CG cG D1-pip-NIT/NIT
GC drying
—3 GC i
CCG ¢ CG ”
CG CG Y
GC GC Q
CG CG D1-NH-NIT/NIT
TA TA A
36 ?s‘ +G Cs et
SL SL !
D1 -pip-spNIT:'spNIT
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Fig. 10.33 Schematic presentation of RNA labeling by nitroxide [111]. Reprinted from [111],
Copyright 2014 RCS

residue followed by selective coupling of a spin label to this amino group, was utilized
[111]. This label with advanced stability and relaxation properties was tethered to
the desired RNA residue via a sequence-specific reaction with the derivatives of
oligodeoxyribonucleotides (Fig. 10.33). It was found that the attached label distance
distribution measured employing Q-band (34 GHz) pulsed double electron—electron
resonance corresponds well to values expected from model RNA duplex with known
structure and distance between corresponding residues. The obtained results were
validated by studying a similar RNA duplex, where the linker with the aliphatic
amino group was introduced via solid-phase synthesis.

The features of PD-EPR and RE at ambient temperatures, requirements on electron
spin phase memory time, ways of immobilization of biomolecules, the influence
of a linker between the spin probe and biomolecule, and future opportunities were
comprehensively reviewed [15]. Various aspects of spin labeling have been discussed
in [119-121].
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11.1 Multispin Nitroxides

In the last two decades, superparamagnetic organic compounds including polymer
magnets with stability at ambient temperature and/or higher magnetic ordering have
been attracting attention as models of multispin systems and potential magnetic
devices [1-6].

As an example, in a recent paper [6], the three-spin electron—electron—nucleus
(e—e—n) cross-effect (CE) was investigated. The influence of compounds bearing
nitroxides on the nuclear longitudinal relaxation time constant 7', the build-up time
constants of nuclear magnetic resonance (NMR) signal, Tpnp and DNP-enhancement
of NMR signal in a series of radicals with a systematic increase in their local elec-
tron spin concentration (mono-radical, bi-radicals, triradical, and a dendrimer with
9 nitroxide moieties (Fig. 11.1) were examined. All static DNP, NMR, and EPR

N .~
NH, OH : o N w2
| o | Py By Y gy ¥
A _\/“x,l/ NP Y- \\.'Q "‘Ij ij'/ » S
[ N . g =
S J/ oM S ’ v =
M . ;( S LS \x‘} i ‘ff 5 = MPEG-12
b I N S i NoyanX
4-amino-TEMPO TOTAPOL z, ; E [‘w h
(4AT) (ToT) oL ke
=t E‘M { Ny
,\(_ _,6 ST —— N ® = nitroxide
o o Hoi Y S e L{ ) A S 5
r Q o V »N/“\./K_ = ; i \ P Oq%
g N ~ HO 61
S, o >0 " \[) o AV )
— wh ~N ; NS
~| | ey Py G2 )
é/ A AT AR S d A AN
X /.l H | L_o LJOH‘[ b, v A . { & Ly
(CHzCHL0)CHy o~ ,J\— 4 Y I I:?}A \’-"\
x i
AMUpol DOTORAstharl Dendrimer nitroxide
(AMU) (DOT-et)

(G3N9)

Fig. 11.1 Chemical structures of the mono-, bi-, tri-nitroxides, and dendrimer nitroxides [6].
Reprinted from [6], Copyright 2018 RCS
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experiments were conducted at 7 T and at 4 K. Magic angle spinning MAS-DNP
experiments employing a Bruker 400 MHz DNP-NMR spectrometer were performed
at 92 K. The T';,, and Tpnp values for the five radicals were found to decrease signifi-
cantly from mono-, bi-, triradical to the dendrimer having 37-60-fold smaller T';,, and
Tpnp than the monomer, respectively, increasing e—e dipolar coupling. 7'j. moder-
ately increased, and T decreased with increasing local electron spin concentration.
No correlation was found between Ty and T'y,.

Data on electron relaxation times and spectral diffusion rates for different radicals
with 10 mM global electron spin concentration at 7 T magnetic field and 4 K temper-
ature were tabulated. From the experimental observations and theoretical analysis
made in this study, it was concluded that: (1) an increase in electron spin clustering
led to an increased electron spin depolarization, (2) a dramatically shortened Ty, and
Tpnp time constants under static and magic angle spinning (MAS) conditions takes
place, (3) e—e—n polarization transfer rates are smaller or comparable to the nuclear
spin diffusion rates, (4) polarization efficiency of nuclear spins tens to hundreds of
nm away from the polarizing agent can result from a combination of direct e—e—n
polarization transfer and nuclear spin diffusion processes, (5) DNP oversaturation
is due to electron spin depolarization beyond optimal conditions with the dendrimer
sample and attributed to the presence of strong e—e dipolar couplings, (6) strong e—e
interactions, caused by electron spin clustering, increase the cross-effect rate, (7)
fast cross-effect rates will benefit DNP at liquid helium temperatures, or at higher
magnetic fields and pulsed DNP, and (8) slow e—e—n polarization transfer rate can
be a key bottleneck to achieving maximal DNP performance.

In work [7], it was found that the cross-effect CE polarization transfer was trun-
cated at the EPR resonant frequencies. Specifically, this effect was observed when
doping Trityl-OX063 with a pyrroline nitroxide radical that possesses electron-
withdrawing tetracarboxylate substituents (tetracarboxylate-ester-pyrroline or TCP)
in vitrified water/glycerol at 6.9 T and at 3.3-85 occurs. The CE mechanism was
replicated by quantum mechanical simulations with a mixed radical system, where
the two radicals maximize the EPR spectral overlap to fulfill the cross-effect condi-
tions, while one radical type is easily saturated but not the other due to very short
The.

The synthesis of the rigid multispin molecule based on tetrakis (4-azidophenyl)
methane as a core, which is functionalized with nitroxide moieties via fourfold
copper-catalyzed azide alkyne click chemistry between the azide functions of the
core 1 and the alkyne moiety of an isoindoline nitroxide, was performed [8]. In order
to evaluate the possibility to follow the exchange process between the isoindoline
nitroxide of TPM-NO and TEMPO, the EPR spectra of the individual compounds
and mixtures thereof in toluene at room temperature were recorded. The TEMPO
nitroxide has a hyperfine coupling constant of about 15.5 Gauss, while TPM-NO 3
shows a hyperfine coupling constant of about 14.1 Gauss, most probably as result of
spin exchange in the multispin compounds.

Diradicals 2—7 with S = 1 ground-state and S = 3/2 ground-state triradical 8
(Fig. 11.2) were described [9]. Theoretically, estimates’ difference between the sin-
glet and triplet states (AEST) of 2, 4, and 5 was found to be ~1.8 kcal mol™!,
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Fig. 11.2 High-spin molecules incorporating nitroxide spin centers [1]. Reprinted from [1],
Copyright 2015 American Chemical Society

3.3 kcal mol~!, and 2.2 kcal mol~!, respectively. For triradical 8, a low energy
gap between the quartet and excited doublet states, AEpg & 0.5 kcal mol~!, was
measured by magnetic susceptibility.

11.1.1 Spin Trapping

The pioneering works, in which the principle possibility of effectiveness of the spin
trapping was demonstrated, came to the light in 1968 [9]. Since then it is customary
to use this technique for investigation radical processes in chemistry and biology,
and many chemical, instrumental, and biochemical efforts have being undertaken to
achieve “an ideal” structure [9-18].

'"H NMR and ESR titrations were used to determine the association constants
of the complexes of R-phenyl-N-zert-butylnitrone (PBN) analogs and their super-
oxide spin adducts, respectively, both incorporated in methylated d-cyclodextrin,
2,6-di-O-methyl-d-cyclodextrin (Fig. 11.3) [13]. After the superoxide radical spin
trapping reaction, EPR titrations (Fig. 11.4) afforded the association constants of
the corresponding cyclodextrin-nitroxide complexes. Two-dimensional EPR simu-
lations indicated a bimodal inclusion of the nitroxide free radical spin adducts into
the cyclodextrins. For all the nitrone—cyclodextrin and nitroxide—cyclodextrin com-
plexes, the association constants were always higher for the nitroxide complexes than
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Fig. 11.3 Schematic presentation of double superoxide trapping by nitron and dextrin [13].
Reprinted from [13], Copyright 2005 American Chemical Society

for the nitrone complexes. The efficiency of the cyclodextrin inclusion technique to
trap superoxide and to resist bioreduction by sodium L-ascorbate was also evaluated.

A series of new 11 hybrid 2-(diethoxyphosphoryl)-N-(benzylidene)propan-2-
amine oxide derivatives with different aromatic substitution (PPNs) (Fig. 11.5) were
synthesized, and their spin trapping potential was evaluated by EPR [14]. The exper-
imental screening of these hydroxyphenyl- and methoxyphenyl-substituted PPNs
and biocompatible nitrones 4d, 4g, and 4i deriving from caffeic, gallic, ferulic, and
sinapic acids, which combined improved EPR probing of ROS formation, vasorelax-
ant action, and antioxidant potency was carried out. The PPNs antioxidant activity
NO-donation properties in vitro, cytotoxicity and vasoprotective effect on precon-
tracted rat aortic rings were also investigated. Figure 11.6 illustrates the author’s
approach to the trapping of hydroxyl and methyl radicals formatted in the supernatant
of rat aortic rings stimulated by NADPH.

Data on synthesis of series of tetramethylpyrazine (TMP) derivatives and on inves-
tigation of their abilities for scavenging free radicals and preventing against oxidative
stress-induced neuronal damage in vitro were presented [15]. Compounds, consisted
of TMP, caffeic acid, and a nitrone group showed variety of activities: (1) radical scav-
enging, (2) broad neuroprotective effects, (3) rescuing iodoacetic acid-induced neu-
ronal loss, (4) preventing from tert-butylhydroperoxide (+~-BHP)-induced neuronal
injury, and (5) exerting against +-BHP injury via activation of the phosphatidyl inos-
itol 3-kinase (PI3K)/Akt signaling pathway. In addition, in a rat model of permanent
middle cerebral artery occlusion, this compound significantly improved neurological
deficits, and alleviated the infarct area and brain edema.

Two a-phenyl-N-tert-butylnitrone (PBN) derivatives were designed by adding
a cholesterol and sugar moieties to parent nitrone to increase its lipophilicity and
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Fig. 11.4 ESR spectra after superoxide trapping by nitron and a-cyclodextrin (CD) [13]. Reprinted
from [13], Copyright 2005 American Chemical Society

hydrophilic properties in the same time [16]. It was found that the new compound
is able to form stable monolayers at the air/water interface and for the two deriva-
tives bearing a sugar group, repulsive interactions with 1,2-dilinoleoyl-sn-glycero-
3-phosphocholine (DLPC) in liposome occurred. The protective effect against lipid
oxidation was tested using the AAPH thermolysis which generates peroxyl radi-
cals and the Fenton reagent. The formation of conjugated dienes was quantified
spectrophotometrically.

An approach using EPR and a cocktail of spin traps was designed [17]. The
rationale for using this cocktail was that it would cover a wide range of biologically
relevant free radicals and have a large range of hydrophilicity and lipophilicity in
order to trap free radicals produced in different cellular compartments. Use of a
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Fig. 11.5 Structures of a PBN and its phenol-based derivatives BHT_PBN Trolox_PBN success-
fully tested in in vitro and animal models of oxidative stress, and b phenolic (4a_4i) and non-phenolic
(4j, 4q) derivatives of PPN (R %4 H) [14]. Reprinted from [14], Copyright 2016 Elsevier

cocktail of spin traps. The ability of the technique to unambiguously detect free
radical (O-, N-, C-, or S-centered) production in cells was well documented.

A novel glycine-nitronyl nitroxide (GNN) conjugate, which showed a syner-
getic protection against renal ischemia/reperfusion (I/R) injury, was designed, and
its action mechanism was established using a hypoxia/reoxygenation (H/R) injury
model of human umbilical vein endothelial cells (HUVECs) [18]. It was found that
the GNN conjugate significantly elevated the cell viability via reducing the apoptosis
rate in H/R-treated HUVECSs and conjugate-attenuated H/R-induced mitochondrial
fragmentation, mitochondrial membrane potential reduction, cytochrome c release,
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Fig. 11.6 Indirect spin trapping evidence for hydroxyl radical formation in the supernatant of rat
aortic rings stimulated by NADPH (1 mM) for 80 min. After 60-min NADPH stimulation in KH
buffer, the spin trap (15 mM) diluted in DMSO (1% final concentration) was added to the medium
and incubated with rings for 20 min (A) EPR signal recorded in (a) the complete incubation system
containing NADPH, DMSO, DTC (30 mM), and 3-OH-PPN 4b [14]. Reprinted from [14], Copyright

2016 Elsevier

and autophagy. On the example of an in vivo hind limb I/R model, the extensive appli-
cability of GNN conjugate in different I/R models and its effect in remote organs
were established.

11.2 Spin Label-Spin Probe Method

11.2.1 Fundamentals

A first version the spin label-spin probe (SLSP) approach designed and developed
by Likhtenshtein group in 1970th [19-23] was based on the dynamic spin exchange
interaction between a stable radical (i.e., nitroxide) attached to a molecular object
of interest and chemically inert paramagnetic complex capable of diffusing freely in

solution.
According to Salikhov et al. [20], the rate constant of the exchange interaction at

the paramagnetic species encounters

fgfnskgl-lz'lfc2
kex = Poxky = —=———— 11.1
e exhd (1+J2‘L'62) ( )
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where k, is the rate constant of encounters in solution, Py is the probability of spin
exchange in the course of lifetime (z.) of the encounter complex, f; is the geometric
steric factor, f is the nuclear statistical factor, and J is the exchange integral of
interaction in the encounter complex at the direct contact between the particles

If J272 > 1, key is not dependent on J (strong exchange) and

kex = fgfnskd (11.2)

In the case of weak exchange J?72 < 1 and
kex = flg'fnsdez'l—'c2 (11.3)

For a particular pair of paramagnetic species, the value of k.x depends on the
microstructure, microviscosity, steric hindrances, and local charges in the region
of encounters (Fig. 11.7). Hence, the methods of examining k.x can be used for
experimental study of these factors in biological and other objects.

A variant of the SLSP method based on direct measurement of electron spin—lattice
relaxation times was developed in Hide group [21].

The principle of the SLSP was used in the following versions (1) label is a param-
agnetic metal complex (e.g., iron in heme proteins) and a probe is nitroxide, (2) label

Fig. 11.7 Schematic
illustration of spin label-spin
probe method [19]
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is a chromophore in the excited triplet state, and a probe is paramagnetic species
(e.g., nitroxide), and (3) label is a molecular bearing paramagnetic nucleus (e.g.,
proton) and probe is a paramagnetic species (e.g., nitroxide).

11.2.2 Nitroxide in Investigation of Electrostatic Effects

11.2.2.1 Local Charges in Proteins and DNA

Electrostatic interactions are known to play one of the major roles in the myriad of
cellular and molecular biology processes, ranging from enzyme catalysis, electron
transfer, protein folding to insertion of proteins, toxins, and viruses into membranes
as well as other more complex events.

The idea of using charged nitroxide radicals for the experimental study of local
charges and electrolytic potential was first put forward and implemented in the Likht-
enshtein group in 1970th as part of the spin label-spin probe method [19, 22, 23]. Sub-
sequently, this approach was widely used to study electrostatic effects in biological
molecular systems [21-30].

Methods of determination of the electrostatic potential and local charges in the
vicinity of groups bearing spin are based on the sensitivity of spin relaxation rates of
radicals and nuclei to encounters with charged paramagnetic species, stable radicals,
or paramagnetic complexes in solution. This approach can be applied to three types
of problems [26-28]. It can be used to investigate the electrostatic fields in the vicin-
ity of an attached spin label using a second paramagnetic species with a different
charge, ferricyanide anion, or diphenylchromium cation, for example [19, 22, 23].
The second approach involves monitoring the effect of a paramagnetic species, such
as a complex of paramagnetic ion with a protein or the active site of a metalloen-
zyme, on the spin relaxation parameters of nitroxide spin probes of different charges
freely diffusing in solution [28]. Measurements of the effect of paramagnetics (i.e.,
nitroxides) with different charges on the spin relaxation rates of the nuclei allow
quantitative characterization of electrostatic effects [26-28].

Calculations of local charge Z, in the vicinity of a paramagnetic particle (such
as the active site of metalloprotein or a spin label) colliding with a nitroxide or
metallocomplex with known charge Z,, can be carried out with the use of the Debye
equation (11.4):

4 _
k—o or k—o Lz (11.4)
k k' exp(Z,Zca) — 1

where k*, k=, and k° are the rate constants of encounters for positively charged,
negatively charged, and neutral uncharged particles, respectively; and o = e*/kg Teor,
where e is the charge of an electron; kg is the Boltzmann constant; temperature T
= 293 K, g is the dielectric constant of water, and r is the distance between the
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charges in the encounter complex. The values of (k*/k”) and (k~/k°) are determined
by measurement of the rate constants of spin exchange which describes the effect of
paramagnetic species on spin-phase and spin—lattice relaxation rates of the radical.

A diagram (Fig. 11.8) allows one to calculate the Z,,Z, product using the appropri-
ate experimentally measured log(k*/k°) or log(k~/k°) value and an r value estimated
for the encounter complex. From the value of Z,Z,, one can ascertain the Z, charge
in the vicinity of the region of the paramagnetic complex encountered by the charged
nitroxide spin probe since the Z,, charge of the nitroxide spin probe is known.

Electron-carrier horse cytochrome ¢ and dioxygen-carrier sperm-whale myo-
globin were served as models for determination of local electrostatic charges in the
vicinity of paramagnetic active sites of metalloenzymes and metalloproteins, using
nitroxide radicals [28]

k*
ig F
4 1.5
0.2
0.4
0.6
0.8

1.0
2.0

LoNE \rl_ 1§
0511 ¥ 2.0

10} 12

Fig. 11.8 A diagram for calculating the Z,Z, product [23]
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Table 11.1 Apparent spin-exchange rate constants (k+ , k—, and k0, in M~'S™1) of the positively
charged (III), negatively charged (II), and neutral (I) nitroxide spin probes with hemin, ferricyanide
anion, and heme proteins in aqueous solutions and apparent local charges (Zy) in the vicinity of
the heme groups [28]

Paramagnetic pH kt1078 k= x 1078 k0 x 1078 Zy
species M~ 1s7h M1 (#0.1)
Hemin® c c 24

K3Fe(CN)g 6.9 38 2 6 c
Cytochrome ¢ (Fe3*)2 10.7 c 0.974 0.72 +0.5
Cytochrome ¢ (Fe’*)® 6.9 c 0.841 0.71f +0.3
Cytochrome ¢ (Fe*)® 6.9 ~0

Myoglobin® 7.0 c 0.561 0.77 -0.5

NH;"

as spin probes. Calculations of local charge Z, in the vicinity of a paramagnetic
particle can be performed using the diagram based on 11.4 for encounters between
two charged particles in solution (Fig. 11.8). The values of k' and the resulting
charges, Zy calculated with 11.4, are presented in Table 11.1.

The ability to measure local charges and the potential with the help of the above-
described tag probe was confirmed by several subsequent studies [24-32].

SLSP approach was employed in Hecht et al. [24] for determination of the electro-
static potential near the surface of calf thymus DNA. Spin—spin interaction between
an "“N-nitroxide derivative of 9-aminoacridine attached to DNA and free '>N-labeled
nitroxides of different charges was monitored by electron—electron double resonance
(ELDOR). An approach developed in [30] also uses fast-relaxing charged and neu-
tral paramagnetic relaxation agents (PRAs) to increase nitroxide spin-label relaxation
rate solely through collisional spin exchange. With this purpose, T PRAs were cali-
brated in experiments on small nitroxides of known structure and charge to account
for differences in their relaxation efficiency. Nitroxide longitudinal [R(1)] and trans-
verse [R(2)] relaxation rates were measured by applying lineshape analysis to pro-
gressive saturation spectra. The ratio of measured R(1) increases for each pair of
charged and neutral PRAs according to electrostatic potential. Voltage at the spin
label is then calculated using the Boltzmann and Debye—Hiickel equations. Voltage
for spin-labeled myosin fragment S1 also agrees with calculation based on the pK
shift of the reacted.
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11.2.2.2 Effect of Charge on Dipolar Interactions Between Protons
and a Paramagnetic Species

Proton spin-lattice relaxation is affected by paramagnetic ions and spin probes.
According to theory of Hwang and Freed [31], the spin—lattice relaxation rate of
proton nuclei, 1/T 1, upon encounter with a “radical” free electron, are dominated by
dipolar interaction because of low electron spin density at the van der Waals distance.
Slopes, k = d(1/T1p)/d[R-] of the dependence of proton spin—lattice relaxation rate
on the concentration of the nitroxide probes [R] can characterize the dipole—dipole
interaction that dominates in an encounter between a proton and paramagnetic species
To explore the effect of electrostatic interaction on the dipole—dipole relaxation rate,
the ratios of experimental values k*/k° or k~/k° were used to estimate the electrostatic
potential, U(Ry), in the vicinity of a proton [26-28, 32].

The simple organic molecules and amino acids provide well-defined molecules
to study the factors that influence electrostatic fields in more complex biologically
important molecules [26-28, 32]. A molecular modeling calculation of local elec-
trostatic potential was applied to a number of small charged (ethylamine, propionate
anion, and imidazole) and uncharged (ethanol) molecules with an algorithm devel-
oped in [29]. The sign and magnitudes of the experimental and calculated parame-
ters U(Ro)exp and U(Rp)catc (Table 11.2) correspond to expected values from simple
electrostatic considerations.

Three charged hexosamines D-glucosamine-HCI, D-galactosamine-HCI, D-
mannosamine-HCl, a glucuronide metabolite of paracetamol [p-acetamidophenyl-S-
D-glucuronide sodium salt, and a mononucleotide [thymidine-3'-phosphate sodium
salt (8)], were investigated in [32]. Ratios of these apparent relaxation rate constants

Table 11.2 Rate constants of spin—lattice relaxation of protons in small molecules under the effect
of nitroxides I-III of different charge [27]

Molecule Proton U (Ro)aﬁd U (R0 ed U (Ro):;(t’f
e=1LR=12A | € =80,R =8A

Ethanol H(w) 15(1) +0.03

Ethanol H(B) 10(1) +0.02

Et(NH3]*C1~ H(o) 126(2) +0.25 +0.29(6)
EtHN3]*Cl~ H(B) 109(4) +0.22 +0.26(8)
Imidazolium*Cl— | H(2) 151(3) +0.30 +0.30(8)
Imidazolium*Cl— | H(4,5) | 130(3) +0.26 +0.30(4)
EtC0,-Na* H(x) —80(4) —0.16 —0.29(3)
EtC0,-Na* H(B) ~71(3) —0.14 —0.26(4)
Aspartate-Na* H(x) —0.30(5)
Aspartate-Na™* H(B) —0.31(6)

The k*/k° and k=/k° ratios (in this Table) are markedly different for protons of positively charged
histidine and negatively charged aspartate
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(kilk_ > 1 or k_/k, > 1.) provided a measurement of the sign and magnitude of the
local electrostatic fields surrounding a particular proton in the target.

Biophysical methods to probe local electrostatic potentials of proteins and lipid
bilayer systems that are based on an observation of reversible protonation of nitrox-
ides by EPR were described in [33, 34]. The review [33] includes the following
sections: (1) EPR characterization of pH-sensitive thiol-specific nitroxide labels,
(2) mapping of local pH and electrostatics of peptide and protein systems with
methanethiosulfonate derivatives of ionizable nitroxides, (3) pH-sensitive spin-
labeled lipids for measuring surface electrostatics of lipid bilayers by EPR, (4)
preparation of spin-labeled lipid vesicles, (5) EPR titration experiments with lipid
bilayers, (6) analysis of EPR spectra in titration experiments, (7) interfacial pKa and
the choice of an electrically neutral reference interface, and (8) surface charge and
potential calculation using the Gouy—Chapman theory are outlined.

The ionizable nitroxide labels and the nitroxide-labeled phospholipids described
so far cover an exceptionally wide range of ca. 2.5-7.0 pH units, making them suit-
able to study a broad range of biophysical phenomena, especially at the negatively
charged lipid bilayer surfaces. Chemical structures of phospholipid-based nitroxide
electrostatic EPR probes, IMTSL-PTE ((S)-2,3-bis(palmitoyloxy)propyl 2-(((1-
oxyl-2,2,3,5,5-pentamethylimidazolidin- 4-yl)methyl)disulfanyl)ethyl phosphate)
and IKMTSL-PTE ((S)-2,3-bis (palmitoyloxy)propyl 2-((4-(4-(dimethylamino)-2-
ethyl-1-oxyl-5,5-dimethyl-2,5-dihydro- 1 H-imidazol-2-yl)benzyl)disulfanyl)ethyl
phosphate) were compared with non-ionizable analog of IMTSL-PTE-MTSL-PTE
((S)-2,3-bis(palmitoyloxy)propyl 2-(((1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl)methyl)disulfanyl)ethyl phosphate), and of the adduct of IKMTSL with
2-mercaptoethanol (IKMTSL-2me).

11.3 Immersion Depth of Nitroxide Fragment

At interpretation of data on spin-label dynamics, it is important to know the immer-
sion death in molecular object of interest (7, ). A method was developed for determin-
ing the nearest distance (i, ) between a stable radical (R+) and an ion of paramagnetic
metal, an ion-relaxator (IR), which has effects on the spin—lattice relaxation time of
R (T'c) and is randomly distributed in the bulk of the vitrified sample [28, 35-37]. In
fact, the r;, value is equal to the radical immersion depth. The contribution of the
dipole interaction of IR to the R spin relaxation rate is expressed by the equation:

A 2.,2 eC

min

A(l/Te) =

where 1/T |, is the nitroxide spin—lattice relaxation rate, which is derived by analysis
of ESR spectra saturation curves, C is the IR concentration, u and 7. are magnetic
moment and the spin relaxation rate of the IR, respectively, and A, is a factor that
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Fig.11.9 Schematicillustration method of the immersion depth of nitroxide fragment measurement

depends on the geometry of the surface. For example, if the surface is flat, A; =
0.2. The sensitivity of the ESR spectra saturation curves for spin-labeled cotton and
cellulose fibers to the nature of the object and presence of ion-relaxator ferricyanide
were schematically illustrated on examples of nitroxide spin probes incorporated in
biomembranes, cotton fibers, and cellulose (Fig. 11.9).

A method has been developed for measuring depth of immersion of a fluorescent
chromophore in biological matrices, such as biomembranes [38]. The method is
based on dynamic quenching of chromophore fluorescence by a nitroxide probe
freely diffused in solution. By measuring the quenching rate constant and making
use of theoretical consideration and experimental data relating to exchange processes,
it is possible to estimate the depth of immersion of chromophore. The ratio between
the quenching rate constants for a chromophore—quencher pair in solution (diffusion
limit) and after ducking in a matrix (kinetic limit) is given by:

k[ ks =1210° exp 2[—B(Ro — )] (11.6)

and the depth of immersion of the center under investigation by:
(Ro —ry) =0.5 x ' [In(k§/k) 4+ In(z210)] (11.7)
where k9 and k¥ are the rate constant of encounters in solution, and after immer-
sion, correspondingly; 7 is the lifetime of the encounter complex; 8 V 2 and 1.3

A and a V 28 and 26 for the intersystem crossing (ICHA) and electron transfer
(ET) mechanisms, respectively. Equation (11.7) can be used to estimate the depth of
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immersion of a fluorescent chromophore in a “non-conductive” matrix by experimen-
tal measurement of ratio k/k with a reasonable choice of the equation parameters. A
fluorescence—photochrome probe, 4.4’-dimethylaminocyanostilbene (DMACS) was
incorporated in lecithin liposomes and membranes from Bacillus subtilis grown in the
absence and presence of chloramphenicol. The quenching of the probe fluorescence
by a water-soluble nitroxide radical (TEMPOL) was investigated.

To elucidate the location of a phosphorescent label (erythrosine) covalently incor-
porated in cotton fiber, which was a source of information about the fiber’s local
dynamics, a method for determining the depth of the immersion of a luminescence
chromophore (7;y,) was developed [39]. The method is based on experimental mea-
surements of rate constants of quenching luminescence in conditions of free access
between chromophore and quencher (kqq) and between immersed chromophore and
free quencher (kg ). For the measurement of riy,, the 11.7 was employed. Values of
immersion depth of spin label I in fibers (rp;,, in nm) were found to be 1.0 and 1.1 nm
for a-cellulose and cotton fiber cotton fiber, respectively. These values are close to
the immersion depth of phosphorescence triplet label of about 0.8 nm [43]. There-
fore, the labels’ mobility reflects the molecular dynamics of the polymers chains in
the vicinity of the label location.

11.4 Nitroxides in Cotton and Cellulose Physicochemistry
and Technology

Cotton and cellulose are ones of the essential materials for the human civilization.
The role of cotton fibers and cellulose in industry, medicine, and human beings’
everyday life is impossible to overestimate. Since pioneering works of Marupov and
Likhtenshtein groups [40, 41], nitroxides are widely used in solving a number of
challenging problems of structure and functions of cotton fibers and cellulose [42—
54]. This section is intended to provide the physical principles of methods based on
the use of the covalently bound and adsorbed nitroxides (spin labels and spin probe,
correspondingly) and its applications in the investigation of cotton fibers and cellu-
lose microstructure and molecular dynamics and it connection with these materials
durability. An arsenal of modern physical methods including electron spin resonance
(ESR), Messbauer and luminescence techniques is involved in investigation of the
labeled samples [43]. Involving nitroxide in chemical processes in this area is also
considered.

The covalent modification of an OH group of cotton and cellulose fibers performed
with correspondent nucleophilic reactions using nitroxide spin label
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was described in detail in [40, 41]. Samples of cellulose labeled with stable nitroxyl
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were prepared through mechanochemical synthesis [42]. The samples were studied
by IR and EPR spectroscopy.

Modern ESR techniques allow ones to access dynamic processes that are charac-
terized by a wide range of correlation time, 7. = 10>~107!% s (Chap. 4). Experiments
show (Fig. 11.10) [43] that the investigated cotton fibers consist of two fractions:
major (component h, 7. < 10~%) and minor (component ', 7. > 10~% 5). Apparently,
the latter is attributed to loose microscopic defects of the fibers. The contribution of
these fractions in different samples is 94-98 and 6-2%, respectively. Contribution
of the loose fraction enhances with increase of temperature.

The dynamic behavior of spin labels with nitroxides located in samples of cotton
fiber was investigated with the use of high resolution, high-frequency (2-mm) ESR
spectroscopy (Fig. 11.11) [43-45]. The studies confirmed conclusions formulated
on the base of the 3-cm band (V) and also indicated strong anisotropic of the label
nitroxide fragment

Notably, the nitroxide fragment dynamics in this microsecond temporal region
and its nanosecond dynamics occur in the same temperature region (273-373 K).
These findings suggest distribution of the label dynamic parameters modulated by
the fibers dynamics. This conclusion was confirmed in study of molecular dynamics
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Fig. 11.10 First harmonic ESR spectra (V) for spin-labeled cotton fibers a «5595-B», b “Tashkent
1” Temperature (1) 123 K, (2) 213 K, (3) 323 K, (4) 373 K. Relative humidity P/Py = 0.96 [43]

Fig. 11.11 High-resolution
(2 mm) ESR spectrum of
spin-labeled cotton fiber
«5595-B» at relative
humidity P/Ps = 0.04 and
temperature 150 K (a);
dependence of parameters of
g and A tensors on
temperature (b) [44]
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of cotton fibers by methods of fluorescence and phosphorescence labels [43]. The
free activation energy distribution of mobility of the chromophore label was found to
be 10.5 kJ/mole (data on fluorescence) and 6.7 kJ/mole (data on phosphorescence).

Values of immersion depth of spin label I in fibers (7p;,, in nm) were found to
be 1.0 and 1.1 for a-cellulose and cotton fiber cotton fiber, respectively [43]. These
values are close to the immersion depth of phosphorescence triplet label of about

0.8 nm.

The role of the microstructure of fibers in its stability under tensile stress is a basic
challenge and applied problem. The design, fabrication, testing, or an operation stage
of a polymer product’s life in particular in a great extend related to its durability. A
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Table 11.3 Parameters of the Zhurkov 11.8. Loose-phase (defects) fracture of cotton fibers (1)
derived by the spin labeling and Zhurkov parameters for the samplesat 7 =300 K; & = d(h/ / h) /dT
is the rate of increase of parameter 'h/h (Fig. 11.12), which characterizes a loosing of the polymer

structure at a temperature increase above 333 K [43]

Fiber n-defects & (K" | 0p MPa) | Up (kI/mole) | y.1074
fracture (%) (m3/vole)
«5595-B» 2405 0.009 280+ 12 | 142+7 26
«Taskent-1A» | 6+ 2 0.030 180+12 | 141+7 49
«Tashkent-1B» | 2.8 £2 0.070 15012 | 14147 6.0

connection between durability of various samples of cotton fibers and its molecular
properties was established using method of nitroxide spin labels (Table 11.3) [43].

A connection between durability of various samples of cotton fibers and its molec-
ular properties was established using method of nitroxide spin labels and a Zhurkov
model [46] (Table 11.3). Widely accepted Zhurkov model, assuming the kinetic
nature of bond destruction through the thermo-fluctuation mechanism, enables one
to obtain a simple, easy-to-use, and physically meaningful formula for the evaluation
of the durability of a material after the given time in operation at the given tempera-
ture and under the given stress. According to this model, a sample durability (r) can
be described with the following equation

Yp—oy
r = 1p€ T

(11.8)
where U is the energy activation of mechanic destruction, 7 is the time of atomic
vibration, o is the applied tension, and y is the activation volume sensitive to the
sample structure. The experimental parameters of 11.8 are presented in Table 11.3.

As it is shown in Table 11.3, the energy activation of mechanic destruction is
practically the same for all samples, which indicates that the process occurs as a break
in chemical bonds. The difference in the samples’ duration is caused by differences
in fracture structural defects (n). The larger n is, the smaller £ and o, are, and the
higher y is—this equates to lower sample durability. This finding opens the way to
predict the durability of products made from cotton fibers or cellulose using EPR
spectroscopy even in the processes of its production.

A series of microstructure studies of cotton fiber and cellulose was performed
using non-covalently bound probes [47-54]. These studies confirmed the main results
of earlier works on the one hand and revealed important details on the other.

Spin probe ESR method was used to study local polarity and heterogeneous vis-
cosity of two types of unprocessed cotton fibers, G. hirsutum and G. barbadense
[51]. These fibers were loaded with two nitroxide probes that differ in polarity—
TEMPO and its more hydrophilic derivative TEMPOL. A series of polar and non-
polar solvents was utilized. Results indicated coexistence of cellulose nanodomains
with different physicochemical properties, such as polarity and microviscosity, that
are affected by solvents and temperature. EPR studies of cellulose microstructure
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employing the nitroxide spin-labeled albumin, as spin probe entrapped in cellulose
triacetate fibers, were carried out [52]. The experiments show that within the fiber,
two phases are present: medium viscosity inside microcavities and more rigid phase.

The effect of water content on the physicochemical properties of the amorphous
regions in cotton was studied by measuring the electron paramagnetic resonance
of TEMPOL [47]. Mobility of nitroxide radicals, deposited in cotton at different
loadings, as a function of the relative humidity (RH) and temperature, was inves-
tigated. The method of nitroxide spin labels of different charges developed earlier
in [22, 23] was employed to investigate the effect of charge on spin probe interac-
tions and dynamics in the nanopores of cotton, using 4-amino-TEMPO (T-NH;) and
4-carboxy-TEMPO (T-COOH) deposited on dry cotton [48].

Forty samples of cotton filaments from naturel and mutant plants spin-labeled
by a nitroxide 2,2,5,5-tetramethyl-3-aminopyrrolidine-(3,5-dichlorotriazine)-1-oxyl
(I), chemically bound by the cellulose hydroxyl group, were prepared [49]. Exper-
iments revealed different conformational changes of cotton cellulose grown from
seeds exposed to different doses of gamma-irradiation. The spin-label investigation
of flax shive cellulose structural and molecular dynamics properties in the process
of its nitration using the spin label I revealed that the macromolecules’ packing
density in the less ordered nitrate fields is higher than that of natural flax cellu-
lose. A correlation between the “order” and “disorder” relation in natural cellulose
and in finite nitrogen products was established. The plasticizing capacity of the
solvents at 0° decreases through the EtOH, H,O, and CHClIj; series. A facile graft-
ing to protocol based on the generation of radicals at the surface of cellulose by
mild UV irradiation (Apmax ~ 311 nm) of an immobilized photoinitiator was con-
ducted [50]. The radicals photoinduced generated in cellulose were trapped with a
nitroxide-functionalized polymer. Spin capturing was reported, using nitrones that
after a first radical reaction generate a nitroxide which are able to undergo a sec-
ond radical coupling. A nitroxide amphiphilic block copolymer of poly(ethylene
glycol)-b-poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl-methacrylate) was used as a
recoverable catalyst for selective catalytic oxidation of cellulose [53].

In conclusion, covalent modification cotton fibers and cellulose by the labels
and the use electron spin resonance are allowed to establish the label location and
molecular motion the labeled samples which in turn is modulated by the polymers
local molecular dynamics and its distribution within 10~#~10~° s range of corre-
lation times. Data on dependencies of the fibers’ molecular dynamics on origin,
temperature, water, and other plasticizing agents, nutrition, period of maturing, virus
infection, and radiation of seeds have been presented. Combination of ESR experi-
ments and Zhurkov technique have revealed a strong dependence of fibers’ resistance
to stress (durability) on microscopic structural defects. Employing non-covalently
bound nitroxides as spin probes provided a way for studies of effect of humidity on the
supramolecular structure of cotton, local polarity, and heterogeneous viscosity of two
types of unprocessed cotton fibers, cellulose modification by nitroxide-mediated graft
polymerization, composites of poly(lactic) acid reinforced with TEMPO-oxidized
fibrillated cellulose, and photoinduced macromolecular functionalization of cellulose
vianitroxide spin trapping.
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11.5 Spin Cascade

Measurements of active encounters between molecules in native membranes con-
taining ingredients, including proteins, are of prime importance. To estimate rare
encounters in a high range of rate constants (rate coefficients) in membranes, a spin
cascade method (SCM) was invented and developed in Likhtenshtein group [54—
57]. The SCM is based on four well-known fundamental physical phenomena: (1)
singlet triplet transition in an excited chromophore with the formation of a para-
magnetic state with a relative long lifetime (triplet probe, TP), (2) quenching of
excited triplet state of TP by a paramagnetic species (spin probe, SP), (3) cis-trans-
isomerization of a photochrome compound (fluorescence—photochrome probe, FPP),
and (4) triplet-triplet energy transfer between TP and FPP.

As was shown in the Likhtenshtein group, paramagnetism and the relative long
lifetime of chromophores in the excited triplet state provide the possibility for these
compounds to be used as phosphorescence (triplet) labels for solving a number of
structural and dynamics problems [57, 58]. Dexter triplet—triplet TT energy transfer
is a process of exchanging both spin and energy between a pair of molecules or
molecular fragments [59]. Nitroxides are effective quenchers of excited states by the
exchange mechanisms [57].

Within the spin cascade method, specifically, a spin probe is nitroxide (5-doxyl
stearic acid), triplet probe is erythrosin B in exited state, and fluorescence—pho-
tochrome probe (FPP) is (4-dimethylamino-4-aminostilbene) [56].

Stilbenes exhibit a diverse photochemical behavior in solution such as reversible
cis/trans-isomerization cyclization of cis-stilbene which involves rearrangement
along a double bond [54, 60, 61]. Due to the fact that trans-stilbene exhibits flu-
orescence and cis-stilbene is fluorescence silent, the photoisomerization process can
be readily monitored by the highly sensitive fluorescent techniques. The trans—cis
photoisomerization of stilbenes can proceed by two in-principle mechanisms: (i) the
direct process involving exited single state and (ii) the triplet-sensitized photoreaction
of stilbenes that caused trans—cis photoisomerization.

The spin cascade method was employed to estimate rare encounters in a high
range of rate constants (rate coefficients) in multilamellar liposomes (Fig. 11.12)
[55].

Experimental rate constant of the triplet probe phosphorescence quenching by
nitroxide (kq) and the rate constant of the triplet—triplet energy transfer (kt) eval-
uated in 2D terms were obtained as kq = 1.05 x 10'> cm?*/(mol s) and kt = 1.26
x 10" cm?/(mol s), respectively. The values of diffusion rate constants in model
lipid membranes together with similar data obtained from other methods, that cover
characteristic times over eight orders of magnitude, were found to be in good agree-
ment with the advanced theory of diffusion-controlled reactions in two dimensions
(Fig. 11.13) [62]. In addition, using the spin cascade method, the following dynamic
parameters of the cascade system components can be experimentally measured: (1)
the spin-label rotation correlation time and spin relaxation parameters, (2) the fluo-
rescence and phosphorescence polarization correlation times, (3) the rate constants
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of the chromophore singlet- and triplet-state quenching by nitroxides, and (4) the rate
constant of photoisomerization. This set of parameters is a cumulative characteristic
of the dynamic state of biomembranes in the wide range of the probes amplitude and
characteristic time. Proficiency of the method can be expanded by a choice of the cas-
cade components with the higher efficiency of triplet—triplet energy transfer, higher
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sensitizer lifetime, and by an increase of the time of integration of experimental data
on a photochrome photoisomerization.

11.6 Nitroxides in Matrices

Multifrequency continuous wave (CW) and echo-detected (ED) electron para-
magnetic resonance (EPR) were employed to study the mobility of 4-
methoxy-2,2,6,6-tetramethylpiperidine-N-oxyl (MT) and N-(2-methylpropyl)-N-(1-
diethylphosphono-2,2-dimethylpropyl)-aminoxyl (DEPN) confined in nanocapsules
of p-hexanoyl calix[4]arene, using W-band and 360 GHz cw [63]. Experiments indi-
cated that between 90 and 200 K, the caged nitroxide undergoes isotropic small-angle
fluctuations (librations), whereas at higher temperatures restricted rotations of the
radical with correlation times of 0.75 x 1079 sand 1.2 x 10~!1° s dominate at 325 and
300 K, respectively. The activation energy of the rotational motion of encapsulated
MT radicals was evaluated as E, = 1.0 kcal mol~!.

New covalently linked spin-labeled cyclodextrin (CD) was prepared via the attach-
ment of nitronyl nitroxide 2-(4-hydroxyphenyl)-4.,4,5,5-tetramethyl-4,5-dihydro-
1H-imidazole-3-oxide-1-oxyl to permethylated B-cyclodextrin I, and its molecular
dynamics were investigated employing ESEEM/CW EPR approaches [64].

The experiments indicated that: (1) nitronyl nitroxide exhibits dynamic equilib-
rium between conformations with radical fragment outside the cavity and radical
capping the cavity of CD, (2) covalent attachment of nitronyl nitroxide to CD leads
to a corresponding increase of the rotational correlation time by an order of magni-
tude; (3) nitronyl nitroxide covalently attached to CD retains its sensitivity to nitric
oxide, and (4) the reduction rate constant of nitroxide fragment in I is close to that
of corresponding free radical.

Rotation of methyl groups which present in spin labels including MTSL con-
tributes in spin echo dephasing [65]. These effects were removed in iodoacetamide
azaadamantyl spin label in fluid solution and in 9:1 trehalose/sucrose glass. For
example, in 9:1 toluene/CH,Cl, solution at 293 K, the isotropic nitrogen hyperfine
coupling is 19.2G, Ty is 0.37 ms, and T+, is 0.30-0.35 ms. Although complexation of
the azaadamantyl spin label with S-cyclodextrin slows tumbling in aqueous solution
by about a factor of 10, it does not affect significantly on 1/T; or 1/T, in 9:1 tre-
halose:sucrose between 80 and 293 K. It was suggested that relaxation is dominated
by Raman and local mode processes.

Interfacial electrostatic properties of hydrated mesoporous and nanostructured
alumina powders are determining factors for the use of these materials in hetero-
geneous catalysis and as a sorption media for filtration and chromatographic appli-
cations. The purpose of work [66] was to measure Stern potential in cylindrical
nanosized hydrated channels of the mesoporous molecular sieves (MMS) MCM-41
and SBA-15 with channel of different diameters (2.3-8.1 nm) utilizing pH-sensitive
nitroxide radicals (NR).
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Stern potential is an electric potential on the external boundary of the Stern layer
versus the bulk electrolyte. The Stern layer accounts for ions’ finite size and con-
sequently an ion’s closest approach to the electrode. The layer is on the order of
the ionic radius. EPR spectroscopy was employed to study rotational dynamics of
pH-sensitive NRs adsorbed in the water-filled nanochannels. The following exper-
imental findings were reported: (1) Two populations of the probe molecules in the
sieve channels, one undergoing a fast rotational diffusion and the other one being sig-
nificantly slower motion of the probe, were observed; (2) the solution acidity (pKel)
inside the channels and near-surface electrical potential was estimated using the pH
spin probes; (3) negative and positive values of Stern potential for the positively and
negatively charged surfaces of MMS channels were found; and (4) the ranges of pH
of external solution for the near-zero charge, boost-charging of the channel surface,
and for dissociation of functional groups in the MMS studied were determined. Val-
ues of near-surface potential of the positively (4—19 mv) and negatively (from —110
to —179 mv) charged MMS were shown in a table.

EPR spectroscopy [X-band (9 GHz)] of new pH-sensitive nitroxides (4-
dimethylamino-5,5-dimethyl-2-(4-(chloromethyl) phenyl)-2-ethyl-2,5-dihydro-1H-
imidazol-1-oxyl hydrochloride semihydrate (nitroxide R1) was employed to eval-
uate the surface charge and interfacial acid—base equilibria at the pore surface of
mesoporous powders of a-Al,O3, y-Al,03, Al, O3 x nH,0, and basic y-Al,03
and nanostructured y-Al,O3 [67]. Mesoporous y-Al,O3 was synthesized by heat-
ing aluminum hydroxide. The materials in the form of pristine were modified with
aluminum-tri-sec-butoxide, hydroxyaluminum glycerate, phospholipids, soy phos-
phatidylcholine, cholesterol, negative composition of soy lecithin Epikuron 200,
phosphatidylcholine, and cetyl pyridinium chloride. It was found that for basic y-
Al,O3 and Al,O3 x nH,O, the values of nitroxide R1 pKa were shifted by ApKa
~ +40.6 and up to ~+1.2 pH units, respectively, while the shift for y-Al,O3; was
found as ApKa = +3.5. The order of descending magnitude of the effective sur-
face electrostatic potential ¥ is mesoporous y-Al,O3 > Al,O3 x basic y-Al,O3 >
o -A1203.

EPR spectroscopy of two pH-sensitive NRs of the imidazoline type, 4-
dimethylamine-2-ethyl-5,5-dimethyl-2-pyridine- 4-yl-2,5-dihydro-1H-imidazole-1-
oxyl (R1) and 4-dimethylamine- 2-ethyl-5,5-dimethyl-2-phenyl-4-yl-2,5-dihydro-
1H-imidazole-1-oxyl (R2), and of the imidazole type, 4-amino-2,2,5,5-tetramethyl-
2,5-dihydro-1H- imidazole- 1-oxyl (R3) was employed to examine the conditions for
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Fig. 11.14 Radial profiles of electrostatic potential ¢(r) obtained from numerical solutions of the
PB equation using different boundary conditions, channel center Poisson—Boltzmann equation and
the nanochannels of silica-based mesoporous molecular sieves mode [68]. Reprinted from [68],
Copyright 2018 American Chemical Society

the efficient electrostatic surface potential screening inside the nanochannels of silica-
based mesoporous molecular sieves (MMYS) filled with water at ambient conditions
and a ionic strength of 0.1 M [68]. All-silica MCM-41 materials were synthesized
using dodecyltrimethylammonium bromide (C12MCM-41) and hexadecyl trimethy-
lammonium bromide (C16MCM-41) and exhibited average channel diameters of 2.3
and 3.2 nm, respectively. CW X-band (9 GHz) CW EPR spectra of NRs in bulk aque-
ous solution and upon incorporation into the channels of solid MMS samples were
recorded at temperature 293 K. EPR experiments with water-soluble ionizable pH-
sensitive nitroxides provided the means to determine an average effective local pHj,..
The experiments, using water-soluble ionizable pH-sensitive nitroxides, showed that
the nitroxide molecules can diffuse in aqueous volume inside the nanopores of the
MMS. In SBA-15 channels filled with aqueous solutions, when the pore radius is
about fourfold larger than the Debye radius, pHj,. averaged over the central section
of the nanochannel was found to be higher by 0.2-0.3 pH units than pH.y. Data
on the average electrostatic potential over the central volume of the nanochannels
measured by “mobile” EPR probes and the surface potential at the channel surface
determined from EPR titrations of immobilized nitroxides were in a good agreement
with results of the classical Poisson—Boltzmann theory for the channels down to 3.2
4 0.1 nm in diameter. The main results of the work are schematically illustrated in
Fig. 11.14.
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