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Preface 

After opening a new class of chemical reactions in 1964, reactions in which unpaired 
electrons of stable radicals were not involved, nitroxide (aminoxyl) radicals became 
one of the most interesting and rapidly developing area of modern physical chemistry 
with their application to biophysics, molecular biology, polymer sciences and 
medicine. Further development of this field depends on new pathways in the nitroxide 
chemistry, modern methods in EPR spectroscopy and revealing new perspective 
practical approaches. This book contains reviews of the authors actively working in 
three main areas of chemical physics: theoretical approaches, novel experimental 
results, and practical applications. The first chapter, written by Prof. Lawrence J. 
Berliner who started his work in this area just from its very beginning, describes the 
history of the spin label technique. Unfortunately, he did not practically pay attention 
to numerous publications of Soviet and Russian scientists, whose impact to the field 
was really great. This will be fixed in the next edition of the book. The following 14 
chapters analyze in detail the modern state and some perspectives of various usages of 
nitroxide radicals. 

The book, recommended by the Governing Council of N. Semenov International 
Center of Chemical Physics, Moscow, will be useful to many scientists: chemists, 
physical chemists, biophysicists, biologists, physicians and other experts in a variety of 
disciplines in which spin labels and probes are used, as well as to students and PhD 
students. It may be also suitable for teaching, and help promote the progress in natural 
sciences. 

Any comments, remarks and advices from the readers will be appreciated for the next 
edition. 

Prof. Dr. Alexander I. Kokorin 
Department of Kinetics and Catalysis, N. Semenov Institute of Chemical Physics, 

Russian Academy of Sciences, Moscow,  
Russian Federation 
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History of the Use of Nitroxides (Aminoxyl 
Radicals) in Biochemistry: Past, Present and 
Future of Spin Label and Probe Method 

Lawrence J. Berliner 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/39115 

1. Introduction 

The perspective of this chapter is very much historical. The author was fortunate enough to 
have begun his graduate studies at the very inception of the technique of spin labeling. 
Mind you, the topic of this book is nitroxides a.k.a. aminoxyl radicals which in fact preceded 
the spin labeling method and its inception. Hence the chapter will cover a history of the 
synthetic developments with nitroxides, the history of the development of spin labels, and 
the use of nitroxides and will provide an overview to the future of its applications. The 
intent is to cover the very beginning and then discuss some of the key areas (always 
dominated by synthetic organic chemistry) that allowed this technique to blossom more and 
more. Needless to say, while the definition of spin labeling is the incorporation of a stable, 
free radical into a macromolecular system of choice, we have yet to find anything (aside 
from the trityl radicals) that will fulfill this purpose. And the trityl radicals, which may be 
covered briefly in this chapter, give no dynamic or structural information whatsoever as 
they yield a single narrow line spectrum. The author feels confident to discuss these areas 
since he was deeply involved in the synthetic organic chemistry of these compounds, 
frequently repeating the syntheses of the basic starting compounds that were either 
commercially unavailable or quite expensive at the time. This includes the synthesis of 
phorone/triacetonamine from ammonia, acetone and calcium, in a 1898 synthesis[1], which 
was the basis for the nitroxide TEMPONE(2,2,6,6-tetramethylpiperidinone 1-oxyl).  

Perhaps one of the earliest papers describing ‘nitroxides’ was from the American Cyanamid 
Company laboratories about the reaction of t-nitrobutane with metallic sodium[2].  They 
found a g value of 2.0065 and a single line linewidth of 8.5G (probably because they 
observed the compound in neat form where exchange and dipolar broadening were 
predominant). A follow-up publication produced a plethora of compounds derived from 

© 2012 Berliner, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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phenyl derivatives. They were able to measure a hyperfine coupling constant for DTBN of 
15.25G [3]. We should recall that the earliest example of these radicals was the famous 
Fremy’s salt, used to calibrate EPR machines to this day. This long-lived free radical, shown 
below, was discovered in 1845 by Edmond Frémy [4].  

 
Figure 1. (left) di-t- butylnitroxide[2];(right) Fremy’s salt [1] 

In the 1960s, stable paramagnetic compounds were developed extensively in the USSR 
Academy of Sciences, Institute of Chemical Physics, that contained aminoxyl (or iminoxyl or 
nitroxyl or nitroxide) ‘reporter’ groups. Until these compounds became commercially 
available, one was obligated to prepare them homemade, but their syntheses were fairly 
straightforward (starting with the either phorone or triacetoneamine) [1]. The Russian group 
was led by organic chemists M.B. Neiman and E.G. Rozantsev and the group expanded 
these syntheses into a broad range of compounds, some of which could be applied as 
protein modification reagents [5-6].  

 
Figure 2. Piperidine, pyrrolidine and pyrroline nitroxides. 

Let us not overlook the tremendous advantages of nitroxides that contribute to their 
versatility in the study of (biological) macromolecules i.e., they are very stable in most 
solvents over a wide range of pH values. The paramagnetic N-O bond moiety is quite 
tolerant to various synthetic conditions, specifically those in the tetramethyl flanked 
piperidine, pyrroline or pyrrolidine rings. Freezing, thawing, distilling or boiling usually 
impart no adverse affects on their stability, ie, paramagnetism is retained. Since EPR does 
not require optical transparency, and is not sensitive to magnetic susceptibility effects 
(which plagues NMR), one can work in opaque solutions, solids or mixtures. And the EPR 
sensitivity is 600- 700 times higher per spin compared with a proton in NMR. Thus, with 
very narrow linewidth spectra, one could detect nitroxide spectra in solution down to 
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nanomolar levels with high sensitivity cavities. The EPR spectral lineshape reflects nitroxide 
tumbling motion, hence one can distinguish freely tumbling, ‘unattached’ or unreacted label 
in a sample with other bound species. The only real drawback of spin labels is their 
susceptibility to reduction to the corresponding diamagnetic hydroxylamine in the presence 
of organic or biological reducing agents, which will be addressed under in-vivo studies. Yet, 
where some synthetic recipes may utilize e.g., NaBH4 which reduces the N-O moiety, the 
radical is easily regenerated in mild H2O2 or exposure to O2. 

 
Figure 3. First meeting of L. J. Berliner with E. G. Rozantsev, USSR Institute of Chemical Physics, 1979 

2. Horrible, terrible nomenclature: IUPAC versus ‘common usage’ 

Spin labels are commonly called ‘nitroxides,’ also the title of this book. In addition the terms 
iminoxyl or nitroxyl have been used as well as the occasional use of the term aminoxyl. Yet 
IUPAC RNRI Rule RC-81.2.4.D defines compounds with the structure R2NO· as ‘radicals 
derived from hydroxylamines by removal of the hydrogen atom from the hydroxy group, 
and they are in many cases isolable.’ While Chemical Abstracts Service uses nitroxide as the 
parent name for H2N–O·, e.g., (ClCH2) 2N–O· or bis(chloromethyl) nitroxide, the IUPAC 
name is bis(chloromethyl) aminoxyl. It is correct to state that nitroxide should not be used as 
a name of a class of compounds that are specifically and correctly (a la IUPAC) aminoxyl 
radicals. As for the use of iminooxy or iminoxyl radicals, this has been used incorrectly for 
alkylideneaminoxyl radicals (also called iminoxyl radicals, R2C=N–O·. Its use is strongly 
discouraged. In the Sigma/Aldrich catalog, the spin probe TEMPO is listed as 2,2,6,6-
tetramethylpiperidine 1-oxyl.  
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Hence, the most inappropriate term for these radicals, nitroxides, has been used most 
widely and, as of 2009, has been cited about 115,000 times, nitroxyl about 29,500 times, 
iminoxyl (initiated by E.G. Rozantsev and coworkers) about 4,150 times. Aminoxyl, the most 
correct, has been cited 3,910 times. Obviously, the term nitroxyl is way out of line, pushed 
only bnefly by the late Andre Rassat, but is not relevant to this class of radicals (although I 
have two colleagues who continue to propogate this misuse!) I recall a friendly conversation 
with my long time colleague, Jim Hyde, who emphasized that if it becomes common usage, 
it’s here so stay and to just give up on the issue. However when we academics teach organic 
chemistry to our young students, we try to imbue them with the correct terminology. 
Furthermore, standard states and nomenclature were designed so that scientists in the 
world can understand one another. It is clear that the correct nomenclature that the spin-
label community should be using is aminoxyl radicals. It would be great if, from this point 
in our history moving forward, we might correct this error in the future and abide by the 
IUPAC rules. 

3. Early applications to studying subtle aspects of protein/enzyme 
structure 

The spin label method is a reporter group technique, a concept in the 1960s [7], as depicted 
in Fig. 4.  

 
Figure 4. Schematic representation of an enzyme-substrate complex in native protein (top left), protein 
containing reporter group (solid black area) adjacent to substrate binding area (top right), and reporter 
group distant from substrate binding area (bottom right). From [7] with permission 

The revolutionary developments in organic synthesis of nitroxide spin labels helped us 
overcome a major challenge for biochemical studies, where the plan was to attempt to fit the 
spin label to the biological system in as subtle a manner as possible, that is to “fool” the 
system into thinking it was binding to, or interacting with, a real, natural substrate or 
cofactor. One of the early attempts in the McConnell laboratory was the synthesis, a 
nitrophenylester of 1-carboxyl-2,2,5,5-tetramethylpyrollidine, depicted in Figure 5 (left), so 
that one could take advantage of the esterase activity of the enzyme α–chymotrypsin and 
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virtually ‘hook’ the enzyme during its action on the compound. The approach was to isolate 
the active acyl-enzyme intermediate, covalently attached at serine 195, which is where the 
intermediate in the enzyme catalyzed hydrolysis resides. Indeed, the spin labeled acyl-
enzyme intermediate reflected a tightly bound (possibly rigid, uniquely oriented) spin label 
at the active site [8]. However, it became much more difficult when one wanted details as 
to how the enzyme handled this spin labeled substrate analog and business area to do single 
crystal studies of the spin labeled chymotrypsin order to derive information about the 
precise orientation of the label. This could be gleaned from knowledge of the anisotropic 
hyperfine constants and anisotropic g-factors. One could determine orientation of the N-O 
bond and work backwards to find the orientation of the nitroxide five-membered ring on 
the protein. With knowledge of the x-ray structure of α-chymotrypsin and its reactive 
intermediate structures already known, the process was straightforward, Bauer and Berliner 
were able to obtain individual binding orientation of the R-and S-enantiomers of this 
particular house substrate panel and from that understand why the more slowly released 
enantiomer substrate acyl group was mis-oriented at the active site making hydrolysis by an 
activated water molecule quite difficult [9]. 
 

 
Figure 5. (left). Spin-labeled substrate (R,S)-2,2,5,5-tetramethyl-3-carboxy-pyrrolidine-p-nitrophenyl 
ester (a). The acyl-nitroxide group that is covalently linked to Ser 195 of α-chymotrypsin (b). It was later 
found that the “specificity” for a spin-labeled acyl-chymotrypsin was the S- enantiomer, although both 
enantiometers can be isolated as acyl enzymes. (right) Chemical structure of SL-NAD+ ,nicotinamide N6-
([15N,2H17]2,2,6,6-tetramethylpiperidine-4-yl-l-oxyl)adenine nucleotide [10] 

The real sophistication came in studies of enzymes that bound nucleotide analogues or, in 
fact, DNA and nucleotide complexes. In some beautiful work Trommer and colleagues 
synthesized NAD analog, SL-NAD+, where the nitroxide ring was fused onto the 
nicotinamide, the structure, shown above in Figure 5b (right) [10]. The enzyme bound very 
tightly to this NAD analog and its precise orientation could be determined. What was 
interesting was that in the example glyceraldehyde phosphate dehydrogenase, a tetrameric 
enzyme that binds one NAD per subunit in each tetramer, the distance between two NAD 
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spin labeled analogs could be determined from the electron-electron dipole interaction. This 
was the first example of distance measurements involving two spin labels within a protein 
structure and, due to the fortuitous situation of a perfectly, rigidly bound spin label, 
distances could be determined precisely [10]. This study still remains the gold standard of 
distance measurements by electron-electron dipolar interactions. 

4. Lipid spin probes (oxazolidinyl or doxyl, proxyl) 

The development of spin labeling and spin probes expanded to lipids and membranes. In 
order to probe these biological structures, one needs a label that mimics or looks like a lipid 
and can be incorporated into a phospholipid membrane structure. As late as the late 1960s, 
one could only prepare an ester of a fatty acid with one of piperidine or pyrrolidine 
nitroxides, but one could not incorporate a probe somewhere in the middle of the lipid 
chain in order to probe various depths of a membrane. It was not until John Keana 
demonstrated that one can incorporate an oxazolidine ring at specifically placed ketone 
(keto) groups in a lipid, resulting in a rigid five membered ring fused to the lipid chain that 
was easily oxidized to the radical nitroxide (doxyl) [11]. This virtually led to a revolution in 
our ability to probe membrane structure and dynamics with structural and dynamic 
accuracy. Several of these compounds are shown below. It took a while before these were 
commercially available, however, the synthesis was reasonably straightforward and 
scientists in the area were willing to share their compounds with one another. This was a 
clear departure from the relatively straightforward chemistry of the piperidine, pyrroline 
and pyrrolidine based aminoxyl radicals that had been developed by the Russian groups up 
to that point. The synthesis is relatively straightforward: take a lipid of interest, which can 
be purchased as a halo-derivative or occasionally as the desired keto derivative. Then the 
oxazolidine ring is formed at this position on the chain, then oxidized to the radical. Spin 
labeled lipid probes became available with aminoxyl radical group at the 5-, 12-, or 16 
position in the lipid chain, and later at other positions. The resulting biochemistry, i.e., to 
incorporate these lipid nitroxides at either the 2- or 3- position of a phospholipids, was fairly 
straightforward as the fatty acid interchange or ester interchange chemistry was already 
well known. The synthetic schemed and some example probes are shown below, with a 
phospholipid analog in Figure 6. 

Some years later, the problem of the oxazolidine ring being essentially reversible, (i.e. 
hydrolyzable), a newer development involved the incorporation directly of a five-
membered ring (proxyl) into the structure of a lipid molecule at a strategically placed 
double bond. The chemistry again was somewhat sophisticated but straightforward; the 
synthetic route (Figure 7) leads to a side-chain-substituted 2,2,5,5-tetramethylpyrrolidine-N-
oxy1 (proxyl) nitroxide lipid spin probes from a commercially available nitrone is treated 
with an organometallic reagent, which after Cu2+-air oxidation gives a new intermediate 
nitrone, followed by a second selected organometallic reagent, which after Cu2+-air 
oxidation yields the proxyl spin probe [11]. The advantage of proxyl chemistry over 
oxazolidine chemistry in order to make lipid spin probes was that one could tailor the 
orientation of the N-O group with respect to the lipid axis. This became important since the 
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labeled lipid probes became available with aminoxyl radical group at the 5-, 12-, or 16 
position in the lipid chain, and later at other positions. The resulting biochemistry, i.e., to 
incorporate these lipid nitroxides at either the 2- or 3- position of a phospholipids, was fairly 
straightforward as the fatty acid interchange or ester interchange chemistry was already 
well known. The synthetic schemed and some example probes are shown below, with a 
phospholipid analog in Figure 6. 

Some years later, the problem of the oxazolidine ring being essentially reversible, (i.e. 
hydrolyzable), a newer development involved the incorporation directly of a five-
membered ring (proxyl) into the structure of a lipid molecule at a strategically placed 
double bond. The chemistry again was somewhat sophisticated but straightforward; the 
synthetic route (Figure 7) leads to a side-chain-substituted 2,2,5,5-tetramethylpyrrolidine-N-
oxy1 (proxyl) nitroxide lipid spin probes from a commercially available nitrone is treated 
with an organometallic reagent, which after Cu2+-air oxidation gives a new intermediate 
nitrone, followed by a second selected organometallic reagent, which after Cu2+-air 
oxidation yields the proxyl spin probe [11]. The advantage of proxyl chemistry over 
oxazolidine chemistry in order to make lipid spin probes was that one could tailor the 
orientation of the N-O group with respect to the lipid axis. This became important since the 
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hyperfine coupling constant along the z-axis of the label (i.e. directly above and 
perpendicular to the N-O plane) yielded a large splitting, upwards of 32G, that allowed a 
quite accurate estimate of the orientation, order parameter and dynamics of this portion of 
the lipid spin probe within the membrane.  

 
Figure 6. 16:0-7 Doxyl PC 1-palmitoyl-2-stearoyl-(7-doxyl)-sn-glycero-3-phosphocholine. 

Even more rigid lipid probes were possible with the advent of racemic azethoxyl lipid 
probes nitroxides (called minimum steric perturbation spin labels). In the azethoxyl the 
nitrogen atom is actually embedded in the hydrocarbon chain. Cis-trans isomerism is 
possible and modeling suggests that the trans isomer should resemble a saturated lipid, 
whereas the cis isomer introduces a bend in the chain which approximates that observed 
with a cis carbon-carbon double bond. 

The general synthetic route to the azethoxyl nitroxide spin labels is similar to that of the 
proxyl nitroxides, except that a different nitrone is used in the beginning (Figure8), where in 
this specific example, the trans isomer predominates [11].  

Synthetic development was also carried out by several chemists in Ljubljana, Slovenia, as 
well as other synthetic organic labs, all of which were principally in Eastern Europe. In the 
U.S.A., the plight of an organic chemist attempting to obtain tenure in an academic 
department required the synthesis of complex natural products for the development of new 
synthetic reactions. Frequently the synthetic procedures for preparing these aminoxyl 
radicals, spin labels or spin probes were albeit modern but not new and novel; the organic 
chemist simply adapted the new, clever synthetic procedures to obtain the required label. It 
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wasn't until the late 1990s, or perhaps the new millennium, where chemistry departments 
accepted applied chemistry as a valid academic area of new ideas and novel techniques. 
Certainly, it was the synthetic organic chemist who solved this problem and, for that matter, 
most biophysical studies involving probes depend on clever synthetic abilities. EPR had a 
great advantage in membrane and cell studies and cell membranes since the technique did not 
require optical transparency, did not have the magnetic susceptibility problems encountered 
in NMR, and required a fairly low level of spin label doping of the biological system in order 
to obtain a strong, highly sensitive spectrum. Indeed, it is fair to say that EPR added a 
tremendous amount of knowledge to our understanding of lipid, membrane and related 
polymeric systems, which was a great complement to that learned from NMR, solid-state 
NMR and microscopic methods The real leadership in the implications of these problems 
started, again, in the McConnell lab at Stanford University and with people like Joe Seelig, 
Wayne Hubbell and others who followed. Nobel laureate Roger Kornberg was also a graduate 
student in this laboratory, and his work also was involved in studies of lipids and membranes 
through the use of spin labels and spin probes [12]. 

 
Figure 7. Synthesis of a proxyl nitroxide  

5. Nucleic acid analogues 

The Bobst laboratory at the University of Cincinnati synthesized some very novel nucleotide 
analogues where the label was covalently tethered to various purine and pyrimidine rings 
in such a manner that the tether did not distort the DNA structure and was rigid enough to 
not create ambiguities in an interpretation of the backbone or sidechain motion of the 
polynucleotide where the label was incorporated [13]. A series of these novel, unique 
structures are shown in Figure 9. This work was then copied and extended by other groups, 
particularly the Seattle group (University of Washington) that also designed nucleotide 
analogues for probing DNA [14]. In all cases the syntheses were truly challenging, could 
only be carried out by very proficient organic chemists, and support the view of this author 
that synthetic organic chemistry is the rate-limiting step in many of these biophysical probe 
experiments.  
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Figure 8. Synthesis of an azethoxyl nitroxide  

6. Specificity in protein labeling: Thiol groups 

The ideal goal with spin labeling is a universal method to label any tailored site with high 
specificity. Let’s face it; spin labeling of proteins is a protein chemical modification 
methodology. That aside, it is the chemistry of the functional groups utilized in order to 
label a protein. If one examines the 20 common amino acids, one finds that the 
advantageous modification chemistry is both quite limited, ambiguous, and is very much 
dependent on pKa values where charged sidechains are targeted. This leaves us only with 
the cysteine thiol as the best candidate for any sort of specific modification. If one looks at 
the standard array of protein modification functional groups, at least what existed in the 
1960s, 1970s and 1980s, we were limited to the maleimde, the alpha halo-acetamide groups 
and a few disulfide-based reagents, all of which had limitations, particularly the former two. 
Reagents such as iodoacetamide or N-ethylmaleimide (NEM) will react with thiol groups, 
amino groups (alpha- amino groups, lysine) and occasionally with hydroxyl groups of a 
nucleophilic serine or threonine or a tyrosyl side chain. Secondly, the preponderance of 
these sidechains is usually multifold in proteins, while thiol groups are usually small in 
number, or occasionally nonexistent. In a quest for highly specific reversible thiol reagents, 
Berliner and Hideg capitalized on the chemistry pioneered by George Kenyon with 
methylthiomethane sulfonate, a reagent that undergoes disulfide interchange with a 
cysteine eliminating the methylsulfonate leaving group [15]. This was definitely 
advantageous over dithiol reagents, where one loses half of the label in the exercise and it 
also created other problems involving thiol interchange that could eventually negate of the 
advantages. Hence the label shown in Figure 10 (bottom), affectionately known as MTSSL or 
MTSL, was synthesized and was shown to be highly reactive, uniquely specific for cysteine 
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thiol groups and could be easily released with a small concentration of mercaptoethanol or 
dithiothreitol, allowing one to recover the protein and also allowing for a second labeling 
stoichiometry quantitation based on the released label [16]. Berliner and Hideg showed 
eloquently how this works with the reactive protease papain, which contains a cysteine SH 
at the active site analogous to the serine OH in chymotrypsin [16]. Initially this label wasn't 
used much by other research groups, but the advent of molecular biology and the power of 
site-specific mutation triggered a revolution in this area, pioneered by Wayne Hubbell. The 
technique, named site directed spin labeling, has really been the method of choice since the 
1990s and has created a renaissance in spin labeling [17]. 
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Figure 9. Representative spin labeled pyrimidine bases that can be incorporated into nucleic acid 
structures. Adapted from [13] with permission. 
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Figure 10.  Comparison of thiol labeling reagents. The top reaction utilizes the NEM analog, which 
reacts irreversibly with the protein thiol group, but can also partially react with other nucleophiles. On 
the other hand, MTSSL reacts specifically with SH groups and can be reversed in the presence of 
another thiol reagent, such as mercaptoethanol or DTT. Adapted from [18] with permission 

Wayne Hubbell’s important contribution was to realize that one could incorporate thiol 
groups into protein sequences with ease, almost at choice. If there was an example where 
the disulfide bridge or a few free thiol group caused a major perturbation in the structure or 
the folding of the protein, it was usually pretty obvious by some functional or 
conformational (e.g. CD, ORD) analysis. Hubbell attacked the most pressing problems in 
protein science, which is membrane proteins, which are neither soluble nor amenable to x-
ray crystallography or NMR. He started first in collaboration with Nobel Laureate H. G. 
Khorana on bacteriorhodopsin, a protein whose structure and function had eluded us up to 
this point, particularly with respect to the light induced conformational changes that occur 
[19]. The technique, in concert with the well known molecular oxygen Heisenberg exchange 
relaxation (broadening) of the N-O, allowed assessment of secondary structure 
characteristics, particularly that of bundled helical structures, which are typical of 
membrane spanning proteins. If one mutates every residue in a helical protein to a Cys, in 
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each case labels the protein, and then assesses accessibility under increased oxygen, a 
periodicity of about 3 -4 would be expected in the oscillation of oxygen exposure (since O2 
has a higher solubility in the interior vs the solvent environment). For β-sheet structures, the 
periodicity would be 2 since every other residue is exposed to the solvent and vice-versa. 
The two figures below depict the theoretical behavior for a β-sheet and α-helical domain, 
respectively. Further confirmation occurs when using aqueous paramagnetic reagents such 
as chromium oxalate or potassium ferricyanide, which selectively relax (broaden) spin labels 
on the exterior of the protein pointing into the solvent [17]. Hence these accessibility 
parameters could be quantified and used as sensitive probes of secondary and super-
secondary structure. Theoretical plots are shown below in Figure 11. In a study on lac 
permease, an SDSL ‘scan’ was done and the results are shown in Figure 12 below [21]. 

 
Figure 11. Idealized accessibility data plots indicating β-strand and α-helical secondary structure. From 
[20] with permission 
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Figure 12. Π(O2) (solid line) and 1/ΔH (broken line) versus sequence position for the nitroxide-labeled 
single-Cys residues at positions 387-402 in lac permease. The dotted curve is that for a function of 
period 3.6, and comparison with the Π(O2) and 1/ΔH functions confirms that the data are consistent 
with an α-helical structure. Ada[ted from [21] with permission. 

The site directed spin labeling (SDSL) method blossomed by the early to mid-1990s, with 
dedicated sessions at meetings on the use of SDSL and EPR in protein structure. Of course, 
the MTSL label had some disadvantages: it still had some conformational flexibility, it could 
perturb the protein structure and lastly, in order to obtain an unambiguous assessment of 
protein structure and function, the use of additional spin labels would be desirable. Hence 
the Hideg lab propagated several more labels and analogues [22]. Recent work has involved 
distance measurements within proteins, i.e., the incorporation of two cysteines at selected 
positions in protein with the idea of mapping the structure by distance triangulation. This is 
a major effort since one obtains only the distance between the electrons on the two labels, 
respectively, and each spin label must be correlated back to the protein backbone with 
inferences from amino acid side chain structure and the aspects of motion of the label in 
multiple orientations.  Consequently, one pair of incorporated cysteines yields just one 
distance. Figure 13 shows the dilemma of attaining very accurate distance measurements 
from a double labeling experiment. Nonetheless, the technique has still been valuable and 
people have developed sophisticated motional simulations in order to localize the label in 
the protein structure. One looks at motion around a cone and workers have attempted to 
come up with distances within 15 to 20% accuracy. Needless to say, the x-ray 
crystallographers have a major advantage (assuming that the protein can be crystallized) but 
the NMR spectroscopists have a bigger advantage because they can incorporate one single, 
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relatively rigid, spin label and obtain more than 100 distances from electron-proton 
paramagnetic relaxation enhancements over distance ranges of 5 to 15 Å. In fact, the EPR 
double label method was quite limited on distances, about that of the electron-proton 
distance limits. Remembering that we only obtain one distance for each labelled pair, it 
wasn't until Jack Freed and coworkers incorporated DHQC methodology enabling one to 
assess distances upwards of 50 to 60 Å [23]. 

6-8Å 6-8Å6-8Å6-8Å
+1416Å

-14  6Å

 
Figure 13.  Uncertainty about spin label motion and orientation(s). The spin label ring can orient in 
several directions, depending on the flexibility of the tether. Ideally, one would like a rigid unique 
orientation, but the likelihood is not high.  

Some possible approaches are to anchor the label in two points on the protein. The label 
shown below in Figure 14 would require two mutated cysteines at proper spacing in order 
to meet that requirement. 

 
Figure 14. Rigid two site attachment spin label. bis-MTSSL [pyrrolinyl] 2,5-Dihydro-3,4-
bis(methanesulfonylthiomethyl)-2,2,5,5-tetramethyl-1H-pyrrol-1-yloxyl radical 
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7. Nitrones and spin traps: The adducts form nitroxides 

These compounds are actually a class of chemical functional groups that had been known 
quite early since one of the synthetic methods of producing of nitroxides is by a controlled, 
specific oxidation of a nitrone compound. However, these have found tremendous use in 
the characterization of free radicals in solution, particularly in the biological field where a 
plethora of potential radicals are possible. In fact, the reaction of a nitrone with carbon or 
oxygen-based radicals yields a nitroxide adduct with the spectrum that is characteristic of 
the chemistry of that particular initial radical (with some caveats that are discussed below). 
The use of radical-addition reactions to detect short-lived radicals was first proposed by E. 
G. Janzen in 1965 [24]. The early pioneers in this field studied two classes/types of spin traps 
which were commercially available at the time and are still on the market today: DMPO, 5,5-
dimethyl-1-pyrroline-N-oxide, and PBN, alpha-phenyl N-tertiary-butyl nitrone. These and 
other second generation spin traps are shown in Figure 15 below. 

 
Figure 15. Structures of various spin trap types including second generation nitrones. Structure 
abbreviations: PBN α-phenyl N-tert-butyl nitrone, 4PyOBN; DMPO 5,5-dimethylpyrroline N-oxide, 
EMPO 5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide, DEPMPO 5-(diethoxyphosphoryl)-5-methyl-1-
pyrroline-N-oxide, DIPPMPO 5-diisopropoxy-phosphoryl-5-methyl-1-pyrroline-N-oxide, AMPO 5-
carbamoyl-5-methyl-1-pyrroline N-oxide, MNP 2-methyl-2-nitroso propane, DBNBS 3,5-dibromo-4-
nitrosobenzenesulfonate, CPCOMPO 7-oxa-1-azaspiro[4.4]non-1-en-6-one 1-oxide 

DMPO could cross the cell membrane and was in fact sensitive to radicals that were present 
in both the aqueous media as well as the lipid medium. Some derivatives of DMPO with 
selected substitutions at the 1- or 4- position allow one to affect its partitioning properties 
between aqueous and lipid environments. Janzen successfully showed that DMPO could 
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trap the important reactive oxygen species: superoxide and hydroxyl radical [25]. He clearly 
demonstrated the differences in their EPR spectra, allowing characterization of these 
radicals in vivo. However it wasn’t until a few years later that Rosen and colleagues found 
that the superoxide radical adduct of DMPO could decompose to the hydroxyl adduct by a 
mechanism which, to date, is still not totally clear. Hence one has to take special care, e.g., 
including SOD in an experiment in order to include or exclude superoxide [26]. 

 
Figure 16. Reaction of DMPO with an oxyradical. 

The PBN spin trap was, by virtue of its non-polar lipophilic behavior, quite valuable for 
trapping lipid radicals and those in a membrane milieu. If PBN reacted with oxygen 
radicals, such as hydroxyl radical, it decomposed without any radical adduct remaining. On 
the other hand, the PBN-lipid adducts, if partitioned into the membrane, were stable for 
long periods of time and one could e.g., isolate lipid-radical adducts of PBN in erythrocytes, 
then extract and concentrating them later. In fact, some lipid biologically produced lipid 
radicals are stable in lipid media and erythrocytes could be ‘post labeled’ with PBN after 
some oxidative stress event [26]. 

 
Figure 17. Reaction of PBN with a carbon based radical. 

These two spin traps remained with us for almost 20 years and, along with the particular 
annoying side reaction noted with DMPO and superoxide, the DMPO adducts tended to be 
fairly unstable. In the late 1980s, Tordo’s group prepared a DMPO analog that contained a 
phosphoester-type group in one of the positions of the flanking methyl groups [28]. One of 
these compounds, DEPMPO, was quite successful in that the half life of the radical adduct 
was much longer than that known for DMPO. It is important to point out at this juncture 
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that the reaction kinetics for all of these radical traps were quite poor, involving the 
necessity of having 50 – 100 mM concentrations of spin trap in the solutions. Further 
development of other analogs by Tordo’s group and also some quality control by the 
commercial laboratory that were selling DEPMPO was quite an advance for the community. 

However the real, major effort in our understanding and designing nitrone spin traps, based 
on the DMPO skeleton, was a result of an intense effort at Ohio State University by 
Villamena, who did synthetic, kinetic and computational design studies of these traps as 
well as their aminoxyl radical adducts. Hence Villamena studied both their reactivity and 
the stability of the adducts [29]. Overall, spin traps are powerful reagents, albeit more 
limited for in vivo studies due to their low sensitivity and kinetics and the concentration 
limits of reactive radicals in vivo. The hope was to accumulate radicals in vivo up to levels 
where the trapped adducts exceeded the normal in vivo level. Suffice it to say we are ‘part 
way’ there. But we still suffer from the breakdown of the radical adducts and have not yet 
attained optimal kinetics. Some future concepts for applications of these type of compounds 
would be to prepare ‘spin trap labels’ that could be incorporated at specifically targeted 
organ sites in vivo which would then would convert to the radical adduct at the time and 
place of radical generation. There have also been some efforts to attach fluorescent moieties 
onto these labels, whereby the fluorescence is quenched upon formation of the nitroxide 
radical adduct [30-31]. This area has great promise and some examples are diagrammed 
below under future developments (Section 8). 

8. In-vivo EPR using aminoxyl radicals: History and fate 

The last frontier of applications of aminoxyl (a.k.a. nitroxide) radicals is in their applications 
to in-vivo studies. Since the aminoxyl (nitroxide) radicals were the first, and for a long time 
the only radicals that were stable and detectable in aqueous solution, such as cell and other 
components, it was straightforward and logical to try to examine the fate and behavior of 
these radicals in living systems. Early on, attempts were made to mix development of spin 
labeling that one attempted to mix aminoxyl radicals and living systems. In fact, in an 
undocumented experiment in the McConnell laboratory the toxicity of a nitroxide was 
tested on a goldfish. A beaker-full of the radical, t-butylnitroxide, was emptied into a Bell jar 
containing a goldfish. While the concentration was not accurately estimated, it was certainly 
in the tens to hundreds of millimolar; needless to say the fish lived, and as we learned later 
these labels are actually life-sustaining compounds). But someone accidentally left the hot 
water slowly dripping into the Bell jar and eventually the fish expired. One postdoc in the 
lab actually monitored his urine for the ingestion of these compounds as several of them are 
volatile and there was an extensive amount of synthesis and gas chromatography ongoing 
them lab with these volatile compounds. Needless to say, no adverse effects were found. 

So what happens if you mix a nitroxide with e.g., a cell or tissue suspension? If it is the six-
membered ring species, i.e., the piperidinyl nitroxides, and easily those that can cross the 
cell membrane into the cytoplasm, they are rapidly reduced, i.e., ‘neutralized,’ within a few 
minutes, since a plethora of intracellular biological reducing agents ready to take on their 
antioxidant role and convert the nitroxide to its corresponding hydroxylamine. For example, 
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TEMPONE, or for that matter TEMPOL, are rapidly converted to the hydroxylamine with 
an immediate loss of the paramagnetism. This occurs within a few minutes. The five-
membered ring species, however, have much longer half-life, i.e. of the order of 15 to 30 
min., allowing one to study some aspects of the metabolism and perhaps the ability to image 
this paramagnetic material in a living species. The first experiments were done by the Brasch 
group where they were evaluating nitroxides as MRI contrast agents[33-34]. This was 
followed by a plethora of studies on animals, tissue samples, blood samples, etc. where we 
obtained a wealth of pharmacokinetic data (although no totally clear understanding of the 
mechanism and detailed rate constants) [35-36] 

Suffice it to say, imaging by EPR methods is challenging, if not hopelessly low resolution, 
since most nitroxide labels have linewidths of, at best, 0.3-0.5G for a compound that is 
deuterium and N-15 enriched. It has only been with the trityl radicals mentioned early 
where any hope of imaging was possible. However, if one takes advantage of the power and 
high resolution of magnetic resonance imaging (MRI) and the fact that the contrast agents in 
this methodology are paramagnet, then organic radicals have a place. Therefore nitroxide 
spin label/spin probe analogs have been tested as MRI contras agents and have met with 
some success. One must overcome the problem of biological reduction, also a problem with 
the radical adducts of nitrone spin traps since the cellular/tissue milieu contain many 
reducing agents such as NADH, ascorbic acid, and mitochondrial reduction sources [33]. 
The real quest here is to produce a well protected, aminoxyl radical that is highly resistant to 
biological reduction yet can be incorporate into the tissue system of choice. A few examples 
have been reported to date, particularly where the tetramethyl groups that flank the N-O 
group are replaced by long aliphatic chains such as lipids or tertiary butyl chains or cages.  

9. Conclusions/prognosis/summary/future developments  

This author has frequently concluded, about once per decade, that spin labeling has met its 
limits and should go into the category of the ‘on the shelf’ routine technique given all of its 
limitations. However, we have found one or two cases of a renaissance in the use of 
nitroxides, particularly the inception of the SDSL technique using MTSL labels which have 
given it a major rebirth. The future should involve marrying various techniques that can 
utilize paramagnetic materials, some of which that have already been mentioned earlier: 
NMR, fluorescence, dynamic nuclear polarization (DNP) and other technologies yet to be 
developed or discovered. Some examples are shown below. 

Optical probes, e.g., absorb in the visible or are fluorescent, when coupled to a paramagnetic 
moiety, experience shifts or lifetime relaxation from a nearby free electron. One example 
below (Figure 18), is a nitroxide fluorophore, which exhibits significantly quenched 
fluorescence emission. Some applications are cartooned in Figures 19 and 20. 

This nitrone spin trap depicted in Fig. 21 is one of several synthesized and tested by David 
Becker [32] at Florida International University. Upon reaction with reactive oxygen species, 
the absorption properties of the nitrone shifts are depicted below. 
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Figure 18. ((2-Carboxy)phenyl)-5-hydroxy-1-((2,2,5,5-tetramethyl-1-oxypyrrolidin-3-yl)methyl)-3-
phenyl-2-pyrrolin-4-one sodium salt [30] 

 
Figure 19. Schematic of the spin label in Figure 18 , where the red nitroxide depicts the paramagnetic 
N-O group, while the weak fluorescence reflects quenching by the paramagnet.  

 
Figure 20. Upon reduction of the spin label the corresponding hydroxylamine, e.g., in a biological 
system by NADH or ascorbic acid, the fluorescence emission is strong and the EPR spectrum from the 
spin label has disappeared. 

One can take advantage of NMR/MRI by spin labeling a cell surface with multiple nitroxide 
labels. The highly labeled surface now acts as an excellent paramagnetic relaxation 
enhancement site for exchanging water molecules, enhancing contrast in MRI [33-34] and 
being uniquely sensitive to changes in conformation, permeability and flexibility of the cell 
membrane surface as depicted below. 
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Figure 21. A colorimetric nitrone spin trap. 

 
Figure 22. Schematic of the reaction of a colorimetric or fluorescent nitrone spin trap with a radical 

 
Figure 23. Schematic of a proton relaxation enhancement (PRE) spin labeled cell. Multiple 
paramagnetic labels are affixed to the cell surface by specific binding or covalent attachment. This 
results in a significantly enhanced PRE, which is detectable in MRI. 

Hence future developments in several of these areas should show great promise for the 
future. 
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1. Introduction 

Stable nitroxide radicals have proved to be helpful in solving many problems in chemistry, 
biochemistry, biophysics, material science etc. as model compounds. To understand in detail 
the great variety of different chemical reactions, a good knowledge of the underlying 
“simple” exchange reactions related to nitroxide radicals is necessary. This chapter focuses 
on electron-self and spin exchange reactions of various nitroxide radicals in different 
solvents. The corresponding rate constants, the activation parameters, like activation 
enthalpies and volumes are obtained from temperature- and pressure dependent ESR-line 
broadening effects. A short introduction to dynamic ESR-spectroscopy is given.  

1.1. From ESR spectrum to exchange rate constant 

There are several chemical reactions giving rise to dynamic line shape effects, such as spin-
exchange, also known as Heisenberg exchange, electron self-exchange and proton or counter 
ion transfer. A theoretical illustration of how an ESR spectrum may be affected by chemical 
reactions is presented in figure 1. Here, the interconvertion between two states, a and b, can 
influence the spectrum dramatically as the exchange rate increases. 

Apart from the two extreme limits of infinitely slow or fast exchange, usually three regions 
are considered: slow, intermediate and fast. In the slow region the two lines broaden as if 
the life, or relaxation, times of the spins had been reduced due to quenching. When the 
exchange enters the intermediate region, the interconvertion rate leads to an averaging of 
the lines and correspondingly to line shifts. At one point, the exchange so fast that the 
spectrum appears as a single line due to overlap of the two original ones. This marks the 
beginning of the fast region, where a further increase in the exchange rate leads to 
narrowing of the single line. 

© 2012 Grampp and Rasmussen, licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Theoretical illustration of the first derivative ESR spectra arising from the interconversion 
between forms a and b. (a) Slow limit. (b) Moderately slow region. (c) Intermediate region showing line 
shifts. (d) Moderately fast region. (e) Fast limit. 

A chemical reaction corresponding to this illustration could, for example, be an exchange 
reaction like the one shown in equation (1), where the forms a and b are interpreted as being 
molecules having different nuclear spin configurations. 

 - -
(a) (b) (a) (b)A +A A +Aobsk   (1) 

Transferring the unpaired electron from one molecule to the other thus corresponds to the 
interchange between the two forms. Note, that reactions between molecules of the same 
form, e.g. a, also take place. If this happens no ESR line broadening is expected, but 
nevertheless the electron transfer takes place and these ‘uneventful’ reactions must be taken 
into account. The resulting line width in the case of slow exchange then becomes: 

 
1 jo

e

p
B B

 


     (2) 

with pj being the probability that the reactants have the same nuclear spin configuration, 
here j.  

In general, an ESR spectrum may show more than just a few lines (states), of which some are 
originating from transitions involving degenerate energy levels. This can give rise to 
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substantially different values of pj and it is important to recognize that when a self-exchange 
reaction occurs, one expects the ESR lines to have different widths. Strictly speaking, 
equation (2) is therefore only valid for a single state and its corresponding ESR line. 

Looking at equation (1) from the point of view of chemical kinetics it is seen that although 
the self-exchange reaction is bimolecular, one may express it using a first order rate law 
since the concentration of diamagnetic species is constant. Recalling the relationship 
between life times and first order rate constants one obtains 

 1 1
[ ]obsk k A

    (3) 

which in combination with equation (2) and taking the ESR signal in its first derivative 
Lorentzian form results in the following relationship between line broadening and rate 
constant: 
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where o
ppB  and ppB are the peak-to-peak widths of the first derivative line in the absence 

and presence of the self-exchange reaction. 

Similarly, an expression of kobs may be derived for the fast exchange region, where the 
broadening of the singe ESR line obeys 
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Here 2 is the second moment of the ESR spectrum, that is 

  2
2 j j

j
p B B    (6) 

with B being the center field of the spectrum and Bj the resonant magnetic field strength of 
the j’th ESR line. 

Note that the fact that an ESR spectrum belonging to an exchange reaction appears as a 
single line does not always imply that the fast limit is reached. Such systems may still be in 
the intermediate region and equation (5) does not hold. In an effort to decide if a given 
system is indeed exhibiting fast exchange, the following relation may be used [1].  
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That is, if Z≤0.2 the system may safely be considered to be in the fast exchange region. 
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In the intermediate exchange region, the pseudo-first order rate constant, k = τ −1 = kobs[A], 
can been extracted from the experimental spectra by means of density matrix simulations of 
the dynamically broadened line shapes [2]. Assuming a weakly coupled spin system 
undergoing degenerate electron exchange in the high temperature limit and a relaxation 
superoperator diagonal in the subspace of induced transitions, i.e. neglecting cross 
relaxations, the evolution of the relevant terms of the spin density operator in the rotating 
frame, σ, is governed by: 
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where {ν} denotes the set of quantum numbers describing the nuclear spin states and N the 
dimensionality of the Hilbert space [3]. Rβ{ν}α{ν} is the element of the relaxation matrix 
corresponding to the induced transition and ωα{ν},β{ν} = ωα{ν}−ωβ{ν} = (Eα{ν}− Eβ{ν})/ħ. The 
absorption signal is obtained from the expectation value of the out of phase magnetization 
assuming steady state conditions, i.e. 
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where the sum now runs over all completely equivalent spin packets of degeneracy nk and 
resonance frequency ωk. N equals the sum over all nk and τ denotes the average lifetime of 
the nuclear spin configurations, i.e. τ −1 = k = kobs [A]. Furthermore, Fk is defined by Fk−1 = i(ωk 
− ω) − T2,k−1 − τ−1, with T2,k denoting the transversal relaxation time for spin packet k and ω 
the microwave irradiation frequency, respectively. 

Equation (9) has been implemented in Matlab and Fortran 95. Local (trusted region Newton, 
Simplex) as well as global (Lipschitz, adaptive simulated annealing) optimization 
algorithms have been employed to fit the experimental spectra. Field modulation effects 
(100 kHz) have been accounted for by using pseudo-modulation as introduced by Hyde [4]. 

1.2. Experimental considerations 

To obtain the best possible results from ESR line broadening investigations, a certain 
amount of experimental diligence is required. It may seem superfluous to mention this here, 
but as it is said: ‘God is in the detail’. Albeit information on this subject is ample in literature 
[5, 6], some key points shall be reiterated.  

Any spectrometer setting that might influence the line shape, e.g. modulation amplitude or 
microwave power, should remain unchanged throughout a series of measurements. 
Temperature control can be very advantageous as a means of reducing the experimental 
error. The reason why can be illustrated in the following example: Assuming an Arrhenius-
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like behaviour with an activation energy of 15 kJ mol-1, a deviation of the temperature by 1 K 
around 298K corresponds to a change in rate constant of approximately 2%.  

Other things that are often overlooked are the position of the sample in the ESR resonator as 
well as the so-called filling factor. These are particularly important when working with lossy 
solvents, as the effective microwave power felt by the paramagnetic species, often expressed 
by the Q factor, is strongly dependent on the amount of solvent used [7]. 

Finally, a few remarks on the design of the experiment: In the case of self-exchange, the 
concentration of the radical is kept constant while varying that of the diamagnetic 
compound. It is advisable to keep the concentration of the radical low in order to avoid 
effects from spin exchange, especially when interested in temperature or pressure effects. 
Often radical concentrations of around 10-4 mol l-1 are used, whereas the concentration of the 
diamagnetic compound preferably spans several orders of magnitude. Paramagnetic 
exchange is treated analogously. 

1.3. Experimental techniques in pressure dependent ESR-measurement 

Several commercially available temperature-control units exist for magnetic resonance 
spectroscopic measurements, ranging from liquid helium to very high (1100oC) 
temperatures. 

In contrast units for pressure dependent experiments must be constructed by the 
experimentalist themselves.1 Fortunately, several excellent books are published on high-
pressure techniques covering a great variety of experimental measurements and different 
spectroscopies [8, 9]. To our knowledge no special review concerning ESR-spectroscopy 
under high pressure exists, but several articles describing high-pressure cells for NMR- and 
ESR-spectroscopy. Many experimental details developed for high-pressure NMR-cells can 
be adapted for ESR-spectroscopy often in simpler versions [10-13]. Several publications deal 
with high-pressure magnetic resonance cells for solid state investigations [14-21]. Even high-
pressure cells for ENDOR-studies [22], for K-band (23 GHz) ESR-cavities [23] and for helix 
ESR-resonators [24, 25] are reported. 

Since this article focuses on liquid samples, only details of pressure-dependent papers will 
be considered here. A short overview on different investigations is given. 

A detailed description for a high-pressure ESR-cell up to 900 MPa using quartz glass 
capillaries is reported by Yamamoto et al. [26]. An apparatus for studying ESR of fluids in a 
flow cell under high pressure and high temperature is described by Livingston and Zeldes 
[27]. Measurements up to 12.4 MPa and 500oC are used to study polymerization and 
catalysis [28]. Even a combination of high-pressure and rapid mixing stopped-flow 
techniques is realized [29]. A simple system for measurements in water up to 60 MPa is 
described by Cannistraro [30].  
                                                                 
1 The only commercial high-pressure ESR-cell was offered by: High Research Center, Unipress Equipment Division, 
Warszawa, Poland. 
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Important Russian contributions to high pressure ESR-cells for solid state investigations 
appeared in the early 1970s [31, 32]. 

An early contribution published by Maki et al. describes the temperature- and pressure 
dependence on the spin exchange kinetics and the change in ESR-line widths of the di-tert-
butyl nitroxide (DTBN) radical in various solvents [33, 34]. Also the nitrogen ESR-hyperfine 
splitting, aN, of DTBN was measured in solution as a function of the pressure [35]. Freed et 
al. looked at the pressure dependence of ordering and spin relaxation in liquid crystals [36].  

Solvated electrons and their reaction behavior under high pressure is published by 
Schindewolf et al. together with experimental details of the high-pressure cell [37]. The line 
width of vanadyl acetylacetonate was investigated in a number of non-hydrogen bonded 
solvent together with its anisotropic interactions [38]. Biochemical spin label studies in 
solution up to 300 MPa are reported together with a detailed cell construction [39]. Well 
studied kinetic phenomena like the cation migration within p-quinone radical anions have 
been studied up to 63.7 MPa. Activation volumes for different cations are reported [40]. 
Even CIDEP-experiments were performed to get information on the pressure dependence of 
the spin-lattice relaxation time [41]. 

Several papers deal with investigations on various nitroxides. The pressure of the spin 
exchange rate constants of 2,2,6,6-tetramethyl-4-oxo-1-piperidinoxyl (4-oxo-TEMPO) was 
measured in different solvents, both unpoar and polar. Up to 58.8 MPa the rate constants 
vary between 109 – 1010 M-1s-1 [42]. Experimental and calculated activation volumes are 
compared for these reactions [43]. These investigations were extended to DTBN and 2,2,6,6-
tetramethyl-1-piperidinoxyl radical (TEMPO) [44] and finally to 4-Hydroxy-TEMPO, 4-
Amino-TEMPO, Carboxy-PROXYL, Carbamoyl-PROXYL, 5-DOXYL and 10-DOXYL. From 
the rate constants and the activation volumes obtained the authors were able to calculate the 
corresponding exchange integral J for each reaction [45]. The pressure dependence of the 
inclusion equilibrium of diphenylmethyl t-butyl nitroxide and DTBN with β- and γ-
cyclodextrins were studied in detail [46,47]. The effect of pressure and the solvent 
dependence of the intramolecular spin-exchange of biradicals with two nitroxide fragments 
linked by a long flexible chain were obtained from ESR.-lifetimes studies of the radical 
fragments inside and outside the cage. The nearly cyclic conformation in the cage is 
reported as the favorable one in solution [48]. A short review in Japanese appeared on the 
spin exchange kinetics of nitroxides [49]. Applications of the spin-label technique at high 
pressures is reported up to the high pressure of 700 MPa [50]. Recently Hubbell et al. [51] 
published the design of a high-pressure cell using polytetrafluoroethylene (PTFE) coating 
fused silica capillary tubes up to 400 MPa. Bundles of these capillaries are placed inside an 
ESR-cavity. This cell is adapted from an NMR-cell designed by Yonker et al. [52].  

Another recent high pressure setup was used to investigate electron self-exchange reactions 
[53]. The experimental arrangement used by the authors is illustrated in figure 2. A hand-
driven high-pressure pump is connected with the medium exchanger, separating sample 
solution and pressure medium, using ethylene glycol as pressure medium. The sample-side 
of the system can evacuated for sample changing and cleaning.  
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Figure 2. Diagram of a typical arrangement for experiments at elevated pressures [53]. 

2. Electron self-exchange reactions 

The ESR line broadening method was first used by Ward and Weissman [54] in 1957 when 
they investigated the self-exchange reaction between naphthalene and its radical anion. In 
the following decade, Weissman continued his work, adding information on further systems 
as well as refining the theoretical treatment of the experiment [55]. Other important 
contributors were Miller and Adams [56], who investigated several systems using 
electrochemically generated radicals. These authors were among the first to use this 
technique to make a comparison between homogeneous and heterogeneous electron 
transfer according to the Marcus Theory [57]. Since then, numerous other authors have 
made their contributions, covering many aspects of the self-exchange reaction, including 
temperature dependencies and effects from counter ions and solvent. 

2.1. Theory 

The theoretical aspects of electron transfer in solution originate in the 1950s with the 
pioneering work of Marcus [58-60], who offered a description of the energetics of both the 
self-exchange and the general reaction. Since then the theory has greatly evolved [61-63], as 
shall be discussed in the theoretical part of this chapter, where especially solvent (dynamic) 
effects are of interest. 

In general, self-exchange denotes the one-electron transfer between the partners of a redox 
couple, which results in no net chemical reaction. The mechanism is shown in figure 3, using 
a radical anion, A-, and its neutral parent compound, A.  
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Figure 3. The reaction mechanism of an electron transfer reaction. 

The bimolecular electron transfer rate constant, ket = KAkex, is expressed as 
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Here, KA = 4πNAσ2 δσ is the formation constant of the precursor complex, which in turn is 
expressed by Avogadro’s number, NA, the reaction distance σ and the reaction zone 
thickness δσ. Further in equation (10), κel is the electronic transmission coefficient, υn the 
nuclear collision frequency and ΔG* energy of activation according to Marcus. 

Figure 4 depicts the energy surfaces of precursor and successor complexes, simplified in a 
two-dimensional representation of energy as a parabolic function of reaction coordinate. 
From this it is possible to express the activation energy as G*=λ/4-VPS, using the 
reorganization energy, λ, and the resonance splitting energy, VPS. 

Strictly speaking, the Marcus equation only applies to the precursor and successor 
complexes. In most cases, however, no information is available about these and therefore it 
is desirable to express the Marcus equation in terms of the reactants, A and A-. In the case 
where both reactants have nonzero charges, zA and zD, a work term, W, accounting for the 
Coulombic work needed to bring the reactants together must be included,  
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with e0 representing the electronic charge, εS the dielectric constant of the medium, σ the 
reaction distance. 
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with e0 representing the electronic charge, εS the dielectric constant of the medium, σ the 
reaction distance. 
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Figure 4. Energy diagram of the self-exchange reaction 

Resulting, the expression of the Marcus equation takes the following form: 

 *
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The reorganization energy, λ, is an energetic measure of the changes the reactants and their 
surroundings undergo as the reaction proceeds.  

Commonly, the reorganization energy is split into two contributions, the inner and outer 
reorganization energies, λi and λo , respectively.  

 i o     (13) 

λi, takes into account the changes in bond lengths and/or angles in the reactants undergoing 
electron transfer. In the classic high temperature limit, where all vibrational frequencies 
fulfil νn << kBT/h (not confusing νn with the collision frequency), λi is given by: 
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Here, fjR,P is the force constant of bond j, either in the reactants, R, or the products P, and Δqj 
expresses the change in length of bond j. Unfortunately this approach has certain drawbacks 
when organic redox couples are considered, as it becomes increasingly difficult to find all 
important vibrations contributing to the reaction coordinate. The situation worsens further 
as the high temperature approximation is not always valid, meaning that corrections for 
quantum-mechanical tunnelling should be included. This was pointed out by Holstein [64], 
and used by several other authors like Bixon and Jortner [61, 65], and Sutin [66] yielding an 
equation of the following type: 
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where  =5∙1013 s-1 is used as the mean vibration frequency for organic redox couples. 

A method of calculating i
  , without explicitly knowing the changes in bond-lengths and 

force constants, has been published by Nelsen et al. [67,68], needing the energies of four 
distinct points on the energy surfaces of products and reactants. By calculating the energies 
of the reactants in their most stable geometrical configuration, as well as in the most stable 

configuration of the products, together with analogous calculations for the products, i
  

may be obtained.  

The outer reorganization energy, λo, which is sometimes also referred to as the solvent 
reorganization energy, describes the change in polarization of the solvent molecule 
surrounding the activated complex. Marcus showed that the outer reorganization energy 
may be expressed as in equation (16), using a simple dielectric continuum model and 
assuming that the reactants are spherical. 
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Here, apart from the permittivity of vacuum, ε0, new parameters are the function g(r,σ) 
which depends on the geometry of the transition state, and γ, the so-called Pekar factor, 
which depends on the dielectric properties of the solvent. 

In its simplest form, assuming rA=rA-=r, using spherical models of the reactants, g(r, σ) is 
given by: 
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Often the reaction distance, σ, is assumed to be that of close contact, here being twice the 
radius of the reactants: σ=2r. For organic molecules, this approach is often too simple, as the 
geometry can no longer be assumed to be spherical. If, in stead, an ellipsoidal model is used, 
r is replaced by the mean elliptic radius, : 
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with the elliptic semi axes fulfilling a > b > c and F(φ,α) being elliptic integrals of the first 
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Another approach has been suggested by Compton and co-workers [70, 71] who, instead of 
calculated radii, use experimentally determined hydrodynamic radii. 
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As intermolecular orientation becomes more difficult to describe, the reaction distance may 
also be modified using the ellipsoid model [72, 73], replacing σ, with the apparent reaction 
distance, σ’: 
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The second contribution to the reorganization energy, the solvent dependent Pekar factor, γ, 
in turn, is given by 
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where εS and ε∞ are the static and optical dielectric constants, respectively. Unfortunately, 
reliable experimental values of ε∞, can be very hard to come by, so it has become common 
practice to use the refractive index, nD, in an approximation: 2

Dn  .  

Apart from the obvious solvent dependence of the reorganization energy, the rate constant 
of an electron transfer reaction may also be influenced by the solvent in terms of the nuclear 
frequency factor, νn. 

Originally, Marcus expressed νn using a simple gas-phase collision model [74], yielding 
equation (21), 
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with the only new parameter being the molar mass, M.  

The solvent dependence is introduced by taking the formation of the precursor complex into 
account, expressing the total frequency factor as combination of those of the solvent, νo and 
the reactants, νi, weighted by the respective reorganization energies. 
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Equation (22) is valid only for rapid dielectric relaxation in the solvent. For slow dielectric 
relaxation, the longitudinal relaxation time of the solvent, τL, must be included as the 
solvent relaxation now happens on the same time scale as the reaction. This observation was 
first made by Kramers [75], who spoke of a solvent dynamic effect or solvent friction, and 
the theory was later expanded by authors like Zusman [76, 77], Jortner and Rips [61, 78, 79], 
Marcus and Sumi [63] as well as several others. 

The longitudinal relaxation time may be determined from the usual dielectric parameters of 
the solvent [80], 
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with, τD being the Debye relaxation time, which itself may be expressed using the molar 
volume, VM, and the viscosity, η, of the solvent: 
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Assuming that λi << λo, the nuclear frequency factor then becomes: 

 
1

21
4

o
n

L RT



 

 
  

 
 (25) 

So far it has been supposed that the electron transfer reaction was adiabatic, assuming the 
transmission factor, κel, to be unity. This applies to all reactions studied in this work, but for 
completeness, the expression valid in the case of diabatic electron transfer [69, 76, 81, 82] is 
given here: 
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It is now possible to discern the nature of the electron transfer by the use of simple 
mathematical treatment, calculating the experimental value, (κelνn)obs as suggested by 
Weaver [83, 84], 
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where ket,obs is the experimentally determined rate constant and calcG the activation energy 
calculated using equation (12). Double logarithmic plots determine the type of electron 
transfer observed. In the general Marcus case, a constant value of ln (κelνn)obs is expected, 
whereas the diabatic and adiabatic cases both produce straight lines with slopes of unity 
when plotted against ln (γ-1/2) or ln (γ1/2τL-1), respectively. 

It is well-known that, kex depends on temperature and pressure. The temperature 
dependence is seen directly in equation (28), but also in the dependencies of the activation 
energy, via γ, and that of the nuclear frequency factor. 
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The temperature dependence of νn is often neglected in the general Marcus case and that 
exhibiting diabatic solvent dynamics. However, when dealing with adiabatic solvent 
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It is now possible to discern the nature of the electron transfer by the use of simple 
mathematical treatment, calculating the experimental value, (κelνn)obs as suggested by 
Weaver [83, 84], 
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where ket,obs is the experimentally determined rate constant and calcG the activation energy 
calculated using equation (12). Double logarithmic plots determine the type of electron 
transfer observed. In the general Marcus case, a constant value of ln (κelνn)obs is expected, 
whereas the diabatic and adiabatic cases both produce straight lines with slopes of unity 
when plotted against ln (γ-1/2) or ln (γ1/2τL-1), respectively. 

It is well-known that, kex depends on temperature and pressure. The temperature 
dependence is seen directly in equation (28), but also in the dependencies of the activation 
energy, via γ, and that of the nuclear frequency factor. 
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The temperature dependence of νn is often neglected in the general Marcus case and that 
exhibiting diabatic solvent dynamics. However, when dealing with adiabatic solvent 
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dynamics, the temperature dependence must be included, due to the fact that τL may vary 
strongly with temperature, according on the solvent in question. In some cases even, this 
variation may be of more than an order of magnitude, as in the case of propylene carbonate, 
where τL is 42.6 ps at 228 K and 2.6 ps at 308 K [85].  

The pressure dependence is usually expressed using the activation volume, Δ‡V: 
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In terms of transition state theory, the activation volume may be expressed using the 
volume of the transition state, ‡V and the molar volumes of the reactants, VA and VA-, cf. 
equation (30),  

  ‡ ‡
A AV V V V      (30) 

and thus represents the changes in volume involved in the electron transfer process. This is 
also seen in figure 5, where the volume profile of a reaction with a positive volume of 
activation is shown. 

 
Figure 5. Volume profile of an electron transfer reaction 

Generally, one may also define a reaction volume, ΔrV, as the difference in the volumes of 
products and reactants, but for self-exchange reactions, this becomes zero. 
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derived expressions of the contributions from inner and outer reorganization, Δ‡Vi and Δ‡Vo, 
Coulombic work, Δ‡VCoulomb, Debye-Hückel effects, Δ‡VDH, solvent dynamics, Δ‡VSD, and 
finally a contribution from the non-Coulombic part of the precursor complex formation 
constant, Δ‡VPREC. Summing up the different parts, the volume of activation of the self-
exchange reaction is calculated as expressed in equation (31). 

 ‡ ‡ ‡ ‡ ‡ ‡ ‡
calc i o Coulomb DH SD PRECV V V V V V V              (31) 

Each of these contributions is treated separately by differentiation of the respective energetic 
expressions. 

The contribution to the activation volume, arising from inner reorganization is usually 
neglected, as the increase in volume of the acceptor almost cancels the decrease in volume of 
the donor. Stranks [89] showed that in most cases, a value of 0.6 cm3 mol-1 may be taken for 
Δ‡Vi, which is usually close to the experimental uncertainty of Δ‡V. The contribution from 
Δ‡VPREC is also expected to be small since both σ and δσ are practically pressure independent 
[88]. 

Taking the Marcus expression for the outer reorganization energy, λo, and assuming that 
only the Pekar factor, γ, is pressure dependent, and additionally taking into account 
compression of the solvent, Δ‡Vo, must be given as shown in equation (32), remembering 
that λo only contributes with a quarter of its value to the activation energy. 
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The Pekar factor is approximated as 2 1
Sn     using the refractive index, n, and static 

dielectric constant, εS, of the solvent and the isothermal compressibility of the solvent, β, is 

defined via its density, ρ, as  1
P T

  


 . 

By simple differentiation of the work term given in equation (11), the Coulombic 
contribution to the activation volume is found. 
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The expression for Δ‡VDH is derived from the extended Debye-Hückel theory, and takes the 
following, rather cumbersome, form:  
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with a, B; and C being the Debye-Hückel constants and I the ionic strength. 



 
Nitroxides – Theory, Experiment and Applications 38 

derived expressions of the contributions from inner and outer reorganization, Δ‡Vi and Δ‡Vo, 
Coulombic work, Δ‡VCoulomb, Debye-Hückel effects, Δ‡VDH, solvent dynamics, Δ‡VSD, and 
finally a contribution from the non-Coulombic part of the precursor complex formation 
constant, Δ‡VPREC. Summing up the different parts, the volume of activation of the self-
exchange reaction is calculated as expressed in equation (31). 

 ‡ ‡ ‡ ‡ ‡ ‡ ‡
calc i o Coulomb DH SD PRECV V V V V V V              (31) 

Each of these contributions is treated separately by differentiation of the respective energetic 
expressions. 

The contribution to the activation volume, arising from inner reorganization is usually 
neglected, as the increase in volume of the acceptor almost cancels the decrease in volume of 
the donor. Stranks [89] showed that in most cases, a value of 0.6 cm3 mol-1 may be taken for 
Δ‡Vi, which is usually close to the experimental uncertainty of Δ‡V. The contribution from 
Δ‡VPREC is also expected to be small since both σ and δσ are practically pressure independent 
[88]. 

Taking the Marcus expression for the outer reorganization energy, λo, and assuming that 
only the Pekar factor, γ, is pressure dependent, and additionally taking into account 
compression of the solvent, Δ‡Vo, must be given as shown in equation (32), remembering 
that λo only contributes with a quarter of its value to the activation energy. 

 
2

‡ 0 A
o

0

e N1 1 1V
4 16πε 3

o

TTP r P
  

 
     

                
 (32) 

The Pekar factor is approximated as 2 1
Sn     using the refractive index, n, and static 

dielectric constant, εS, of the solvent and the isothermal compressibility of the solvent, β, is 

defined via its density, ρ, as  1
P T

  


 . 

By simple differentiation of the work term given in equation (11), the Coulombic 
contribution to the activation volume is found. 

 
12

‡ 0

04
SA D A

Coulomb

T

z z e N
V

P



 

 
  
 
 

 (33) 

The expression for Δ‡VDH is derived from the extended Debye-Hückel theory, and takes the 
following, rather cumbersome, form:  

 
 

 
1

2 1
2

1
2

‡
2

ln 3 2
1

A D
DH

T

RTz z CI
V BaI

PBaI

 
  

        
 (34) 

with a, B; and C being the Debye-Hückel constants and I the ionic strength. 
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These two contributions are of opposite sign and usually, for values of I between 0.1 and 0.5, 
tend to cancel each other quite conveniently [86, 87]. In the case where neutral molecules are 
involved, as it is in the experimental part of this work, both Δ‡VCoulomb and Δ‡VDH are zero. 

Recalling that the solvent dynamic effect is manifested in the pre-exponential term of the 
Arrhenius equation, the following definition offers itself readily: 

 
 ‡ ln el n

SD
T

V RT
P
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This may then be further elaborated in the cases of diabatic and adiabatic solvent dynamics, 
as shown shortly. Note that even in the general Marcus case, with κelνn depending on σ, a 
slight pressure dependence is expected, but as argued earlier, this may be neglected. 
However, due to the logarithmic form of equation (35), it is now considerably simpler to 
describe the influence of σ, as all constants in equation (21) are conveniently eliminated. 
Assuming that σ compresses approximately as the solvent, i.e.

1
3  , the contribution to 

the activation volume should be obtainable with relative ease.  

In the diabatic case given in equation (36), Δ‡VSD becomes: 
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with all pressure independent quantities eliminated as above. In cases of strong diabaticity, 
where a noticeable dependence of kex on σ is expected, one must include the pressure 
dependence of VPS, which follows the principle discussed in the Marcus case, and shall not 
be further elaborated here. 

For electron transfer exhibiting adiabatic solvent dynamic behaviour, the situation becomes 
slightly more complicated, as now also the longitudinal relaxation time contributes to Δ‡VSD. 
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Returning to electron self-exchange reactions, where the activation volume consists of the 
five parts, which have just been introduced, by far the greatest contribution is expected from 
Δ‡Vo. As already mentioned, Δ‡VCoulomb and Δ‡VDH tend to cancel each other, or even vanish 
when an uncharged molecule is reacting, and Δ‡Vi is generally negligible. Consequently, one 
may write: 

 ‡ ‡ ‡
o SDV V V      (38) 

In other words, the activation volume may be interpreted as owing to a term described by 
the energy barrier crossed during the reaction, Δ‡Vo, and a term linked to the actual crossing 



 
Nitroxides – Theory, Experiment and Applications 40 

of the barrier, Δ‡VSD. Even here, the contribution from the pre-exponential factor is 
unimportant in the general Marcus case and in that of diabatic solvent dynamics, leaving 
only the adiabatic case with an appreciable contribution. 

Typical values of Δ‡V are found to be in the range of -30 to +30 cm3 mol-1 [10], corresponding 
to a retardation or acceleration of the reaction of about a factor of 4 at 100 MPa as compared 
to ambient pressure (0,1 MPa). 

2.2. Experimental 

As mentioned above, much work has been done using ESR line broadening experiments to 
study self-exchange reactions; however, only in surprisingly few cases nitroxides have been 
involved. Nitroxides are readily oxidized [90-92] to form the diamagnetic compound needed 
in the self exchange with the neutral radical. In most cases, the ESR spectra remain within 
the slow exchange region due to the relatively large nitrogen hyperfine splitting constant. 
The reported results have dealt with the self-exchange of various nitroxide couples in 
acetonitrile [93] as well as of that of TEMPO with its oxidized counterpart in several 
different solvents [94]. For the latter couple, the temperature dependence of the exchange 
reaction has also been investigated [95]. 

Some typical spectra are shown in figure 6 together with the accompanying plot to 
determine kobs. Subsequently, the electron transfer rate constant, ket, can be obtained 
applying a correction for diffusion as shown in equation (39).  

 1 1 2

obs et dk k k
   (39) 

The factor of two seen on the last term of equation (39), as opposed to that of one which is 
seen in more general reactions, is due to the nature of the self-exchange reaction.  

 
Figure 6. Left: Central lines of the ESR spectra of TEMPO in acetonitrile. Concentrations of TEMPO+ Clˉ 
were 0 mM (bottom) 8 mM (middle) and 18 mM (top). Right: Concentration dependence of the change 
in peak-to-peak line width in water (squares) and propylene carbonate (circles). 
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The experimental results of references [94] and [95] serve as a good example of how ESR line 
broadening experiments can be utilized to study solvent effects on electron transfer.  

Table 1 presents the electron transfer rate determined as given above, together with relevant 
solvent properties and the quantities needed to investigate the presence of a solvent effect. 
 

Solvent 
ket 

/ 108 l mol-1 s-1

kdiff 
/ 108 l mol-1 s-1 γ τL / ps

*
calcG  

/ kJ mol-1 
(κelνn)obs 
/ 1014s-1 

Acetonitrile [94]  2.6±0.2 190 
0.527
[96]

0.21 
[96] 

35 20 

Benzonitrile [94] 2.2±0.1 52.4 
0.389
[85]

5.75 
[85] 

27,2 0.67 

Deuterium Oxide [94] 1.4±0.1 51.9 
0.554
[97]

0.593
[97] 

36.5 20 

Methanol [95] 0.50±0.05 109 
0.537
[98]

9.36 
[98] 

35.5 4.7 

Propylene Carbonate [94] 2.1±0.2 23.5 
0.480
[85]

3.27 
[85] 

32.3 5.2 

Tetrahydrofuran [94] 5.0±0.3 114 
0.37
[69]

1.7 
[69] 

26 1.1 

Water [94] 0.82±0.07 64.8 
0.550
[99]

0.812
[99] 

36.3 10 

Water [95] 0.72±0.06 64.8 
0.550
[99]

0,812
[99] 

36.3 8.5 

Numbers in brackets correspond to the relevant reference. 

Table 1. Self-exchange rate constants TEMPO/TEMPO+ in pure solvents at 293K 

The values of *
calcG  listed in table 1 were determined using a λi of 33 kJ mol-1 and λo of 191 

×γ kJ mol-1. Both values were calculated [95] as shown above, and have been confirmed 
experimentally by other authors [100]. 

Values of (κelνn)obs were obtained using equation (27), and as it is clearly not solvent 
independent, the general Marcus type of electron transfer is immediately ruled out and the 
existence of a solvent dynamic effect is successfully demonstrated. The nature of this is 
shown in figure 7 where the appropriate double logarithmic plots are given.  

From figure 7 it can clearly be seen that the presence of a diabatic solvent effect can be 
excluded, since a line with a slope of unity would be needed to confirm the corresponding 
assumption. The line shown in the right hand plot of the figure has been fixed to this slope 
and thereby shows that an adiabatic solvent effect is likely in the case of self-exchange in the 
TEMPO/TEMPO+ system.  

Since the literature values of the dielectric properties of the solvents are often subject to 
large uncertainties error bars have been introduced in each diagram to illustrate the range of 
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values corresponding to errors of 10% in each γ and τL. In the case of the former an error of 
such magnitude is highly unexpected, but for the latter, 10% might even be considered 
conservative in some cases.  

 
Figure 7. Diagrams assuming diabatic (left) and adiabatic (right) solvent dynamic effects. X-axis error 
bars correspond to a 10% error on each γ and τL. The line has a fixed slope of one. 

In fact, regarding the longitudinal relaxation time needed in the calculations concerning the 
adiabatic case a few remarks must be made. In many solvents and electrolyte solutions, high 
precision experiments have indicated the existence of several relaxation pathways in the 
solvent. Usually it is assumed that only the slowest of the relaxation processes will influence 
the electron transfer reaction [76, 101] and the τL to be used in investigations of solvent 
dynamic effects, is thus the largest of the relaxation times: 

 iL iD 1, 2, i

iS
i


 


    (40) 

As an example, take methanol [98] which has two relaxations with parameters at 293K: εS = 
ε1S = 32.5, ε1∞ = ε2S = 5.91, ε2∞ = ε∞ = 4.9 and τD1 = 51.49 ps, τD2 = 7.09 ps, leading to τL1 = 9.36 ps 
and τL2 = 5.88 ps. For comparison, both older and newer works [102-105] report only a single 
relaxation process for methanol, resulting in a τL which ranges from 4.58 ps to 10.6 ps. The 
reason that these latter experiments have only detected one relaxation time is, that they have 
been conducted using a relatively narrow frequency range and thus a long extrapolation for 
determination of ε∞. 

Having established that the solvent dynamic effect is adiabatic, a plot of ln (ketτLγ-1/2) vs. γ 
allow the calculation of g(r,σ’) since, 
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From the slope of this plot, while taking r = r = 3.11 Å, the reaction distance becomes σ’ = 5.0 
Å, which is in reasonably good agreement with the value of σ’ = 5.4 Å found in the 
theoretical calculations [94]. The experimental value of σ’ corresponds to KA = 0.21 l mol-1. 
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From the slope of this plot, while taking r = r = 3.11 Å, the reaction distance becomes σ’ = 5.0 
Å, which is in reasonably good agreement with the value of σ’ = 5.4 Å found in the 
theoretical calculations [94]. The experimental value of σ’ corresponds to KA = 0.21 l mol-1. 
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Figure 8. ‘Traditional’ diagram for illustration of the adiabatic solvent dynamic effect. The slope of the 
dotted line corresponds to a reaction distance of 5.0 Å. 

The listed rate constants were used to determine the activation energy of the reaction in each 
of the solvents, which, due to the adiabatic solvent dynamics, was done by plotting ln 
(ketτLγ-1/2T1/2) vs. T-1 as can be seen in table 2. For comparison, the values obtained from 
common Arrhenius plots (ln ket vs T-1) are also shown. The table also contains the 
longitudinal relaxation energies of the solvent as well as the quantity *

calcH , which 
represents a theoretical prediction of the activation enthalpy, taking into account the 
temperature dependency of the reorganization energy [95]. 

The concerns regarding the physical properties of solvents become even more pronounced 
when dealing with temperature dependencies. Once again, the longitudinal relaxation time 
provides the greatest problem as the relaxation energy, HL, varies tremendously in 
literature. Using the example of methanol again, HL could only be obtained from data using 
a single relaxation time, whereas for THF no less than four values are reported, ranging 
from -8.3 kJ mol-1 [106] to 11.1 kJ mol-1 [107]. 

Returning to the experimental activation energies and enthalpies, it is seen that the relation 
Ea = H* + HL is fulfilled within the experimental error, as expected due to the Arrhenius-
like temperature dependence of the involved quantities, with any deviations being mainly 
due to the slight temperature dependence of γ. The results illustrate the importance of 
knowing whether or not solvent dynamics are present in an electron transfer system before 
determining the activation parameters. The activation energies from the traditional 
Arrhenius plots do not correspond to Marcus’ G* due to the involvement of τL. To make 
matters worse, neither does the energy obtained from the plots of ln (ketτLγ-1/2T1/2) vs. T-1, 
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since both λi and λo are temperature dependent. For this reason the values in the table have 
been labeled as enthalpies in order to signify that they correspond to the temperature 
independent part of G*. Taking the temperature dependence of G* into account, it is 
possible to reach a theoretical estimate of this enthalpy, *

calcH [95]. As can be seen, for 
acetonitrile, benzonitrile, tetrahydrofuran and water, good agreement is found between 
experiment and theory. This is not the case for the three remaining solvents, where large 
discrepancies are found. Except for propylene carbonate, the main reason for the poor 
agreement is likely to be the quality of the dielectric data as already discussed. 
 

Solvent 
Energy / kJ mol-1 

Ea a) ΔH* b) HL c) 
*
calcH d) 

Acetonitrile [94] 18.2±0.7 18.1±0.7 1.0 [96] 19 

Benzonitrile [94] 23.9±0.7 14.1±0.4 11.0 [85] 15 

Deuterium Oxide [94] 15±2 -4.3±0.5 19.0 [97] 25 

Methanol [95] 21±2 8.8±0.5 12.8 [102] 31 

Propylene Carbonate [94] 13±1 -7±1 20.9 [85] 18 

Tetrahydrofuran [94] 6.7±0.8 16.6±0.4 -8.3 [106] 19 

Water [94] 6.5±0.2 22.7±0.5 -14.9 [99] 24 

Water [95] 6.8±0.1 22.9±0.4 -14.9 [99] 24 
a) Activation energy determined from a traditional Arrhenius plot (ln ket vs. T-1) 
 b) Activation energy determined assuming adiabatic solvent dynamics (ln ketτLγ-1/2T1/2 vs. T-1)  

c) Longitudinal relaxation energy obtained from the empirical relationship ln lnL
L

H
b

RT
   . 

d) From ref [95]. 

Numbers in brackets correspond to the relevant reference. 

Table 2. Characteristic energies of the of the TEMPO/TEMPO+ self-exchange in pure solvents at 293K 

3. Spin exchange reactions 

Spin exchange and its effect on the acquired ESR spectra is well understood, experimentally 
as well as theoretically [108-115]. A large amount work has been done using nitroxide 
radicals, e.g. by Plachy and Kivelson who studied the spin exchange between di-tertiary-
butyl nitroxide radicals in n-pentane and propane [116]. Another interesting work is one of 
Bales, where the spin exchange between various nitroxide radicals was used to study the 
structure of micelles as well as chemical reactions taking place within them [117]. 

Other authors have studied intramolecular spin exchange in nitroxide biradicals [118-122] or 
the so-called paramagnetic exchange between a nitroxide radical and a paramagnetic line 
broadening agent [123-126]. Several reports have been given on temperature and pressure 
dependent spin exchange reactions [33, 42-45]. 
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Due to the wealth of information available on spin exchange of nitroxide radicals, here, 
focus shall be on the pressure dependence of the spin exchange reaction, as this arguably 
has received the least attention in the past. 

3.1. Theory of pressure dependent spin exchange 

With respect to the pressure dependence of the spin exchange reaction, an approach similar 
to the one shown for self-exchange can be made. Thus, the activation volume takes the form 
shown below, containing contributions from diffusion, Coulombic work and Debye-Hückel 
effects.  

 ‡ ‡ ‡ ‡
calc diff Coulomb DHV V V V RT         (42) 

Δ‡VColumb and Δ‡VDH can be calculated as shown above and Δ‡Vdiff is obtained analogously to 
equation (29): 

 ‡ ln diff
diff

T

k
V RT

P

 
      

 (43) 

The expression of kdiff varies with the used theoretical description of diffusion, but often a 
simple Smoluchowski approach, as above, is sufficient. The last term in eq. 5 takes into 
account the compression of the solvent due to elevated pressures and typically has a value 
of 1 – 3 cm³/mol. 

3.2. Experimental results 

Spin exchange rate constants, kobs = kse, obtained in some pressure dependent studies are 
shown in table 3 together with the corresponding activation volumes for spin exchange and 
diffusion. 

From the pressure dependent rate constants, volumes of activation were determined for 
each system according to equation (29).  

The differences between the values of Δ‡Vexp and Δ‡Vdiff vary tremendously with the solvent 
and radical used. Several explanations for this have been offered. For example, it was noted 
in [43] that for non-polar solvents, the agreement between the volumes is very good, 
whereas it fails for protic polar solvents. The explanation for this is suggested to lie in the 
formation of the encounter complex prior to the spin exchange. If the solvent assists in this, 
e.g. through hydrogen bonds, a noticeable reduction in the experimental activation volume 
is to be expected.  

The theoretical description of kse has been thoroughly dealt with in literature [108, 109]. 
relating it to the diffusional rate constant, kdiff, by 

 se S diffk pf k  (44) 



 
Nitroxides – Theory, Experiment and Applications 46 

where p is the probability of spin exchange upon collision of the radicals and fS is a steric 
factor that takes into account the anisotropy of the spin exchange, i.e., its dependence on the 
orientation of the colliding particles.  
 

Compound Solvent 
kse 

/ 109 l mol-1 s-1 
Δ‡Vexp 

/ cm3 mol-1 
Δ‡Vdiff 

/ cm3 mol-1 

TEMPO Acetone [44] 7.8 10.7 15.8 
 Acetonitrile [95] 3.9±0.3 9.4±0.7 8,1 
 Methanol [95] 2.8±0.2 8.5±0.9 8.8 
4-hydroxy-
TEMPO 

Acetone [45] 6.42 8.1 15.8 

 n-Hexane [45] 10.7 13.3 23.2 
4-oxo-TEMPO Acetone [44] 8.1 8.7 15.8 
 n-Hexane [44] 11.5 12.1 23.2 
 Methanol [42] 5.5±0.2 6.7±1.1 8.8 
 Water [42] 1.9±0.1 -7.6±0.4 -2.5 
 Benzene [43] 5.3±0.3 18.4±1.0 19.1 
 Toluene [42] 5.27±0.09 13.7±0.9 14.2 
 o-Xylene [43] 4.2±0.2 15.3±1.2 15.5 
4-amino-TEMPO Acetone [45] 5.82 12.6 15.8 
 n-Hexane [45] 8.94 11.5 23.2 
DTBN Acetone [44] 9.4 7.4 15.8 

Numbers in brackets correspond to the relevant reference. 

Table 3. Rate constants and activation volumes of selected spin exchange reactions. 

The probability factor can be determined as shown in equation (45), using the exchange 
integral, J, and the collision time τ1 as well as a factor pmax which depends on the value of the 
spin and the spin-lattice relaxation time of the radical [108].  

 
2 2
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2 2

11max
J

p p
J






 (45) 

The pressure dependence of the probability factor has been shown to differ from one solvent 
to another [44]. For many solvents, p is practically pressure independent while for others, 
such as acetone or hexane, it varies greatly with pressure. This is believed to be connected to 
the strength of the exchange. Systems with a pressure independent p, are believed to exhibit 
strong exchange, i.e. p1, whereas those showing a pressure dependent p are in the weak 
exchange region. This illustrates the large discrepancies between Δ‡Vexp and Δ ‡Vdiff in those 
solvents. 



 
Nitroxides – Theory, Experiment and Applications 46 

where p is the probability of spin exchange upon collision of the radicals and fS is a steric 
factor that takes into account the anisotropy of the spin exchange, i.e., its dependence on the 
orientation of the colliding particles.  
 

Compound Solvent 
kse 

/ 109 l mol-1 s-1 
Δ‡Vexp 

/ cm3 mol-1 
Δ‡Vdiff 

/ cm3 mol-1 

TEMPO Acetone [44] 7.8 10.7 15.8 
 Acetonitrile [95] 3.9±0.3 9.4±0.7 8,1 
 Methanol [95] 2.8±0.2 8.5±0.9 8.8 
4-hydroxy-
TEMPO 

Acetone [45] 6.42 8.1 15.8 

 n-Hexane [45] 10.7 13.3 23.2 
4-oxo-TEMPO Acetone [44] 8.1 8.7 15.8 
 n-Hexane [44] 11.5 12.1 23.2 
 Methanol [42] 5.5±0.2 6.7±1.1 8.8 
 Water [42] 1.9±0.1 -7.6±0.4 -2.5 
 Benzene [43] 5.3±0.3 18.4±1.0 19.1 
 Toluene [42] 5.27±0.09 13.7±0.9 14.2 
 o-Xylene [43] 4.2±0.2 15.3±1.2 15.5 
4-amino-TEMPO Acetone [45] 5.82 12.6 15.8 
 n-Hexane [45] 8.94 11.5 23.2 
DTBN Acetone [44] 9.4 7.4 15.8 

Numbers in brackets correspond to the relevant reference. 

Table 3. Rate constants and activation volumes of selected spin exchange reactions. 

The probability factor can be determined as shown in equation (45), using the exchange 
integral, J, and the collision time τ1 as well as a factor pmax which depends on the value of the 
spin and the spin-lattice relaxation time of the radical [108].  

 
2 2

1
2 2

11max
J

p p
J






 (45) 

The pressure dependence of the probability factor has been shown to differ from one solvent 
to another [44]. For many solvents, p is practically pressure independent while for others, 
such as acetone or hexane, it varies greatly with pressure. This is believed to be connected to 
the strength of the exchange. Systems with a pressure independent p, are believed to exhibit 
strong exchange, i.e. p1, whereas those showing a pressure dependent p are in the weak 
exchange region. This illustrates the large discrepancies between Δ‡Vexp and Δ ‡Vdiff in those 
solvents. 
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For reactions where the spin exchange is realised by the use of a paramagnetic broadening 
agent, the situation is similar. Some data obtained from this kind of experiments are shown 
in table 4. 
 

Compound Solvent 
kse 

/109 l mol-1 s-1

Δ‡Vexp 
/ cm3 mol-1 

Δ‡Vdiff 
/ cm3 mol-1 

Tetrahedral complexes 

4-oxo-TEMPO 
/[CoCl2(solv)2] 

1-Propanol [127] 1.42 15.1 16.4 
1-Butanol [127] 0.95 24.4 20.7 

1-Pentanol [127] 0.75 4.4 9.5 
4-oxo-TEMPO  
/[CoBr2(solv)2] 

1-Propanol [127] 1.75 16.6 16.4 

10-DOXYL 
/[CoCl2(solv)2] 

1-Propanol [127] 4.22 1.3 16.4 

Octahedral complexes 
4-oxo-TEMPO 
/[Co(acac)2(C5H5N)2] 

1-Propanol [127] 3.06 -0.2 16.4 

4-oxo-TEMPO 
/[Co(acac)2(C5H5N)2] 

Chloroform [127] 1.88 -0.7 9.9 

4-oxo-TEMPO  
/[Ni(acac)2(C5H5N)2] 

Chloroform [127] 1.15 -0.2 9.9 

DTBN 
/[Co(acac)2(C5H5N)2] 

Chloroform [127] 5.03 -1.2 9.9 

DTBN 
/[Ni(acac)2(C5H5N)2] 

Chloroform [127] 2.46 0.3 9.9 

TEMPO 
/Fe(acac)3 

Methanol [128] 4.4±0.4 12.2 8.8 
Acetone [128] 7.7±0.7 13.6 15.8 

Chloroform [128] 3.2±0.3 11.8 9.9 

Numbers in brackets correspond to the relevant reference. 

Table 4. Rate constants and activation volumes of selected paramagnetic exchange reactions. 

When the paramagnetic exchange takes place between a nitroxide and a tetragonal 
transition metal complex, only slight differences between Δ‡Vexp and Δ‡Vdiff are observed, 
thus indicating strong exchange. An exception is the reaction between 10-DOXYL and 
[CoCl2(C3H7OH)2], where the steric hindrance around the >N-O group leads to weak 
exchange. 

However, changing the structure of the complex to orthogonal, a change in the effectiveness 
of the paramagnetic exchange is observed. The steric hindrance is now increased and many 
complexes show weak exchange. 
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4. Conclusion 

ESR is a suitable tool for investigating the kinetics and thermodynamics of exchange 
reactions. Such reactions are often used to model elementary processes like electron transfer 
and diffusion. Electron Self- and spin exchange rate constants can be measured quite 
accurately and from their temperature and pressure dependencies, the corresponding 
activation energies and volumes can be determined. The obtained experimental data may be 
interpreted within the framework of the appropriate theories, e.g. Marcus theory in the case 
of electron transfer. 

Due to their great stability and the relative simplicity of their ESR spectra, nitroxides are 
prime candidates in ESR line broadening experiments.  
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1. Introduction 

The present chapter is devoted to methods of extraction of quantitative data from slow-motion 
EPR spectra of nitroxides in viscous and rigid media. Slow-motion spectra correspond to the 
range of rotation relaxation times in which the EPR spectra cannot be reduced to superposition 
of the Lorentzian lines, which is typical of the range of fast rotation. In the case of the X-band 
EPR spectra of nitroxides, this range lies approximately from 10−6 to 10−9 s. In the limit of slow 
motions the movements of the probe do not influence the EPR spectrum shape (rigid-limit 
conditions). The aim of the present chapter is to describe the methods of yielding quantitative 
data on molecular mobility and orientation alignment. Such data can be obtained most reliably 
by means of numerical simulation of the spectra. In the appendix of this chapter, we describe 
the homemade software used for spectra simulation. 

The methods of extraction of quantitative data on molecular mobility from EPR spectra have 
been developed rather intensively during the last decades. In the case of fast rotation 
(characteristic time shorter than approximately 10−9 s), the simple measurements of line 
widths and intensities of spectral components are enough to estimate the isotropic rotation 
correlation time. The corresponding procedures and formulas can be found elsewhere [1-3]. 
When more exact data are desirable and in the case of anisotropic rotational mobility, the 
well-known method developed by Freed and collaborators for numerical simulation of the 
spectra can be used [4, 5]. Examples of applications of this technique to different systems can 
be found in works [6-11]. 

In the present chapter, we focus the reader’s attention on obtaining quantitative data when 
the conventional methods produce incorrect or unreliable results. Section II describes the 
method of determining the translational diffusion coefficient. The technique is simple and 
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does not require spectra simulation. It was suggested in [12] about 20 years ago but has not 
found wide application. We illustrate this technique on samples of ordinary solvents and 
ionic liquids. The methods of spectra simulation are considered in section III. First, in the 
rigid-limit spectra of the isotropic samples, we showed the possibility to achieve agreement 
between experimental and calculated spectra within errors of spectrum recording. The 
magnetic and line width characteristics of the nitroxide probe are determined in the course 
of this simulation. The obtained values are necessary for the analysis of spectra recorded in 
more complicated conditions. The spectra simulation and determination of the rotational 
characteristics of the probes in polymer matrices are presented as examples. The 
quantitative description of EPR spectra in a wide temperature range up to the glass 
transition point was found to require consideration of quasi-libration movements. Section IV 
deals with the study of orientation alignment of paramagnetic probes. The section describes 
the orientation distribution functions that can be determined by simulation of spectrum 
angular dependencies. Liquid crystalline, polymeric, and low-molecular glassy systems are 
considered. The model-free method of characterizing orientation distribution function is 
compared with the mean-force approach realized in the known software [4, 5]. The 
advantages and drawbacks of both approaches are discussed. 

2. Determination of the translation diffusion coefficients of the 
paramagnetic molecules from the analysis of temperature dependence of 
EPR spectra concentration broadening 

It is well known that the spin probe technique can be used to measure molecular rotational 
mobility, as the rotational movements are reflected in the width and shape of EPR spectrum 
lines [1-5]. On the contrary, translational molecular mobility of paramagnetic molecules is 
studied by EPR technique very rarely. Meanwhile, it is known that translation of radicals 
influences EPR spectrum. There are two underlying mechanisms of this influence: dipole-
dipole interaction and spin (Heisenberg) exchange. Both of these mechanisms lead to 
broadening of the spectral lines. At low temperatures, when translational mobility is 
substantially hindered, the main cause of spectral line broadening is the dipole-dipole 
interaction of paramagnetic molecules. At high temperatures, the intensive translational 
movements average the dipole-dipole interaction of radicals while increasing spin exchange. 
It is obvious that there exists a temperature region where the contributions of dipole-dipole 
and exchange interactions to line broadening are comparable. A theoretic research [13] 
showed earnestly the difficulty of a direct analysis of the EPR spectra with the purpose of 
determining the translational diffusion coefficients. Nevertheless, the translational diffusion 
coefficients may be estimated by an analysis of the broadening of EPR spectra. For this 
purpose, the method described in [12, 14-16] can be used. This method allows estimating 
contributions of dipole-dipole and exchange interactions to the line width by means of 
analyzing the temperature dependence of the concentration broadening. The concentration 
broadening can be represented as follows: 

    [ exp( / ) exp( / )]a a
tr trH A E kT B E kT c , (1) 
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and exchange interactions to line broadening are comparable. A theoretic research [13] 
showed earnestly the difficulty of a direct analysis of the EPR spectra with the purpose of 
determining the translational diffusion coefficients. Nevertheless, the translational diffusion 
coefficients may be estimated by an analysis of the broadening of EPR spectra. For this 
purpose, the method described in [12, 14-16] can be used. This method allows estimating 
contributions of dipole-dipole and exchange interactions to the line width by means of 
analyzing the temperature dependence of the concentration broadening. The concentration 
broadening can be represented as follows: 

    [ exp( / ) exp( / )]a a
tr trH A E kT B E kT c , (1) 
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where δH is the line broadening, Eatr is the effective activation energy of translational 
movement, and δc is the difference in concentrations of two radical solutions. The first 
summand in Eq. (1) describes the effect of the exchange broadening, and the second term 
describes the effect of the dipole-dipole interaction. 

The widths of the spectral lines are determined as the distances between the points of the 
maximal slope of the absorption lines (peak-to-peak distances of the first derivatives of 
the absorption lines). In the paper [12], the application of this method in determining the 
translational diffusion coefficients of the various spin probes in liquid crystal matrices 
was demonstrated. In the joint work with our colleagues from the University of Graz 
(Austria), we showed the possibility of using the method to investigate the translation of 
radicals in standard low-molecular-weight solvents and room-temperature ionic liquids 
[17]. 

In Figure 1, one can see the EPR spectra recorded for two different concentrations of radical 
TEMPOL-d17 in glycerol at various temperatures. It is obvious that the spectra of the 
solution with a larger concentration are broadened noticeably in comparison with the 
spectra of the less concentrated solution. Because the rotational mobility of the radicals does 
not depend on concentration, the difference observed was therefore caused by the dipole-  

 
Figure 1. The EPR spectra of TEMPOL-d17 in glycerol: (a) 7.1· 10−2 mol/L and (b) 3.0· 10−3 mol/L, 
recorded at temperatures 333K (a1, b1), 318K (a2, b2), 303K (a3, b3), and 295K (a4, b4). The red lines are 
the results of the simulation of the spectra according to the method described in [4,5]. 
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dipole and exchange interactions of the paramagnetic molecules. The result of the 
computer simulation of the spectra for the solution with low concentration of the radicals 
is also presented in Figure 1. The simulation was performed according to [5] and was 
used to determine the rotation diffusion coefficients of TEMPOL-d17 in glycerol at 
different temperatures and estimation of the effective activation energy of the rotational 
movements. 

Figure 2(a) presents the temperature dependence of the line broadening δH normalized on 
the difference of concentrations δc for radical TEMPOL-d17 in glycerol and the result of 
fitting the experimental data according to Eq. (1). The modeling was performed by the least 
squares method, with simultaneous variation of three parameters: A, B, and Eatr. In this 
figure, one can also see the calculated contributions of the exchange and dipole-dipole 
broadening. Obviously, at temperatures 320–330K, the line broadening is caused mainly by 
the dipole-dipole interactions of the radicals, whereas at 360–370K, the lines are broadened 
basically by spin exchange. At the intermediate temperature range 340–360K, the 
contributions of dipole-dipole and exchange broadening are comparable. The effective 
activation energies of the rotational and translational movements of the radicals TEMPOL-
d17 in glycerol are presented in Table 1. 
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Figure 2. δH/δc as a function of temperature for TEMPOL-d17 in glycerol (a), TEMPOL in omimBF4 (b), 
1-propanol (c), and cumene (d); experimental broadening (solid circles); contribution of spin exchange 
(open squares); and contribution of dipole-dipole interaction (open triangles). 
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Figure 2. δH/δc as a function of temperature for TEMPOL-d17 in glycerol (a), TEMPOL in omimBF4 (b), 
1-propanol (c), and cumene (d); experimental broadening (solid circles); contribution of spin exchange 
(open squares); and contribution of dipole-dipole interaction (open triangles). 

Simulation of Rigid-Limit and Slow-Motion EPR Spectra for  
Extraction of Quantitative Dynamic and Orientational Information 

 

61 

 
Matrix Earot/kJmol−1 Eatr/kJmol−1 

emimBF4 
26.8 ± 0.6 

(280–360K) 
8.4 ± 1.1 

(295–380K) 

bmimBF4 
37.5 ± 0.8 

(260–350K) 
15.8 ± 1.1 

(295–380K) 

omimBF4 
36.1 ± 0.4 

(280–400K) 
19.0 ± 1.2 

(295–380K) 

omimPF6 
47.6 ± 1.3 

(280–370K) 
15.3 ± 1.0 

(295–380K) 

omimCl 
38.7 ± 1.4 

(290–360K) 
20.4 ± 0.5 

(295–380K) 

glycerol* 
49.4 ± 0.8 

(295–345K) 
24.1 ± 1.0 

(320–380K) 

cumene 
18.4± 0.9 

(200–290K) 
13.4 ± 0.6 

(210–360K) 

n-propanol 
18.0 ± 0.6 

(200–290K) 
20.5 ± 1.4 

(220–320K) 

* Radical TEMPOL-d17 

Table 1. The effective activation energies of the rotational and translational moves of the radicals 
TEMPOL in different matrices 

Consideration of spin-exchange contribution to spectral broadening makes it possible to 
calculate the spin-exchange constant as follows [18]: 

    7[1.52 10 ( / 2)(2 / 3)( ) ] /exch exchk g H c ,  (2) 

where g is the average value of the g-factor of the radical, δHexch is the contribution of spin 
exchange to the broadening of the spectra. 

On the basis of the spin-exchange constant, it is easy to calculate the translation diffusion 
coefficient [18]: 

  / 16tr exchD k f r ,  (3) 

where f is the steric factor reflecting different probability of spin exchange upon collisions 
with different mutual orientations of the radicals (for TEMPOL, f = 0.8 [19]) and r is the 
radius of the paramagnetic molecule. 

The translational diffusion coefficients of the TEMPOL-d17 in glycerol, calculated at some 
temperatures, are presented in Table 2. 

In Figure 2(b–d), the examples presented illustrate the application of the method [12] in 
determining the translational diffusion coefficients of the undeuterated probe TEMPOL in 
the ionic liquid omimBF4 and standard molecular solvents n-propanol and cumene. The 
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high temperature spectra of the diluted solutions of undeuterated TEMPOL demonstrate the 
additional hyperfine structure on protons. In these cases, we measured the width of the 
envelope of the spectral line. It can be seen that such method does not lead to distortion of 
the temperature dependence of the spectral line broadening. Indeed, intensive spin 
exchange at high temperatures and large concentration leads to substantial spectral line 
broadening. As a result, subtraction of a small value measured with some error from a big 
value measured exactly does not lead to a significant error in the result. The values of the 
effective activation energies for translation and rotation of the radical TEMPOL in different 
matrices are presented in Table 1. 

In Figure 2(c, d), one can see the temperature dependence of the EPR spectra broadening for 
TEMPOL in the low-viscous solvents n-propanol and cumene. It is seen that in these cases, 
the temperature range in which the dipole-dipole broadening can be observed is confined 
significantly. At lower temperatures, the rotational mobility of the probe is so small that 
measurement of the spectral line widths becomes impossible. In the case of n-propanol, the 
parabolic dependence (1) has feebly marked the left dipole-dipole branch (viscosity at room 
temperature, η295 = 1.8 sP). In the case of cumene (η295 = 1.0 sP), we can observe practically 
only the exchange branch of the concentration broadening. However, even in this case, it is 
possible to distinguish the significantly different contributions of dipole-dipole interaction 
and spin exchange to broadening of the spectral lines by means of the method [12]. 

 
 220K 240K 260K 280K 295K 300K 320K 340K 360K 380K 

emimBF4 − − − − 1.9 2.0 2.5 3.0 3.6 4.2 

bmimBF4 − − − − 

1.1 ± 0.4
0.8 ± 0.3*
0.9 ± 0.3**

1.3 1.9 2.7 3.7 4.8 

omimBF4 − − − − 0.6 0.7 1.0 1.6 2.4 3.3 

omimPF6 − − − − 0.9 1.0 1.5 2.1 2.8 3.7 

omimCl − − − − 0.3 0.4 0.6 0.9 1.4 1.9 

glycerol*** − − − − − − 1.0 1.7 2.7 4.1 

cumene 3.0 5.5 9.2 14.3 19.2 21.0 29.4 39.6 51.5 − 

n-propanol 0.5 1.2 2.7 5.4 8.4 9.6 16.1 − − − 

*The data were obtained by means of cyclic voltammetry 
**The data were obtained by means of chronoammetry 
***Radical TEMPOL-d17 

Table 2. The translation diffusion coefficients (Dtr·107) of the radical TEMPOL at various temperatures 

Recently it was supposed [20-22] that paramagnetic molecules in the solvent cage repeatedly 
collide and exchange their spin states. In such case the spin exchange does not reflect 
adequately the rate of translational diffusion of molecules in the medium. To check the 
correctness of the obtained data we compared the value of translation diffusion coefficient 
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of TEMPOL in ionic liquid bmimBF4 with the values measured for the same system by two 
independent electrochemical methods - cyclic voltammetry and chrono-ammetry [23]. The 
results of all types of measurements are in agreement within experimental errors (Table 2). 

From Table 2, it can be seen that in cases of viscous solvents, the effective values of 
activation energy for rotational mobility exceed noticeably the effective values of activation 
energy for translational movements. The reason of this phenomenon is not clear at the 
present time. Perhaps it is a result of microstructure of viscous solvents, such as glycerol, 
and all ionic liquids. 

We hope that the method of determining the translation diffusion coefficients of paramagnetic 
molecules [12], which possibly does not possess high accuracy but is very simple to use and 
does not demand computer simulation of the spectra, will be widely applicable. 

3. Simulation of EPR spectra in glassy polymer matrices: Rigid-limit and 
quasi-libration model 

The example presented earlier demonstrates that simple semi-empirical treatment of EPR 
spectra can provide useful information concerning the dynamic properties of condensed 
media. Numerous examples prove, however, that numerical modeling of experimental EPR 
spectra leads to more unambiguous and reliable results. Therefore, methods of simulation of 
EPR spectra are the main subject of the present chapter. In earlier works, simulation of spectra 
was based on the trial-and-error method. The researcher chose the parameters of the EPR 
spectrum, taking into account theoretical consideration or analogy with known results, and 
calculated the spectrum. The quality of the calculated spectrum was determined by visual 
comparison with the experimental one. The parameter values were then adjusted to improve 
the agreement with the experiment. This approach is often used up to the present. However, 
most investigators currently use the numerical fitting of experimental spectra with variation of 
parameters. In this technique, the desirable values are determined in the course minimizing 
the discrepancy between the calculated and experimental spectra by means of nonlinear least-
squares fitting procedures. The higher objectivity of this technique and the possibility of 
determining errors make this approach preferential. The different fitting algorithms are 
compared in [24]. The minimizing program NL2SOL [25] was used in the present work. 

The shape of the EPR spectrum can be calculated using a different software, for example, 
EasySpin (http://www.easyspin.org/) and SimFonia (http://www.bruker-biospin.com/ 
xsophe.html). We used the homemade software described in the appendix of the present 
chapter. Unweighted differences between the experimental and simulated spectra, which 
are calculated in each point of the spectrum, are used as minimized residuals ri. The 
resulting discrepancy is calculated as follows: 

  
21

2
i

i

r
D

n
, (4) 

where n is the number of calculated points in the spectrum. 
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Since the simulation of the ESR spectra via the determination of required parameters is an 
inverse problem, some restrictions should be imposed on the simulation results to avoid 
ambiguity. We consider the description of the ESR spectra as satisfactory when the 
following requirements are met: 

1. The discrepancies between the simulated and experimental spectra should be within 
the experimental errors. 

2. The resulting optimal set of parameters should be stable. The simulation procedure 
should converge to the same optimal set of parameters, independent of the choice of 
initial parameter values within physically reasonable limits. 

3. The resulting values of the magnetic and dynamic parameters and the values of the 
parameters of individual line width should be physically meaningful. 

Numerical simulation of the EPR spectra is used mainly with two aims: to determine the 
structural, dynamic, or chemical properties of the paramagnetic particle studied and to 
estimate the characteristics of the medium under consideration (spin probe technique). The 
determination of magnetic parameters of paramagnetic species is a necessary step in the 
study in both cases. The determination of magnetic parameters is more reliable when 
complicated factors, such as molecular mobility, intramolecular transitions, dipole-dipole 
broadening, and orientation alignment, are absent. Hence, the measurements of magnetic 
parameters are often performed using diluted glassy solutions at low temperatures, when 
molecular mobility is frozen (rigid-limit conditions). The simulation of rigid-limit spectra is 
considered in the next section in more detail. This problem will be used to illustrate the 
strategy of fitting procedure and to discuss the possible troubles and errors. The structures 
of the nitroxide probes used are shown in Figure 3. 

3.1. Quality of the experimental spectra 

The requirement of coincidence of experimental and calculated spectra within experimental 
errors impose the following additional conditions on the procedure of spectra recording: 

1. Modulation amplitudes should be less than the characteristic features of the spectrum 
shape. The most reliable way to check the fulfillment of this condition is recording the 
spectrum with different modulation amplitudes and comparing the spectra obtained. 

2. The microwave power should not induce saturation. To check this condition, the 
recording spectrum at a different microwave power is necessary. The signal amplitude 
then is plotted versus the square root of power. The appropriate power is chosen within 
the linear part of this dependency. This check is particularly important when low-
temperature spectra disposed to saturation are recorded. 

3. The field range for the recorded spectra should contain sufficiently long left and right 
“tails,” where the signal is negligibly small. The baseline should be carefully subtracted 
from the spectrum using the tail fragments. 

4. The recorded spectrum should be checked for the absence of the “fast passage” effect 
[26], which is seen more often in solids at low temperatures. This effect leads to 
superposition of the integral signal of dispersion and the first derivative EPR lines. To 
check the absence of this effect, the calculation of the first moment should be used. If the 
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Figure 3. The structures of the nitroxide probes used. 

center of the spectrum is taken as zero point, the value of the first moment calculated 
for the left part of spectrum should be equal to the value of the first moment calculated 
for the right part. This calculation is useful for controlling baseline subtraction as well. 
Our practice showed that the spectra with differences of less than 10% between the 
values of the left and right first moments are acceptable for simulation. 

Before the simulation, the experimental spectra are normalized so that the spectrum area is 
equal to unity. In this case, the final discrepancies between the experimental and calculated 
spectra for the different experiments can be compared. 

For these checks, subtractions, and other manipulations with the experimental spectra, the 
homemade program esrD is used in our laboratory. The short description of the program is 
presented in the appendix of this chapter. 

3.2. Simulation of rigid-limit EPR spectra 

The shape of the EPR spectrum of the disordered sample in rigid-limit conditions is 
described by the following expression: 
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where angles ,  define the magnetic field direction in the frame of paramagnetic species, 
f(H,g,A,,) is the shape of the individual resonance line, the position of the resonance line is 
defined by the g value g(,) and by the hyperfine interaction constant A(,), and the shape 
of the resonance line is described by the width and type of function (Gaussian, Lorentzian, 
or mixed function). 

Sufficient description of the magnetic properties of the paramagnetic probe consists in 
determining three g-tensor components, three components of hfi tensor for each magnetic 
nucleus, three Euler angles connecting each hfi frame with g-tensor frame, and the 
characteristics of an individual resonance line. Determination of the magnetic parameters of 
a paramagnetic particle in case of several nuclei with noticeable hyperfine interaction is a 
rather complicated problem that remains unsolved in full measure up to the present. 
Fortunately, only the hfi on a nitrogen nucleus is usually apparent in the EPR spectra of 
nitroxides. The hyperfine interaction with the protons in nitroxides is weaker by two orders 
of magnitude and thus can be neglected. For further simplification of the EPR spectrum, the 
isotope-substituted compounds are used. In this case, the hydrogen atoms in the probe 
molecule are replaced by deuterium and/or 14N nucleus (spin 1) is replaced by 15N (spin 1/2). 

3.2.1. Shape and width of the individual line 

The condition of coincidence of the calculated and experimental spectra within the errors of 
the experiment requires application of the most comprehensive function of line shape. It is 
the convolution of Gaussian and Lorentzian functions (Voigt profile). Such convolution is 
calculated mostly using fast Fourier transformation. We have found, however, that this 
procedure is insufficiently stable in the course of line width variation. Using equation 
(6)[27], 
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integral, the following explicit expression for the first derivative of the absorption line can 
be obtained: 

 


    / 2
2
4( ) Re[ exp( ) ( )]

G

F H z z erfc iz
h

 (7) 


 0( ) 2 3

2
L

G G

H H h
z i

h h
 



 
Nitroxides – Theory, Experiment and Applications 

 

66 

 
 

    


  
2

0 0

1( ) ( , , , , )sin
4

F H d f H g A d , (5) 

where angles ,  define the magnetic field direction in the frame of paramagnetic species, 
f(H,g,A,,) is the shape of the individual resonance line, the position of the resonance line is 
defined by the g value g(,) and by the hyperfine interaction constant A(,), and the shape 
of the resonance line is described by the width and type of function (Gaussian, Lorentzian, 
or mixed function). 

Sufficient description of the magnetic properties of the paramagnetic probe consists in 
determining three g-tensor components, three components of hfi tensor for each magnetic 
nucleus, three Euler angles connecting each hfi frame with g-tensor frame, and the 
characteristics of an individual resonance line. Determination of the magnetic parameters of 
a paramagnetic particle in case of several nuclei with noticeable hyperfine interaction is a 
rather complicated problem that remains unsolved in full measure up to the present. 
Fortunately, only the hfi on a nitrogen nucleus is usually apparent in the EPR spectra of 
nitroxides. The hyperfine interaction with the protons in nitroxides is weaker by two orders 
of magnitude and thus can be neglected. For further simplification of the EPR spectrum, the 
isotope-substituted compounds are used. In this case, the hydrogen atoms in the probe 
molecule are replaced by deuterium and/or 14N nucleus (spin 1) is replaced by 15N (spin 1/2). 

3.2.1. Shape and width of the individual line 

The condition of coincidence of the calculated and experimental spectra within the errors of 
the experiment requires application of the most comprehensive function of line shape. It is 
the convolution of Gaussian and Lorentzian functions (Voigt profile). Such convolution is 
calculated mostly using fast Fourier transformation. We have found, however, that this 
procedure is insufficiently stable in the course of line width variation. Using equation 
(6)[27], 
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where H-H0 is distance from the center of the line, hG is the Gaussian line width, and hL is the 
Lorentzian line width. 

Expression (7) should be used in the course of fitting despite the fact that numerical 
procedure becomes sufficiently slower. 

It is known also that the line width of the EPR spectrum depends on the orientation of the 
paramagnetic particle relative to the magnetic field of the spectrometer. It means that both 
line width values, hG = hG(, ) and hL = hL(, ), are orientation dependent. To take into 
account this dependence, we describe the Gaussian and Lorentzian line widths as second-
rank tensors, which can be tilted relative to g-tensor axes. 

3.2.2. Number of fitting parameters and the uniqueness of their determination 

The fitting parameters that are used in the course of the simulation of rigid-limit EPR 
spectrum are listed in Table 3. It is seen from Table 3 that the number of adjustable 
parameters for the rigid-limit simulation in the general case can reach 23. We do not know 
the examples of determination of all these values from the simulation of the EPR spectra. As 
a rule, some of the indicated parameters do not influence significantly the agreement 
between the calculated and experimental spectra. The attempt to determine such values by 
the fitting procedure leads to false or singular convergence in the course of minimization. In 
that case, spectrum fitting should be repeated after elimination of the indefinable values 
from the set of varied parameters. Other varied values can come to zero in the course of 
minimization. It means that this parameter is well defined by the EPR spectrum, but in the 
course of minimization, this parameter also can be removed from the set of variables. 

The ambiguity of the values determined and several minima with the comparable 
description of the experimental spectrum can be observed when two or more parameters 
equally influence the spectrum. Such improper parameters can be revealed by an analysis of 
covariance matrix calculated in the final point of minimization. The values that demonstrate 
the covariance coefficients more than 0.7−0.8 are not sufficiently independent and possibly 
cannot be determined simultaneously. 

In the course of simulation of the EPR spectra of nitroxides, such troubles appear first at the 
determination of the Euler angles that describe the relative orientation of different molecular 
frames related with the tensors shown in Table 3. In particular, the tilt of the axes of the 
Gaussian and Lorentzian line width tensors are determined from the rigid-limit EPR spectra 
exceptionally rarely. Commonly, it is enough to assume that the principal frames of these 
tensors coincide with the g-tensor frame. The determination of the orientation of the hfi-
tensor frame relative to the g-tensor frame is also a rare case, as the structure of nitroxides 
usually dictates almost complete coincidence of these frames. 

Sometimes the interdependence is observed between the values of the hfi components and 
the corresponding components of the Gaussian and Lorentzian line width, namely, between 
values Ax, hLx, and hGx and between values Ay, hLy and hGy. This interdependence is a 
result of insufficient resolution of the spectra when the value of the line width is comparable  
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Fitting 
parameters 

Description 

Number of parameters and 
their determinability in the 
course of simulation of the 
nitroxide EPR spectrum 

I Spectrum intensity 1* 

Field shift 
Microwave frequency or <g> value or field 
shift is varied to adjust the field position of 
the calculated and experimental spectra 

1* 

gx, gy, gz 

Principal values of the electronic g-tensor 
Only two values are varied simultaneously; 
the third one is defined by isotropic value, if 
it is known: <g> = (gx +gy + gz) / 3 

2, 3* 

Ax, Ay, Az 

Principal values of the nuclear hfi tensor 
Only two value are varied simultaneously; 
the third one is defined by isotropic value, if 
it is known: <A> = (Ax +Ay + Az) / 3 

2, 3** 

Ω(A→g) 
Euler angles сonnecting the own frame of the 
hfi tensor with the own frame of the g-tensor 

3** 

hLx, hLy, hLz 
Principal values of the orientation-
dependent Lorentzian tensor of line width 

3* 

Ω(hL→g) 
Euler angles connecting the own frame of the 
hL tensor with the own frame of the g-tensor 

3** 

hGx, hGy, hGz 
Principal values of the orientation-
dependent Gaussian tensor of line width 

3* 

Ω(hG→g) 
Euler angles connecting the own frame of the 
hG tensor with the own frame of the g-tensor 

3** 

*Parameters are easily determined 
**Some troubles are observed in the course of parameter determination 

Table 3. Fitting parameters 

with the values of hyperfine splitting. This interdependence is vanished when the 
deuterated probes are used. To obtain more resolved spectra and more precise 
determination of Ax and Ay values, the spectra recording at higher temperatures is often 
used. For example, the magnetic parameters for a number of nitroxides presented in [28] 
were determined from the spectra recorded at a temperature below glass transition point 
but higher than 77K. It should be taken into account that narrowing of the spectrum at 
higher temperatures indicates appearance of some intramolecular or intermolecular 
mobility. Thus, the obtained values can be slightly averaged by molecular movements. 
Partial averaging of magnetic parameters by molecular mobility in low-temperature glassy 
matrices will be considered in detail in section III.3. 
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The number of varied parameters diminishes when tensors taken into account have uniaxial 
or isotropic symmetry. The number of parameters that can be varied simultaneously 
commonly does not exceed 10–15. 

3.2.3. Examples of rigid-limit EPR spectra simulations 

The examples of X-band EPR spectra described by the fitting procedure are presented in 
Figure 4. 

 
Figure 4. Figure 4. Experimental (black lines) and calculated EPR spectra (red lines) in rigid limit for the 
systems indicated in Table 4. Below every spectrum, the difference between the experimental and 
calculated spectra is plotted. 

3250 3300 3350 3400 

4

3

2

1



 
Nitroxides – Theory, Experiment and Applications 

 

70 

Figure 4 shows the coincidence of the calculated and experimental spectra within the errors 
of recording. The parameter values determined by means of fitting are collected in Table 4. 
One can see from that table that the Lorentzian line width at 77K is ordinarily smaller than 
the Gaussian line width, but the former is not negligible. When the temperature is higher, 
the Gaussian line width diminishes but the Lorentzian line width rises. It is seen also that 
the values of Ax and Ay are comparable with the values of the corresponding Gaussian line 
width; and as a result, they determined with larger errors. In the case of deuterated 
TEMPOL (row 3 in Table 4), the accuracy of Ax and Ay determination is noticeably higher. 
 

 Systems 
 

g A Gaussian 
linewidth

Lorentzian
Linewidth 

Discrepancy 
and error 

levels 

1 TEMPON in 
AF2400, 77K 

 

2.00885±0.00009 
2.00637±0.00008 

2.00227 

8.13±0.17 
3.01±0.40 
32.03±0.05

7.38±0.30
7.82±0.16
5.88±0.15 

1.66±0.26 
0.00±0.27 
1.59±0.11 

D = 1.4 10-9 
Dn = 1.3 10-10 
Dr = 5.0 10-10 

2 Probe I in 
polystyrene, 77K

 

2.00960±0.00006 
2.00638±0.00005 

2.002018 

7.12±0.11 
5.77±0.12 
33.61±0.04

5.99±0.16
7.54±0.14
5.01±0.11 

1.25±0.16 
0.00±0.13 
2.01±0.09 

D = 9.2 10-10 

Dn = 4.3 10-10 
Dr = 1.5 10-9 

3 Deuterated 
TEMPOL in m-

tetrahydrofuran, 
77K 

2.00985±0.00008 
2.00612±0.00006 

2.002227 

6.53±0.04 
6.03±0.03 

34.15 

2.47±0.08
2.97±0.06
2.09±0.07 

0.90±0.05 
0.30±0.07 
1.98±0.04 

D = 1.9 10-9 

Dn = 7.7 10-11 
Dr = 1.0 10-9 

4 Probe V (n=11) in 
pentyl-

cyanobiphenyl 
(5CB) at 111K 

2.00871±0.00006 
2.00614±0.00006 

2.002144 

2.85±0.18 
3.70±0.11 
32.27±0.06

4.99±0.13
1.86±0.33
4.68±0.17 

0.00±0.29 
2.57±0.18 
1.88±0.11 

D = 3.6 10-9 

Dn = 6.3 10-10 
Dr = 1.5 10-9 

Table 4. The magnetic parameters and line width characteristics obtained by simulation of some EPR 
spectra in rigid limit 

3.2.4. Quality of simulation and errors of the values defined 

The correct measure of the acceptable deviations of the calculated spectrum from the 
experimental one is the errors of the spectrum recording. In general, there are several 
sources of experimental errors related to recording of EPR spectra: noise of spectrometer, 
nonlinear baseline, presence of paramagnetic impurities, etc. Commonly only the noise level 
of the spectrometer is estimated in experiments and used in the analysis of EPR spectra. This 
value is the obtained variance of a linear fit to the two baseline segments at either end of the 
spectrum [5]. Such a value will be designated below as Dn. The more reliable way of 
estimating error level is reproducing the experiment and calculating the standard deviation 
between the two spectra according to formula (4). Such value will be denoted as Dr. The 
value of the experimental errors estimated by reproducing experiment Dr is often up to 10 
times larger than the noise level Dn estimated using the outside fragments of the spectrum 
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3.2.4. Quality of simulation and errors of the values defined 

The correct measure of the acceptable deviations of the calculated spectrum from the 
experimental one is the errors of the spectrum recording. In general, there are several 
sources of experimental errors related to recording of EPR spectra: noise of spectrometer, 
nonlinear baseline, presence of paramagnetic impurities, etc. Commonly only the noise level 
of the spectrometer is estimated in experiments and used in the analysis of EPR spectra. This 
value is the obtained variance of a linear fit to the two baseline segments at either end of the 
spectrum [5]. Such a value will be designated below as Dn. The more reliable way of 
estimating error level is reproducing the experiment and calculating the standard deviation 
between the two spectra according to formula (4). Such value will be denoted as Dr. The 
value of the experimental errors estimated by reproducing experiment Dr is often up to 10 
times larger than the noise level Dn estimated using the outside fragments of the spectrum 
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(last column on Table 4). Unfortunately, some errors of spectrum recording (presence of 
paramagnetic impurities, nonlinear field sweep, etc.) are hardly estimated quantitatively. 
Obviously, ignoring some error sources is the reason why discrepancy in the final point of 
minimization is somewhat larger than the estimated level of the recording errors. 

Comparison of the discrepancy with the error level is a sensitive and reliable characteristic 
of validity of parameters that vary in the course of the fitting. It is clear that using of an 
additional fitting parameter is reasonable when the achieved decrease in discrepancy is 
more than the level of the experimental errors. If the achieved improvement of fitting is less 
than the error level, the additional parameter should be considered as redundant. 

Standard deviation and confidence range for parameter value can be estimated on the basis 
of the covariance matrix at the minimum point as follows [25]: 

      /2;    i ii i n p iic x t c , (8) 

where t is the Student coefficient, α is the confidence probability, cii is the covariance 
coefficient for the varied parameter xi. 

Such estimation of errors means that the difference between the experimental and calculated 
spectra, which is caused by imperfection of calculation model, is assumed to be equivalent to 
noises and other errors of the spectra recording. For unweighted residual minimization, the t 
distribution statistics is used to estimate the confidence bounds for each parameter [29]. Values 
of the standard deviations of the determined values are used in what follows as errors of 
defined values. It should be noted that repeated performance of the experiment and spectrum 
simulation shows that the errors calculated as described earlier are somewhat underestimated. 
The calculations of the errors using 2 statistics produce the similar underestimated values. 
The more realistic error of the defined value seems to be the confidence interval for a 99% 
confidence level (Student's t-distribution coefficient is equal to 2.57). 

3.3. EPR spectra in case of librational molecular movements 

Rotational mobility is usually considered as one of the simple models: Brownian rotation 
diffusion, free rotation, or rotational jumps [4,30]. It is known, however, that these models 
are not sufficient for satisfactory description of EPR spectra in some media. The largest 
differences between predicted and experimental spectra are observed when the 
paramagnetic probe is in media with inhomogeneous microstructure, for example, in the 
liquid crystalline media, on the surface of adsorbents or in polymer matrices. The last case is 
better studied and is considered in the following section in detail. 

3.3.1. Inadequacy of the simple models of motion 

The temperature dependence of the EPR spectrum for spin probe 2,2,6,6-tetramethyl-4-
oxopiperidine-1-oxyl (TEMPON) in polystyrene (PS) matrix is presented in Figure 5 as an 
example. 
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Figure 5. ESR spectra of TEMPON in polystyrene [31]. 
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One can see that when temperature rises, a broad asymmetric spectrum transforms into a 
narrowed spectrum characterized by motion-averaged magnetic parameters. Increase in 
rotational mobility results in decrease in separation of the outermost spectral components 
and diminishing line width. For clarity, all the spectra in Figure 5 are normalized to make 
the amplitude of the central peak of the spectrum equal to unity. It is seen that the whole 
temperature dependence of the EPR spectrum in polymer can be divided into three ranges 
with different specific spectral changes. In the low temperature range (range I, <180 K), the 
outer extrema of the spectrum smoothly move toward the center as temperature increases. 
The second range (range II, 180–350K) is characterized by qualitative changes in the shape of 
the EPR spectrum. A new phenomenon specific for rigid glassy polymers near glass 
transition temperature is seen in temperature range III (350–405K). In this range, spectral 
lines narrow, whereas the ratios of amplitudes of different components vary insignificantly. 
Such spectral behavior is in contradiction with the results of the Redfield relaxation theory 
[32] and semi-empirical formulas used for analysis of the EPR spectra of paramagnetic 
probes in liquids [1-3, 33, 34]. 

The best results of spectra simulation for TEMPON in polystyrene using the model of 
Brownian diffusion are presented in Figure 6. The deviations far exceeding the experimental 
errors are seen in this figure for almost the whole temperature range presented. Low-
temperature spectra are reproduced rather well, but the rotation correlation times obtained 
are of the order of 10−7 s. This value is in the sharp disagreement with the other 
measurements, as it will be shown below. The spectra for the middle of the presented 
temperature range show the qualitative difference with the experimental ones. The above-
described specific feature of high temperature spectra, that is, the constancy of the 
components ratio, is not obtained in the course of fitting. 

There are two causes for this disagreement. The first one is the oversimplified model of 
rotational movements. Today, it is clear that the particle in the polymer medium should 
be characterized by a wide spectrum of rotations with different frequencies. The most 
comprehensive model of molecular mobility of the EPR probe in condensed media is the 
model of slowly relaxing local structure (SRLS) [7, 35], which assumes the fast motions of 
nitroxide in a matrix cage and the simultaneous slow cage reorientation. If the cage 
motion is slow enough to be disregarded, SRLS is reduced to the microscopic-order 
macroscopic-disorder model, which considers nitroxide motion in the potential produced 
by the cage [36, 37]. In the rigid matrices at low temperatures, the cage barrier exceeds 
significantly the thermal energy Ebarrier >> kT. Then, the values of the angular 
displacements of nitroxides are restricted, and the motion is turned into librations near 
equilibrium position. 

The second feature that produces troubles in the course of spectra simulation is the 
distribution of probe molecules according to their mobility. The local surrounding of 
different probe molecules differs in free volume, molecular alignment, and other 
conditions. One of the most known examples are the polymers containing crystalline and 
amorphous areas. As a result, different molecules demonstrate different rotational 
mobility. 
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Figure 6. The best fitting of the spectra for TEMPON in polystyrene within the framework of the 
anisotropic diffusion model. 

3.3.2. Concept of molecular quasi-librations [38] 

The term “libration” is commonly used for harmonic angular oscillations of molecules in 
crystals with frequencies of 1011–1012 s−1 and amplitudes of approximately 2–3. A similar 
type of motion in glasses has been evidenced by high-frequency EPR [39], magnetization 
transfer [40], and spin-echo experiments [41-44]. Librations are averaging motions in time 
scale of EPR. The sensitivity of the EPR method to angular displacements with different 
frequencies is qualitatively illustrated in Figure 7. 

The figure presents the time required for the rotational displacement on the angle specified 
on the abscissa. This dependence characterizes the molecular mobility in the medium. The 
range of frequencies and corresponding amplitudes that influence the X-band EPR spectrum 
are shown in Figure 7 as a sensitivity window. The window is shifted to higher frequencies 
when high-frequency EPR spectroscopy is used. 
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Figure 7. Relaxation curves typical for different states of matter (T0 < T1 < T2 < T3). 

In Figure 7, the curve marked T0 corresponds to a solid sample at a low temperature. The 
molecular motions possible in such conditions do not fall into the sensitivity window and, 
thus, do not change the EPR spectrum (rigid-limit conditions). The curve T3 corresponds 
to the liquid sample with low viscosity. Any angular displacement of the probe in such 
medium requires the time less than 10−10 s. It is known that such rotations fully average 
the magnetic parameters of the nitroxide probe. It means that EPR spectrum recorded in 
these conditions consists of components corresponding to averaged g value ( g ) and 
averaged hyperfine constant A . Rotational mobility shows itself in such spectra in width 
and amplitudes of spectral components and can be estimated using the Redfield 
relaxation theory [32, 33]. The area of averaging movements is marked in Figure 7 by the 
gray color. 

There are many systems in which small angular displacements proceed with averaging 
frequencies in EPR time scale, but greater displacements that require larger time do not 
average magnetic parameters (curves T1 and T2 in Figure 7). These conditions are ordinary, 
for example, in cases of glassy polymers or paramagnetic labels attached to large 
biomolecules. In these cases, the magnetic parameters of probe or label are averaged only 
partially. The set of movements with frequencies that are averaging in the EPR time scale 
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between ordinary librations in crystals and stochastic librations of spin probe in glasses, the 
latter should be referred to as “quasi-librations.” 

Partial averaging of the probe magnetic parameters by the movement with high-frequency 
but limited amplitude was considered earlier in [45, 46]. On the basis of these works, it can 
be shown [47] that the following averaging formulas are valid in the case of quasi-librations 
around three g-tensor axes simultaneously: 
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 (9) 

where Px = (sinLx·cosLx) / Lx, Py = (sinLy·cosLy) / Ly, Pz = (sinLz·cosLz) / Lz ; 

<Ax>, <Ay>, <Az> and Ax, Ay, Az are averaged and intrinsic hyperfine constants, respectively; 

Lx, Ly, and Lz are half-amplitudes of the motion around the X, Y, and Z axes, respectively.  

It should be noted that equation (9) uses the assumption of independency of quasi-librations 
around different axes. As a result, the equation is applicable for any quasi-libration 
amplitudes in the case of movements around a single axis. In the case of simultaneous quasi-
librations around three axes, this assumption is valid at small amplitudes only (less than 
approximately 45). 

Some authors use mean-squared sine of the displacement angle averaged over all the 
paramagnetic particles, <sin2x>, <sin2y>, and <sin2z>, for characterization of quasi-
libration motion [43, 44, 48-50]. The relations between these characteristics and the quasi-
libration amplitudes mentioned earlier are given by 
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By using the averaged mean-squared sine of displacements, equations (9) transforms into 
the following: 
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The average expressions for the case of arbitrary direction of quasi-libration axis in g-tensor 
frame are presented in [51, 52]: 
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where Px = (sinLx·cosLx) / Lx, Py = (sinLy·cosLy) / Ly, Pz = (sinLz·cosLz) / Lz ; 
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where c1, c2, and c3 are the direction cosines of the quasi-libration axis, k1 = 0.5(1 + sin2L / 2L), 
k2 = sinL / L − k1, k3 = 1 − 2sinL / L + k1, k4 = 0.5(1 − sin2L / 2L), and L is the half amplitudes of 
motion around the libration axis. 

The expressions for the averaged g-tensor components are analogous to that presented for 
hfi-tensor. 

The quasi-libration concept essentially divides molecular rotational movements into two 
kinds: high and low frequencies. Similar differentiation lies on the basis of the known 
SRLS model [7, 35]. Thus, the quasi-libration concept is the simplified version of the SRLS 
model. Both models describe the frequency and amplitude distribution of rotational 
movements of one paramagnetic center and assume that all probe molecules in the sample 
demonstrate the identical molecular mobility. On the other hand, it is known that real 
systems often show clear microscopic inhomogeneity that induces the difference in 
mobility of different particles as a result of variation of local structure [34, 39, 53-56]. 
Thus, generally, both distributions: distribution characterizing the different movements of 
one particle and distribution of particles, should be taken into account for adequate 
description of EPR spectra. 

3.3.3. Low temperature range of temperature dependence 

Figure 5 shows that at low temperatures, the EPR spectra of nitroxides (temperature range I) 
slowly change as the temperature increases and retain shape typical for rigid limit. This set 
of spectra can be successfully described using different models of rotation mobility, 
particularly within the model of Brownian diffusion, jump rotation, quasi-librations, and the 
rigid-limit model with some changed magnetic parameters. Thus, the changes in spectrum 
in this temperature range are model insensitive. The choice of an adequate model in this 
situation should be based on additional data obtained using other experimental techniques. 
The simulation of spectra in range I within the models of Brownian rotation diffusion and 
jump rotation leads to the conclusion that the rotation correlation time of admixture 
molecules in glassy polymers noticeably below the glass transition point lie in the range 
10−6–10−7 s. Such rapid rotation in solid media at a low temperature seems to be quite 
unrealistic. Experimental measurements of rotational relaxation times by means of light 
induced alignment of nitroxides [48, 49] give for glassy polystyrene characteristic values 
approximately 101–103 s for room temperature. It means that rotation correlation time 
estimated from the analysis of the EPR spectrum within the Brownian rotation model 
exceeds the real value by 10 orders of magnitude. This contradiction leads us to conclude 
that only the model of quasi-librations with limited amplitudes adequately describes the 
real molecular rotations in range I. 
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The fitting of experimental spectra in the framework of the quasi-libration model included 
the variation of quasi-libration amplitudes and width of individual resonance line. The 
magnetic parameters of the probes were obtained by simulation of rigid-limit spectra and 
were not further changed. The results of the fitting of the EPR spectra in the temperature 
range I are presented in Figure 8(a). 

 
Figure 8. Experimental (black lines) and calculated EPR spectra (red lines) for TEMPON in polystyrene: 
(a) quasi-libration model, (b) Gaussian distribution of quasi-libration amplitudes, and (c) quasi-
librations and lognormal distribution of rotation correlation times. 

One can see from Figure 8a that satisfactory agreement between the experimental and 
calculated spectra holds up to a temperature of approximately 200K. One can see that the 
spectrum at 217K cannot be qualitatively reproduced taking into account the simple quasi-
librations. At higher temperatures, the deviations of the calculated spectra from the 
experimental ones become larger still. 

In the course of fitting, it was found that the amplitudes of quasi-librations around different 
molecular axes are determined with different accuracy. In particular, the amplitudes of 
movements around the z-axis are defined with uncertainty as approximately 10. In this 
connection, for description of the presented experimental spectra, it was possible to assume 
the uniaxial symmetry of quasi-librations, namely, amplitudes for the y and z axes being 
equal: Ly = Lz = Lyz. 

3.3.4. Distribution of quasi-libration amplitudes [47] 

For quantitative description of the spectra recorded at higher temperatures, the distribution 
of the probe molecules according to their libration amplitudes should be taken into account. 
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We tried to describe the experimental spectra using three different distribution functions: 
rectangular, bimodal, and Gaussian distributions. The fitting procedure was found to be 
rather sensitive to the distribution shape. We have not achieved positive results when the 
rectangular distribution was used. The bimodal distribution was found to be useful only in 
the case of porous Teflon AF2400. Obviously, it is a result of the specific structure of this 
polymer, which is characterized by bimodal distribution of microstructure. An annihilation 
positron study shows that free volume distribution in AF2400 has a bimodal shape [57]. In 
the cases of conventional polymers, using the Gaussian distribution of quasi-libration 
amplitudes permits to expand the temperature range of quantitative simulation of the 
spectra shape. Figure 8(b) demonstrates as an example the coincidence of experimental and 
calculated spectra of TEMPON in polystyrene up to room temperature. 

The temperature evolution of the distribution is presented in Figure 9. One can see a graduate 
shift of the distribution to higher quasi-libration amplitudes and narrowing of the distribution 
when the temperature increases. The temperature dependencies of averaged quasi-libration 
amplitudes for TEMPON in different polymers are presented in Figure 10. The difference in 
these dependencies reflects different properties of polymer matrices. The clear dependence of 
quasi-libration amplitudes on the probe molecular size is detected as well. 

 
Figure 9. Shape of the Gauss distribution for TEMPON in PS. 

It is seen from Figures 9 and 10 that when the averaged quasi-libration amplitude reaches 
40–50 the high-amplitude tail of the distribution spread to 90. The quasi-librations with 
this amplitude cannot be distinguished from rotational movements. It is not surprising, 
therefore, that EPR spectra at higher temperatures cannot be simulated within the 
framework of the quasi-libration model only. 

0 20 40 60 80

0.000

0.005

0.010

0.015

0.020

0.025

163K

195K

210K

238K

262K

282K
300K

Lyz, deg 





 
Nitroxides – Theory, Experiment and Applications 

 

80 

 
Figure 10. Quasi-libration amplitudes of TEMPON in AF-2400 (1), PVTMS (2), and PS (3). 

3.3.5. Quasi-libration and rotational diffusion 

At a temperature higher than 300K, the EPR spectra of TEMPON in polystyrene cannot be 
qualitatively described using the Brownian rotation diffusion (Figure 6) or quasi-librations 
only. Both these movements should be taken into account simultaneously. This model 
assumes that the probe takes part in two types of motion: fast quasi-librations restricted by 
the matrix cage and slow Brownian diffusion caused by the cage rearrangement. The 
difference in the cage properties can be taken into account by means of log-normal 
distribution of correlation times for cage reorientation: 
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where R is the rotational diffusion coefficient and lnR0 and  are the center and dispersion of 
the distribution, respectively. 

Application of this combined model gives satisfactory agreement between calculated and 
experimental spectra in the high temperature range (Figure 6(c)). It should be pointed out that 
taking into account quasi-librations is a necessary requirement for satisfactory description of 
these spectra. The average correlation time for cage reorientation obtained as results of spectra 
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simulations was found to be approximately 10−7 s at 360K. Characteristic widths of the 
distributions lie in the range of 0.6–1.0 decades. The obtained data conform to the literature 
data on the width of distribution of correlation times in polymers [56, 58-60]. The distribution 
narrows when temperature rises. Our calculations show that the distribution with a width of 
0.4 decades or smaller does not influence the simulated ESR spectra. 

The presented consideration shows that by using the quasi-libration model and taking into 
account the molecular distributions, it is possible to describe within experimental accuracy 
the EPR spectra of paramagnetic probe in polymer matrix in the whole temperature range 
near and below the glass transition point. The examples of some other polymers are 
presented in [38, 47]. 

3.3.6. Сorrelation between molecular mobility and reaction rate [61] 

Having the opportunity to obtain detailed characteristics of rotational mobility of admixture 
molecules in polymer matrix, it is interesting to examine the influence of rotation mobility 
on the molecular reactivity. For this purpose, we used four bifunctional probe molecules 
carrying a paramagnetic nitroxide fragment and a photochromic azobenzene moiety (Figure 
3). The azobenzene fragment of these molecules is known to undergo photochemical trans-
to-cis isomerization [62]. The kinetic curves of photo-isomerization of probe II in polystyrene 
matrix are presented in Figure 11 as an example. 

 
Figure 11. Kinetic curves of trans-cis photo-isomerization of probe II in glassy polystyrene and in 
solution (points). 
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As one can see, the influence of the polymer media consists in diminishing photoreaction 
rate (reduction of reaction quantum yield) and lowering the reaction yield at prolonged 
irradiation. Both these effects are the results of restriction imposed by the matrix on 
molecular rearrangement. The less extent of the photoreaction indicates that some fraction 
of initial trans-isomer is incapable of the reaction as a result of the rigid matrix 
surrounding. This conclusion was proven by the following experiment (Figure 12). The 
sample was irradiated at a low temperature until photoreaction has almost stopped. Then 
the sample was annealed at room temperature in the dark and cooled to the initial low 
temperature. Such annealed sample demonstrated recovered high rate of photoreaction at 
irradiation. 

 
 
 

 
 

Figure 12. The kinetics of photoreaction of probe I in polymer media at 129K, which was interrupted in 
pointed moments, and the sample was annealed 10 minutes at 293K without light irradiation. 

Determination of the quasi-libration amplitudes was performed by numerical simulation of 
the EPR spectra as described earlier. The obtained amplitudes are collected in Figure 13. In 
accordance with the molecular geometry, the largest amplitudes are detected for quasi-
libration around the longest molecular axis (x-axis of the g-tensor). 
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Figure 13. Averaged values of the quasi-libration amplitudes around axes x (a) and y (b), determined in 
the course of the numerical simulation of ESR spectra, probes I–IV. 

The obtained values of quasi-libration amplitudes can be confronted with the quantum yields 
of photo-isomerization. The very good correlation of these values is illustrated by Figure 14. 
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Figure 14. Quantum yields of trans-cis photo-isоmerization and amplitudes of quasi-librations versus 
temperature. 

Even more interesting is the comparison of quasi-libration distributions with the extent of 
reaction. The Gaussian distribution functions of quasi-libration amplitudes are presented in 
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Figure 15. Hatched areas denote the fraction of molecules, which are able to undergo 
photochemical isomerization. The fraction of active molecules in this figure was determined 
from the results of photochemical experiments. It is seen that the threshold of reactivity for 
different temperatures is observed at the same quasi-libration amplitude. This value 
amounts to approximately 10 and can be rationalized by consideration of displacements 
required for the elementary act of reaction. 
 

 
Figure 15. Temperature dependence of the distribution density of the quasi-libration amplitudes for 
probes I (a) and IV (b), determined as a result of the numerical simulation of the ESR spectra; hatching 
indicates photo-chemically active molecules. 

Thus, the model of quasi-librations and characteristics of molecular displacements in 
polymer matrix determined by simulation of the EPR spectra are confirmed by kinetic 
chemical experiments. 

4. Orientational alignment of paramagnetic molecules in a sample 

Properties of many materials, such as stretched polymers, liquid crystals, and LB-films, are 
determined by the orientational order of molecules. The most precise characteristic of the 
molecular order is the orientation distribution function ρ(,,), which shows the number 
(or fraction) of molecules oriented in the angular interval  + d,  + d,  + d, where ,, 
are Euler angles connecting the molecular reference frame with the sample frame. 
Information about the characteristics of orientation distribution function is contained in the 
EPR spectra of nitroxide probe introduced into the ordered medium. The anisotropy of the 
medium manifests itself in the dependence of spectrum shape on the orientation of the 
sample respective to the direction of the magnetic field of the spectrometer. Most often, this 
information was obtained using any assumption about the shape of orientation distribution 
function. By means of comparison of the calculated and experimental spectra, researchers 
found the parameters of a priori defined function [4-11, 63-69]. 

In the present chapter, we describe the model-free method of determining of orientation 
distribution function [70-76]. The method is based on the expansion of the determined 
function in a series of orthonormal functions with variable coefficients. The expansion 
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coefficients are determined through minimization of discrepancies between simulated and 
experimental spectra. 

4.1. Orientation distribution function 

In the general case, the orientation distribution function is represented as a series of Wigner 
functions: 
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However, depending on the symmetry of the system under consideration, the 
representation of the function can be simplified. When uniaxial molecules form a uniaxial 
sample, the orientation of each molecule in the sample is uniquely determined by the angle 
between the anisotropy axis of this molecule and the symmetry axis of the sample. In this 
case, the orientation function is the function of only one angle ρ = ρ() and can be 
represented as a series of Legendre polynomials. When uniaxial paramagnetic particles are 
arbitrarily distributed in the sample, the orientation of each particle is determined by two 
angles that characterize the orientation of the anisotropy axis of the particle in the reference 
frame associated with the sample. In this case, orientation function is a function of two 
angles ρ = ρ(,). In a uniaxial sample, the distribution function of particles characterized by 
three different principal values of g-tensor and/or hfi tensor is also a function of two angles. 
In this case, the angles , characterize the orientation of the symmetry axis of the sample in 
the reference frame associated with a paramagnetic particles. The orientation distribution 
function in these two cases can be presented as a series of spherical harmonics: 
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where Pj are Legendre polynomials and Pjm are associated Legendre functions. 

In practice, axially symmetrical samples are studied most often, but magnetic parameters of 
spin probes possess ordinary orthorhombic symmetry. Hence, the orientation distribution 
function usually can be represented as series (15). Coefficient a00 reflects the full number of 
radicals; for a normalized orientation function, it is equal to unity. 

To characterize the orientation alignment of the uniaxial system, the order parameters are 
used: 
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Specification of all the order parameters or all the coefficients in expansions (14) and (15) 
gives a complete specification of the orientation distribution function. To date, there is no 
technique for complete experimental determination of an orientation distribution function 
for soft matter. Only the second moments of orientation function (order parameters of rank 
two) are determined usually, as they can be obtained using one-photon optical methods. 
Orientation characteristics of rank four and higher are determined extremely rarely. The 
EPR spectroscopy of the spin probes and labels provides, in principle, the possibility of 
complete determination of an orientation distribution function. 

For computer realization of the suggested method, the homemade program ODF3 was 
worked out. This program allows to calculate the series of EPR spectra recorded at various 
orientations of the sample in the magnetic field of the spectrometer and to determine the 
characteristics of orientation distribution function in the course of the minimization 
procedure. A brief description of the program ODF3 is presented in the appendix. 

It is necessary to note that orientation function determined by the analysis of EPR spectra is 
always symmetric with respect to the center of coordinates. Indeed, at turning the magnetic 
field direction by 180°, the EPR spectrum does not change, and so some unequal 
orientations of the paramagnetic particle are indistinguishable by EPR. This limitation 
equally concerns all methods, which use EPR spectroscopy for the study of orientation 
order. Unfortunately, researchers often do not take this circumstance into account at 
interpretation of their results. This limitation imposes constraints on the expansion 
coefficients. When orientation distribution function is represented in the form of Eq. (15), all 
the coefficients ajm, bjm with odd j are equal to zero. 

4.2. Determination of orthorhombic orientation distribution function 

The application of the suggested method is demonstrated below on the examples of spin 
probes in liquid crystals, polymer matrices, and supercooled glasses [73-77]. 

In Figure 16(a), one can see some EPR spectra of the standard spin probe TEMPOL (Figure 3) 
in nematic liquid crystal 5CB (4-n-amyl-4-cyanobiphenyl) aligned by the magnetic field of 
the EPR spectrometer [73,74]. The spectra were recorded at T = 77K (in liquid nitrogen) at 
various angles between the symmetry axis of the sample and the magnetic field of the EPR 
spectrometer. The angular dependence of the spectrum shape proves that the paramagnetic 
molecules are partially ordered by the liquid crystal. In Figure 16(b), the result of the joint 
simulation of these spectra is presented. Here, as well as in other examples, the magnetic 
parameters of the radical were determined previously by means of simulation of the 
spectrum of isotropic sample. Hence, in the course of simulation of the angular dependence, 
only expansion coefficients of the orientation function were varied. 

Because in EPR spectroscopy there is no principal prohibition for determination of the  
high–rank-order parameters of the orientation function, we simulated the series of EPR  
spectra several times with consecutive increases in the expansion order. When adding  
expansion members of the next order did not lead to improvement of the description of the  
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Figure 16. EPR spectra of TEMPOL in aligned liquid crystal 5CB recorded at different angles between 
the magnetic field vector and the sample director. 

experimental spectra we supposed that the next coefficients are close to zero within the 
errors of determination. The result of simulation of the spectra is shown in Figure 16(b). The 
values of the coefficients are presented in Table 5. It was found that the expansion 
coefficients of the second and fourth orders are determined reliably. 

The orientation distribution function of TEMPOL in 5CB is presented in Figure 17(a). The 
function describes the orientation distribution of the sample director in the frame of 
paramagnetic molecule. The principal axes of the g-tensor are used as coordinate axes. The 
orientation of these axes in the nitroxide radical is shown in Figure 17(b). From Figure 17(a), 
one can see that the TEMPOL magnetic axis Z is oriented predominantly perpendicular to 
the sample symmetry axis. Possibly, it is a result of the interaction of the electron pairs of 
nitrogen and oxygen atoms with the π-system of the benzene ring of the liquid crystal 
molecules. The X and Y axes of the TEMPOL molecules are predominantly directed at 50º 
and 40º to the sample anisotropy axis, respectively. The corresponding orientation of the 
molecules of spin probe and liquid crystal is shown in Figure 17(b). 

It is necessary to emphasize that in the presented case, the orientation distribution function 
possesses orthorhombic symmetry. The principal axes of the g-tensor and hfi-tensor 
practically coincide in the case of TEMPOL and other nitroxide radicals. It means that 
nitroxide probes have orthorhombic symmetry. Since the effective values of the magnetic 
parameters are defined by squares of the directional cosines of the magnetic field vector in 
the g-frame and hfi-frame correspondently (17), eight different molecular orientations are 
undistinguishable by EPR. 
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System а20 

а40 

а60 

а21 

b21 
а22 
b22 

а42 

а44 
а62 

а64 

а66 

TEMPOL in 5B −0.872 ± 0.007 
0.247 ± 0.015 

− 

− 
− 

0.082 ± 0.004 
− 

−0.0004 ± 0.0012 
−0.0047 ± 0.0003 

− 
− 
− 

V(n=11) in 5CB 1.91 
0.11 
−0.70 

− 
− 

−0.133 
− 

−0.065 
~0 

−0.024 
~0 
~0 

V(n=11) in 
5CB/pores 

1.35 
0.21 
− 

− 
− 

−0.18 
− 

−0.010 
−0.0006 

− 
− 
− 

V(n=4) in 
stretched PE 

0.82 
− 
− 

− 
− 

−0.029 
− 

− 
− 

− 
− 
− 

V(n=11) in 
stretched PE 

1.43 
0.37 
− 

− 
− 

−0.106 
− 

−0.018 
−0.0016 

− 
− 
− 

V(n=15) in 
stretched PE 

2.42 
1.06 

0.144 

− 
− 

−0.103 
− 

−0.056 
0.0011 

−0.0016 
~0 
~0 

VI in stretched 
PE 

0.49 
0.22 
− 

− 
− 

−0.056 
− 

−0.010 
~0 

− 
− 
− 

HO2 in glassy 
H2O2 

0.25 
− 
− 

0.073 
0.181 

0.025 
0.038 

− 
− 

− 
− 
− 

Cl2- in glassy LiCl 
(5mol/l) 

−0.25 
− 
− 

− 
− 

− 
− 

− 
− 

− 
− 
− 

Typical errors of values determined are presented in the first row of the table. 

Table 5. The expansion coefficients of series (15) for the orientation distribution functions of some 
radicals in different matrices 

The function possessing orthorhombic symmetry consists of eight equal “petals,” which 
have maxima at angles (βmax,γmax), (βmax,–γmax), (βmax,π + γmax), (βmax,π − γmax),  
(π − βmax,γmax), (π − βmax,−γmax), (π − βmax,π + γmax), (π − βmax,π − γmax). For the 
function presented in Figure 17(a), βmax is approximately 90°, as the petals corresponding 
to the angles (βmax,γmax) and (π − βmax,γmax), (βmax,−γmax) and (π − βmax,−γmax), etc. 
overlap in pairs. 
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Figure 17. The orientation distribution function of TEMPOL in 5CB aligned by the magnetic field (a) 
and the reciprocal orientation of the molecules of the spin probe and liquid crystal (b). 

In Figure 18, one can see the angular dependence of the EPR spectrum for the nitroxide 
radical V(n = 11) in supercooled 5CB aligned by magnetic field and the result of the 
computer simulation of spectra [76]. It is seen that angular dependence (the difference 
between the spectra recorded at different angles) in the case of the spin probe V(n = 11) is 
much larger than in the case of TEMPOL. Obviously, molecules of probe V, which have 
rigid central fragments, are built into a liquid crystal structure better than the molecules of 
TEMPOL. It was found out that orientation function in this case is determined reliably up to 
the sixth order of expansion. The values of the coefficients are presented in Table 5. The 
function is shown in Figure 19. It can be seen that the central rigid fragments of the 
paramagnetic molecules preferably order along the liquid crystal molecules. The magnetic 
axis X is situated perpendicular to the sample director. 

 

 
Figure 18. The angular dependence of the EPR spectrum of the nitroxide radical V(n = 11) in 5CB 
aligned by magnetic field (a) and the result of its computer simulation (b). 
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Figure 19. The orientation distribution function of radical V(n = 11) in 5CB aligned by the magnetic 
field (a) and orientation of the molecules of spin probe and liquid crystal (b). 

In the examples presented earlier, the uniaxial samples were studied. However, the method 
described can be used for investigating more complicated systems. In Figure 20, one can see 
the scheme of the following experiment. The sample of liquid crystal 5CB with embedded 
the spin probe TEMPOL was aligned by the magnetic field of the EPR spectrometer along 
the direction D1 at T = 295K and then was quickly cooled to T = 77K as it was performed in 
the previous examples. After that, the sample was heated in the spectrometer resonator to T 
= 220K in such position that the axis D1 was approximately perpendicular to the magnetic 
field direction. In the course of this annealing, the new axis D2 directed along the new 
magnetic field vector arose. After realignment, the sample was quickly cooled in the 
magnetic field to T = 77K, and the angular dependence of EPR spectra was recorded. The 
orientation distribution for this sample was presented as a sum of two different uniaxial 
functions with different directors, D1 and D2. The varied parameters in this case were the 
expansion coefficients of these functions in series (15) and the fractions of particles oriented 
along the D1 and D2 axes. In this assumption, it was possible to simulate the angular 
dependence of the EPR spectrum within the experimental errors. The orientation 
distributions of the probe molecules respective to D1 and D2 axes are shown in Figure 20 
(functions F1 and F2, correspondingly). One can see that the function F1 is practically equal 
to the function presented in Figure 17(a). Hence, a part of the liquid crystal is not realigned 
by magnetic field at T = 220K. Another part of the sample possesses mobility at T = 220K, 
which is sufficient to change the orientation according to the new director D2; thus, this part 
of the probe molecules are turned at an angle of 90. One can see that the mobility of the 
liquid crystal particles at T = 220K is sufficient for realization of realignment. The ratio of the 
number of radicals oriented axially along D1 to those oriented axially along D2 is 2.5:1. As a 
whole, the result of this experiment provide evidence of considerable distribution of 
molecular mobility in supercooled liquid crystal. 
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Figure 19. The orientation distribution function of radical V(n = 11) in 5CB aligned by the magnetic 
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whole, the result of this experiment provide evidence of considerable distribution of 
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Figure 20. The scheme of the experiment of the liquid crystal realignment (see text). The distribution 
functions for axis D1 (a) and axis D2 (b) in the molecular reference frame. 

4.3. Non-orthorhombic spin probe 

In all the previous examples, nitroxides were used as spin probes. For these radicals, the 
directions of the main axes of the g- and hfi-tensors coincide, and the orientation 
distribution possesses orthorhombic symmetry. In series (15) in this case, only coefficients 
ajm with even j и m are nonzero. This feature is a consequence of the existence of eight 
molecular orientations undistinguishable by EPR. To characterize molecular order more 
definitely, the paramagnetic probe with lower symmetry is necessary. In the following text, 
we present an example of orientation distribution of HO2 radicals with distinct axes of g- 
and hfi-tensors [77]. The HO2·radicals were generated in the matrix of glassy hydrogen 
peroxide at 77K by the light irradiation with wavelength λ = 254 nm. The long irradiation by 
the collimated beam of the nonpolarized light leads to orientational alignment of the 
radicals as a result of the photo-orientation process. In the course of photo orientation, the 
radicals are aligned in such a way that the vectors of their optical dipole transition moments 
are directed along the symmetry axis of the sample (direction of light beam). By means of 
simulation of the spectrum of the isotropic sample, it was established that the Euler angles 
connecting the frames of the g- and hfi-tensors come to ζ = −70°, ξ = 47°, and ς = 35°. Hence, 



 
Nitroxides – Theory, Experiment and Applications 

 

92 

in this case, the magnetic properties of paramagnetic particles cannot be described by tensor 
rank two, and each direction in the radical coordinate frame is individual and can be found 
from the analysis of the EPR spectra. Series (15) in this case includes nonzero coefficients ajm 
и bjm with both even and odd m. The orientation distribution function of the HO2·radicals is 
presented in Figure 21; the expansion coefficients are shown in Table 5. One can see that in 
this case, one predominant orientation of the radicals respective to the sample symmetry 
axis is observed. Obviously, this orientation is dictated by the optical dipole transition 
moment of HO2. Hence, determination of the orientation distribution function of the 
paramagnetic molecules allows establishing experimentally the direction of optical dipole 
transition moment in the molecular coordinate frame. 

 
 

 
Figure 21. The orientation distribution function of the HO2·radicals in supercooled hydrogen peroxide. 

4.4. Molecular orientation frame 

In the example presented previously, the data concerning the properties of the paramagnetic 
molecules were obtained. However, most often, orientation distribution of the spin probe is 
studied to obtain information about the structure and dynamics of the matrix. In this case, 
the choice of the spin probe is of fundamental importance. It was shown earlier that radical 
V reflect the alignment of liquid crystals more effectively than the standard spin probes of 
the piperidine series. As another illustration of the sensitivity of the method to the structure 
of the probe, the orientation distributions for different radicals in the thin film of 
polyethylene stretched by five times are shown in Figure 22. It is seen that radicals that have 
rigid central fragment V(n = 4), V(n = 11), and V(n = 15) are ordered in this matrix more 
effectively than the imidazolidine derivative VI (Figure 3). At the same time, ordering of 
radical V depends on the length of the saturated substituents, which evidently align in the 
polymer matrix along the macromolecules of polyethylene. 
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effectively than the imidazolidine derivative VI (Figure 3). At the same time, ordering of 
radical V depends on the length of the saturated substituents, which evidently align in the 
polymer matrix along the macromolecules of polyethylene. 
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Figure 22. The orientation distribution function of the radicals V(n = 4) (a), V(n = 11) (b), V(n = 15) (c), 
and VI (d) in the polyethylene film stretched five times. 

It is obvious that orientation of a paramagnetic molecule in the ordered matrix is defined not 
by magnetic axes but by other molecular properties (geometric shape, interaction with the 
medium molecules, etc.). In every case, there is a molecular axis that is ordered to the 
maximum extent. This axis will be referred to as main molecular orientation axis Zt. The 
second most ordered axis, which is orthogonal to the first one, defines completely the 
molecular orientation frame (Xt, Yt, Zt). A practically important problem is to establish the 
direction of the orientation axes of the paramagnetic molecules relatively to known axes, for 
example, principal g-tensor axes. In addition, it is necessary to determine the order 
parameters (orientation factors) for the orientation axes because such parameters more 
adequately reflect orientation alignment of media. 
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As it was noted previously, uniaxial samples are studied commonly in practice. At the same 
time, most spin probes have three different principal values of g-tensor. The formation of 
the uniaxial sample by orthorhombic particles can be done in two ways, which are 
illustrated in Figure 23. First, such situation can be realized if all three orientation axes are 
ordered axially in the sample (they form the cones around the symmetry axis of the sample; 
Figure 23a). Let us call this type of the uniaxial sample A1. The second possibility is shown 
in Figure 23b. In this case, one orientation axis (denote it as Zt) is ordered axially in the 
sample (forms the cones around the symmetry axis) and two other orientation axes are 
directed statistically in the plane (XtYt). In this type of axial sample (A2), we will name the 
case of hidden molecular axiality. 

 
Figure 23. Mutual disposition of the magnetic and orientation frames of the spin probe and the sample 
director: A1 (a) and A2 (b) (see text). 

It can be shown that the expansion coefficients of the distribution function presented in the 
molecular orientation frame and the coefficients for the same function described in the g-
tensor frame in the case of the A1 sample are connected by the following expression: 

       , ,j j j
m m m k mkgF k t

D D D , (19) 

where angles , θ, and  are Euler angles connecting the molecular orientation frame with 
the g-tensor frame. 

Orientation distribution function of the sample symmetry axis in the molecular orientation 
frame of the spin probe has a maximum along the axis Zt. In the case of A2, this function 
possesses uniaxial symmetry and can be described by series (15), in which only members 
with zero second indices are nonzero: 
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where βt is the angle between the symmetry axis of the sample and the axis Zt and (aj0)t are 
the expansion coefficients in series (15) for the distribution function presented in the 
molecular orientation frame (Xt, Yt, Zt). 

Let the angles (θ, ) determine the direction of Zt in the g-tensor frame. Using Eq. (19), it can 
be shown that the expansion coefficients of the function in the g-frame (aj0)gF are connected 
with the coefficients (aj0)t and angles (θ, ) by the following expression: 
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Using Eq. (21) in the course of the computer simulation of the spectrum angular 
dependence, one can vary coefficients (aj0)t and angles (θ, ) and simultaneously find the 
order parameters and direction of the main molecular orientation axis in the g-tensor frame 
of the radical. It is necessary to note that in the case of orthorhombic probe, one of the eight 
undistinguishable pairs (θ, ) is determined in the course of such calculations. 

In the case A1, the orientation distribution function described in the molecular orientation 
frame does not possess uniaxial symmetry and can be described by angles (, θ, ) and 
coefficients (ajm)t, including the members with nonzero m in accordance with Eq. (19). 

The possibilities of simulation of the spectrum angular dependence according to 
assumptions A1 and A2 are contained in the program ODF3. 

In Figure 24, one can see the orientation functions of the radical V(n = 11) in supercooled 5CB 
aligned by magnetic field of the EPR spectrometer. The function in Figure 24(a) was obtained 
in orthorhombic assumption; the function in Figure 24(b) corresponds to hidden axiality A2. It 
is seen that Eq. (21) permit to separate one petal from orthorhombic function. The discrepancy 
of the calculated spectra from the experimental ones for these two functions is the same. This 
calculation leads to the determination of the main molecular orientation axis for the probe V. 
This axis was found to be directed with the angles θ = 30°,  = 0° to the g-tensor axes. It was 
verified that the other seven pairs of angles mentioned earlier lead to the same calculated 
spectra. Hence, the choice between these possible directions can be done only by using 
additional data obtained by other experimental techniques. 

The analogous functions are presented in Figure 25(a, b), but in this case, the liquid crystal 
was aligned in uniaxially ordered cylindrical pores of porous polyethylene [78]. Figures 
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24(b) and 25(b) show that the obtained functions are very close. The difference between the 
functions consists in the extent of anisotropy. It is seen that liquid crystal 5CB is aligned by 
magnetic field more effectively than by the pores of polyethylene. The significant visual 
difference between the orthorhombic functions 24(a) and 25(a) is explained by the fact that 
individual petals that are well divided in function 24(a) become wider and flow together in 
function 25(a). 

 

 
Figure 24. The orientation distribution functions of radical V(n = 11) in 5CB aligned by the magnetic 
field: the orthorhombic function (a) and the function calculated with the assumption A2 (b). 

Almost all the cases presented previously showed that the simulations within the uniaxial 
models A1 and A2 lead to the very close values of discrepancy between the calculated and 
experimental spectra. It means that the model of hidden axiality is often confirmed by 
experiment. The exception was found in the case of liquid crystal aligned in porous 
polyethylene. In that case, the simulation of the angular dependence for V(n = 11) in the 
assumption A1 leads to diminishing of discrepancy by 14% in comparison with the model A2. 
The found distortion of uniaxial symmetry of the distribution is shown in Figure 25(c, d). This 
example demonstrates that the biaxiality of nematic media can be studied by spin probe 
technique. 

4.5. Order parameters 

On the basis of orientation distribution function, one can calculate the order parameters for 
any molecular axis of the radical in the matrix under consideration. For this aim, orientation 
distribution functions are transformed to the chosen molecular frame using Eq. (19) or (21). 
The order parameters for new axes are calculated according to Eq. (16). 

The second-rank order parameters for the g-tensor axes can be calculated as follows: 
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where a20 and a22 are obtained in orthorhombic approximation in the g-tensor frame. 

 

 
 

Figure 25. The orientation distribution functions of radical V(n = 11) in 5CB aligned in the pores of the 
porous polyethylene: orthorhombic function (a), the function calculated with the assumption A2 (b,c), 
and function calculated with the assumption A1 (d). 
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The order parameters for the magnetic axes of the radical V(n = 11) in 5CB aligned by 
magnetic field (Figure 24(a)) arrive at the values f(gx) = −0.35, f(gy) = −0.031, and f(gz) = 0.38. 
These values show that the axis X is ordered predominantly perpendicular to the symmetry 
axis of the sample. The order parameters for axes Y and Z are determined not only by their 
extent of ordering but also by the angles between these axes and the director of the sample. 
Rather small values of the order parameters for the magnetic Y and Z axes reflect the tilt of 
these axes relative to sample director. Thus, the values of the order parameters for magnetic 
axes are useful in defining the orientation of the probe relative to the medium but do not 
characterize clearly the medium alignment. 

The more adequate characteristics of the medium order are the order parameters of the 
probe orientation axes. The values calculated using Eqs. (21) and (16) for some studied 
liquid crystalline systems are collected in Table 6. One can see from the table that the 
second-rank order parameters achieve the values 0.6–0.7, which are in agreement with the 
values for nematic mesophase obtained by other methods. The important advantage of the 
presented method is the possibility to estimate order parameters of higher rank. Some of 
these values are presented in Table 6 as well. 

 
Systems (A20)t (A40)t (A60)t 

V(n=11) in 5CB 0.626 0.347 0.148 

V(n=15) in stretched PE 0.673 0.357 0.088 

V(n=11) in 5CB/pores 0.522 0.089 − 

I-trans in 5CB/pores 0.376 0.059 − 

I-cis in 5CB/pores 0.206 0.013 − 

Errors ~3% ~12% ~15% 

Table 6. Order parameters obtained within the assumption of A2 axiality 

At present, the most widespread technique for the study of orientational alignment is optical 
spectroscopy, particularly the measuring of the linear dichroism in UV-vis range. It is 
known that such measurements give only order parameters of rank 2 [79]. To verify the 
discussed EPR technique, it is important to compare the values obtained by EPR and the 
optical measurements for the same samples. Such comparison is presented in Table 7 using 
four systems. 

The orientation distribution of anion-radicals Cl2− in low temperature glass formed by 5M 
aqueous solution LiCl at 77K is studied in [80]. The orientational alignment in this system 
was induced by irradiation of the sample with parallel beam of the linearly polarized light 
using photo-orientation phenomenon. In this case, the anion-radicals are predominantly 
oriented perpendicular to the electric vector of light wave. Taking into account that optical 
transition moment directed along the axis of anion-radical, the order parameter of rank two 
can be measured as linear dichroism: 
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where D|| and D⊥ are the values of optical absorbance at mutually parallel and perpendicular 
polarizations of the irradiating and probing beams. The dichroism of the sample presented in 
the table was averaged over the range of wavelengths from 349 to 390 nm. 
 

 Anion-radical Cl2− 

in glassy aqueous 
solution of LiCl 

Trans-I in 5CB 
embedded in pores 

of polyethylene 

Cis-I in 5CB 
embedded in pores 

of polyethylene 

V(n = 4) in liquid 
crystalline 

сomblike polymer 

A02EPR −0.10 ± 0.01 0.38 ± 0.01 0.21 ± 0.01 0.55 ± 0.03* 

A02opt −0.12 ± 0.01 0.35 ± 0.04 0.23 ± 0.03 0.36 ± 0.01** 

*Orientation factor of the orientation axis of radical V(n = 4) 
**Orientation factor of the optical transition dipole moment of merocyanine dye (Figure 26) 

Table 7. The order parameters determined by means of optical spectroscopy and EPR 

The dichroism of the samples containing the ordered radical I in cis and trans forms was 
measured similarly using the recording of UV-vis spectra in polarized light. The radicals 
were ordered in 5CB aligned in pores of polyethylene. 

To obtain the order parameters for ordered сomblike liquid crystalline polymer (Figure 26) 
by means of EPR spectroscopy, the spin probe V(n = 4) was used. For measurements of 
linear dichroism, merocyanine dye Ash253a was embedded in the sample. 

 
Figure 26. The structures of сomblike polymer containing racemic menthyl moieties and nematogenic 
phenylbenzoate moieties (a) and merocyanine dye Ash253a (b). 
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One can see from Table 7 that the EPR technique produces the values of the order 
parameters, which are in agreement with the optical measurements. The noticeable 
difference is observed only in the case of comblike polymer when the dichroism of specially 
introduced dye was measured. Possibly, the optical measurement in this case gives the 
understated value as a result of the tilt of the transition dipole moment with respect to the 
director of liquid crystal matrix. Thus, the proposed method is efficient for determining 
order parameter. 

4.6. Determination of orientation distribution function of rotating radicals 

The serious disadvantage of the method described previously is the impossibility of using 
the EPR spectra if probe molecules rotate in the time scale of EPR. Many systems of great 
interest can exist only in temperature ranges in which the intensive molecular rotational 
mobility takes place. Orientational alignment of the nematic phases presented previously 
was studied by means of quick cooling of the samples to T = 77K and subsequent recording 
of the spectra of fixed particles. We supposed that the structure of the material does not 
change considerably at such cooling. However, such an approach cannot always be used. 
For example, the temperature dependence of the liquid crystal structure or alignment 
cannot be studied using this approach. 

At present, the most widespread method for simulation of EPR spectra of rotating spin probes 
with determination of orientation distribution function is the method described in [4, 5]. This 
method is based on the assumption that each paramagnetic molecule is situated in the field 
of ordering potential, which is induced by the aligned matrix U(α, β, γ). This approach will 
be referred henceforth as ordering potential (OP) method to distinguish from the method 
described earlier, the orientation function (OF) method. The orientation distribution of the 
molecules in the potential is determined by the Boltzmann equilibrium: 
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The ordering potential is represented as a series of spherical functions: 
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In practice, the expression (24) is presented as follows: 
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where j, m = 2, 4. 

The program realization of the OP method is based on the stochastic Liouville equation; 
hence, it can be used for analysis of the orientation ordering of the rotating molecules. The 
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available software for the OP method utilizes the assumption that the axis of fastest rotation 
of the paramagnetic molecule is directed along the orienting potential. A lot of useful and 
important information concerning different oriented media was obtained using this method 
[6-11]. 

For comparison of the results obtained by the OP and OF methods, we determined the 
orientation distribution functions of some spin probes in the liquid crystal 5CB, aligned in 
pores of the porous polyethylene, at the temperature of liquid nitrogen, T = 77K (OF), and at 
the temperature of existence of the nematic phase, T = 298K (OP). It was found that 5CB 
ordered in the pores is not affected by the orienting action of the magnetic field of the EPR 
spectrometer. Therefore, it is possible to record the angular dependence of the EPR 
spectrum of such sample at T = 298K. 

In Figure 27(b), one can see the orientation distribution function determined by the OP 
method at T = 298K. Visually, this function is quite identical to the function obtained for 
the same system by means of the OF method at T = 77K (Figure 27(a)). The order 
parameter of the axis of the fastest rotation of the paramagnetic molecule in this case 
comes to (A02)rot = 0.48 and agrees within the experimental errors, with the value of the 
order parameter obtained by means of the OF method, (A02)t = 0.50. The direction of the 
rotation axis in the magnetic frame is described by the angles θrot = 39° and rot = 0°; it is 
close to the direction of the orientation axis θt = 30°, t = 0°. Evidently, the molecular 
orientation axis in this case coincides with the axis of the fastest rotation, and the methods 
OP and OF give the same results. This example shows as well that the structure of the 
matrix really does not noticeably change at rapid cooling of the sample by immersing it 
into liquid nitrogen.  
 

 
Figure 27. The orientation distribution function of radical V(n=11) in 5CB defined from the room 
temperature spectra by the OP method. 
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The similar comparison of the methods OP and OF was performed by determination of the 
orientation functions of the nitroxide radicals containing azobenzene fragment (Figure 28) in 
5CB aligned in the pores of polyethylene. Conversion of the azobenzene moiety from trans 
to cis form was realized by irradiation of the samples with light [62]. 

 
Figure 28. Photochemical conversion of the azobenzen fragment of radical I. 

In Figures 29 and 30, one can see the orientation distribution functions of radical I in trans 
and cis configurations. The functions were determined at temperatures T = 77K (OF method; 
Figures 29(a) and 30(a)) and T = 298K (OP method; Figures 29(b) and 30(b)). The obtained 
characteristics are collected in Table 8. 

 

System (а20)t, (а40)t θt, t, 
degree 

(A02)t c20, 
c22 

c40, 
c40, 
c40 

θrot, rott, 
degree 

(A02)rot 

V(n=11) in 
5CB/pores 

2.61±0.02
0.80±0.08 

33.6±0.2, 
90.3±1.4 

0.52 2.22±0.15 
0.32±0.05 

− 40.7±0.4 
109.3±1.0 

0.48 

I-trans in 
5CB/pores 

1.88±0.02
0.53±0.03 

86.8±2.2 
11.9±0.7 

0.38 1.24±0.01 
-0.080±0.002 

− 106.4±0.2 
10.2±0.3 

0.28 

I-cis in 
5CB/pores 

1.03±0.02
0.17±0.02 

86.1±2.8 
-42.4±0.3 

0.21 0.23±0.01 
-0.121±0.001 

0.22±0.01
0.17±0.01
0.26±0.01 

90.0±1.2 
5.4±0.08 

0.05 

Table 8. Parameters of the orientation distribution functions defined by the OP and OF methods 

It is seen that in the case of the probe in trans form, the direction of the main rotational axis 
(θrot = 10°, rot = 106°) does not coincide with the direction of the molecular orientation axis 
(θt = 12°, t = 87°), although the deviation is not large. The order parameter value 
determined by the OP method is noticeably lower than value obtained by the OF method 
(0.28 and 0.38, correspondingly). This disagreement becomes dramatic in the case of the 
probe in cis configuration. This comparison demonstrates that the OP method produces 
understated and unreliable data when the molecular orientation axis of the probe does not 
coincide with the main rotation axis. 
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Figure 29. The orientation distribution functions of radical I in trans configuration defined by the OF (a) 
and OP methods (b). 

 
Figure 30. The orientation distribution functions of radical I in cis configuration defined by the OF (a) 
and OP methods (b). 

Unfortunately, the OP method has some other disadvantages. One of them is the 
assumption of Boltzmann distribution of the particles in the field of oriented potential. 
Boltzmann law is fulfilled locally in most cases. However, each probe molecule is in the 
surrounding that differs from the surrounding of other molecules by direction and 
magnitude of potential. As a result, the orientation distribution function as a whole, in 
general case, cannot be described by simple Boltzmann formula. This drawback becomes a 
serious obstacle to the application of the model when the local directors in liquid crystal do 
not coincide with the sample director, for example, when the clear domain structure or 
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cholesteric order exists in the medium. The OP method can be applied for analysis of 
polydomain samples only in the case of statistical (chaotic) orientation of the domains. Such 
approach is called microscopic order–macroscopic disorder (MOMD). 

The most essential weakness of the OP method is the interdependence of determined 
parameters. The coefficients of rotation diffusion and the characteristics of ordering 
potential are not independent when single EPR spectrum is treated. As a result, few 
different optimal set of parameters produce almost the same calculated spectra. Hence, it is 
impossible to determine unambiguously the rotation diffusion coefficients and orientation 
parameters by means of simulation of a single EPR spectrum. This problem is solved to 
some extent by simultaneous simulation of a series of spectra recorded at various 
orientations of the sample in the magnetic field. However, such experiment cannot always 
be performed. For example, recording of the spectrum angular dependence of spin probes in 
a nematic liquid crystal at the temperature of mesophase is impossible, as the nematic phase 
is oriented by the magnetic field of the spectrometer. In such case, to record the angular 
dependence, it is necessary to undertake additional efforts: to align the sample by electric 
field, to put liquid crystal into the polymer pores, etc. The mutual correlation of different 
coefficients cjm, which characterize the ordering potential, prevents the reliable 
determination of the order parameters with a rank more than two even when the set of 
spectra with different sample orientation is simulated. 

5. Conclusions 

The data presented in this chapter lead to the following conclusions. Owing to the modern 
computing technique that allows simultaneous simulation of the set of EPR spectra, some 
methods for extraction of the quantitative information from the spectra were developed. 
These methods broaden significantly the area of application of the spin probe technique and 
make it possible to investigate subtle features of the structure and molecular dynamics of 
various materials. On the other hand, it is clear that possibilities opened are not used quite 
effectively. 

First of all, it is necessary to note that at present, there is no method for reliable distinction of 
the influences of rotation and orientation of the radicals on the shape of EPR spectra. One 
more problem that is close to solution by means of the spin probe method is the 
determination of the high-rank order parameters. There is no theoretical prohibition for 
determination of these parameters by the EPR method. However, the existing approach 
based on the ordering potential is unable to provide reliable values of high-rank order 
parameters. The direct expansion of the orientation function in a series of generalized 
spherical harmonics (a model-free technique) overcomes this drawback but is unable to use 
the spectra recorded at high molecular mobility. One more basic problem in the field is the 
elaboration of the accurate mathematical criteria for calculation of errors that appear in the 
course of solving the inverse problem during the spectra simulation. 

In our opinion, insufficient attention is paid to consideration of the concentration 
broadening of the EPR spectra. Whereas the simulation of the exchange-broadened spectra 
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coefficients cjm, which characterize the ordering potential, prevents the reliable 
determination of the order parameters with a rank more than two even when the set of 
spectra with different sample orientation is simulated. 

5. Conclusions 

The data presented in this chapter lead to the following conclusions. Owing to the modern 
computing technique that allows simultaneous simulation of the set of EPR spectra, some 
methods for extraction of the quantitative information from the spectra were developed. 
These methods broaden significantly the area of application of the spin probe technique and 
make it possible to investigate subtle features of the structure and molecular dynamics of 
various materials. On the other hand, it is clear that possibilities opened are not used quite 
effectively. 

First of all, it is necessary to note that at present, there is no method for reliable distinction of 
the influences of rotation and orientation of the radicals on the shape of EPR spectra. One 
more problem that is close to solution by means of the spin probe method is the 
determination of the high-rank order parameters. There is no theoretical prohibition for 
determination of these parameters by the EPR method. However, the existing approach 
based on the ordering potential is unable to provide reliable values of high-rank order 
parameters. The direct expansion of the orientation function in a series of generalized 
spherical harmonics (a model-free technique) overcomes this drawback but is unable to use 
the spectra recorded at high molecular mobility. One more basic problem in the field is the 
elaboration of the accurate mathematical criteria for calculation of errors that appear in the 
course of solving the inverse problem during the spectra simulation. 

In our opinion, insufficient attention is paid to consideration of the concentration 
broadening of the EPR spectra. Whereas the simulation of the exchange-broadened spectra 
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is possible in the program package [4], the description of the spectral line broadening in the 
case of dipole-dipole interaction of radicals and, moreover, in the cases of dipole-dipole and 
exchange interactions is impossible. Elaboration of appropriate methods would be useful for 
determination by means of spin probe technique of not only orientational but also 
translational order of liquid crystal materials, biological membranes, and films. In such case, 
one could see the whole spectrum of intermediate states appearing during formation of one 
or another ordered phase. 

We hope that the methods presented in this chapter and the proposed open-code computer 
programs will serve to develop more complete methods of analysis of the EPR spectra of 
spin probes. 
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Appendix 

Program ODF3 

The program ODF3 is elaborated for simulation of the EPR spectra and determination of the 
spectra parameters by the fitting procedure. The program is a working tool used in our 
laboratory to test different models, approaches, and algorithms of spectrum simulation. 
Thus, it is not a finished software product, and it is not optimized by efficiency. 
Nevertheless, we believe that the program can be useful to reproduce the presented results 
or treat similar spectral data. 

The program is written using Fortran, but as different subprograms were created by 
different programmers, in different times, and with different aims, the project as a whole 
does not meet any language standard. Of course, this circumstance produces troubles at 
compilation and debugging of the program. The program is presented free for any use with 
the only conditions that the authors are not responsible for any consequences and insist on 
citation of the source if the results obtained using the program are published. 

The program can be loaded from the site  
http://www.chem.msu.ru/eng/lab/chemkin/ODF3/ 
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The program allows taking into account the following: 

1. Tilt of hfi-tensors relative to g-axes. 
2. Forbidden transitions. 
3. Convolution of the Gaussian and Lorentzian functions for description of the shape of 

individual spectral line (Voigt profile). 
4. Anisotropy of the line widths described by the second-rank tensors of the Gaussian and 

Lorentzian line widths. 
5. Tilt of the Gaussian and Lorentzian tensors relative to the g-axes. 
6. Stochastic rotational oscillations of paramagnetic molecules with limited amplitude and 

high frequency (quasi-librations). 
7. Tilt of the libration axes relative to the g-axes. 
8. The orientation distribution functions of the paramagnetic probe. 
9. Up to 5 magnetic nuclei. 
10. Up to 5 different paramagnetic centers. 

The EPR spectra are computed in accordance with explicit formulas presented in [81]. Two 
types of spectrum calculation can be performed. Both types of calculation use the 
Hamiltonian within the perturbation theory of the second order. The first type of calculation 
assumes the coincidence of g-tensor frame with hfi-tensor frame. The second type of 
calculation takes into account any tilt of hfi-tensors relative to g-axes and forbidden 
transitions. 

The formats for the input-output files are described in the document ODF3.pdf that can be 
loaded from the same site with the examples of the program applications. 

Program esrD 

The purpose of the program esrD is the treatment of experimental EPR spectra and preparation 
of spectra to the fitting procedure. This preparation ordinarily involves removal of the 
unnecessary tails, subtraction of the base line or base spectrum, double integration, normalizing 
of area under the spectrum, etc. All these procedures can be carried out using the standard 
software. On the other hand, when the spectra were recorded in different and possibly irregular 
points of the magnetic field, the mentioned operations were rather time-consuming. The 
program esrD allows carrying out necessary operations with the set of such spectra at once. It is 
useful as well for visual comparison of experimental and calculated spectra. 

The program is presented free for any use with only the conditions that the authors are not 
responsible for any consequences and insist on the citation of the source if the results 
obtained using the program are published. The program can be loaded from the site 
http://www.chem.msu.ru/rus/lab/chemkin/esrD/. 
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1. Introduction 

Spin labeling, as a part of electron paramagnetic resonance (EPR), became one of the most 
sensitive and adequate methods for investigation the structure, properties of different 
biological systems, their dynamics, and mechanisms of various processes after opening a 
new class of chemical reactions of stable nitroxide radicals, in which the unpaired electron 
remained untouched and retained its paramagnetic properties (Neiman et al., 1962, 
Rozantsev, 1964, 1970, Rozantzev & Neiman, 1964). Just at once, spin labels, attached to 
biological (proteins, oligopeptides, polysaccharides, nucleic acids) or synthetic 
macromolecules, and probes, incorporated into biological or artificial membranes, polymers, 
solid materials and solutions, have been applied for investigation structural and functional 
properties of such complex and supra-molecular systems. Harden M. McConnell, O. Hayes 
Griffith, Gertz I. Likhtenstein, Anatoly L. Buchachenko, Lawrence J. Berliner, Alexander 
Kalmanson, Geoffrey R. Luckhurst, Jack H. Freed, Andrey N. Kuznetsov, and some others, 
were first pioneers in this area. Much detailed, the historical aspects of spin label technique 
are described in chapter written by L. J. Berliner. Great advances have been achieved in 
practical applications of numerous amount of mono- bi- and poly-radicals synthesized in 
groups headed by Eduard Rozantsev, John Keana, Andre Rassat, Kalman Hideg, George 
Sosnovsky, Leonid Volodarsky, Igor Grigor’ev, and their pupils. 

First books concerning new method, which are actual up to now, were published 
approximately in ten years later. Among them, the most cited, are written or edited by 
Buchachenko & Wasserman, 1973, Likhtenshtein, 1974, Berliner, 1976 & 1979, and 
Kuznetsov, 1976. Among recent publications, I would like to press attention on several once 
performing further development and success of this method: Likhtenshtein, 2008, Moebius 
& Savitsky, 2009, Brustolon & Giamello, 2009, Hemminga & Berliner, 2007, Bender & 
Berliner, 2006, Schlick, 2006, Webb, 2006. Indeed, high-field (high frequencies) EPR 
spectroscopy, pulse technique, various double- and multy- resonance methods, time-
resolved EPR, etc., enlarged the area of magnetic resonance applications pretty much. 

© 2012 Kokorin, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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One of the most important possibilities giving by EPR methods is connected with distance 
measurements in chemical, biological and nanostructured systems and materials (Parmon et 
al., 1980, Berliner et al., 2001, Eaton & Eaton, 2004, Steinhoff, 2004, Webb, 2006, Tsvetkov et 
al., 2008, Moebius & Savitsky 2009), which allows determine distances, two- and three-
dimensional distribution of paramagnetic centers, and their mutional orientation in the case 
of not too long distances.  

Stable nitroxide spin probes and labels contain paramagnetic >NO group with the 
unpaired electron, surrounding usually with four methyl groups in the appropriate 
piperidine (R6, R6”), pirrolidine (R5) or imidazoline (R5N, R5NO) rings, which have different 
“tails” with functional residues in fourth or third positions of the ring, by which probes can 
be attached to macromolecules, surfaces, etc., becoming spin labels. These radicals are 
shown in Fig. 1. 

 

Figure 1. Structures of paramagnetic fragments of nitroxide radicals. 

Among spectroscopic methods for determination distances between spin probes, which are 
discussed in the next section, the simplest one, was developed forty years ago based on 
empirical parameter d1/d (Fig. 2) characterizing the shape of the X-band EPR spectrum of 
the nitroxide radical solution frozen at 77 K (Kokorin et al., 1972). d1/d is measured with 
high precision as the ratio of the summed amplitudes of two lateral (low and high field) 
lines, recorded as the first derivative of the absorption EPR spectrum, to the amplitude of 
the central component (Fig. 2). It was shown that d1/d is straightly connected with the 
efficiency of dipole-dipole coupling between radical paramagnetic >N–O groups, the type of 
spatial distribution of radicals, as well as with polarity of the surrounding media and 
temperature of the sample. A methodic procedure of measuring distances is described in 
detail in Section 3, allows characterize quantitatively the spatial organization of nitroxide 
biradicals, proteins, nucleic acids, frozen two-component solutions, synthetic polymers, and 
nanostructured materials. Unfortunately, the most part of the d1/d features and the majority 
of the resulta obtained have been published in original only in Russian, though translated 
into English, scientific journals, and are not known well to practical scientists and students. 
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One of the most important possibilities giving by EPR methods is connected with distance 
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al., 1980, Berliner et al., 2001, Eaton & Eaton, 2004, Steinhoff, 2004, Webb, 2006, Tsvetkov et 
al., 2008, Moebius & Savitsky 2009), which allows determine distances, two- and three-
dimensional distribution of paramagnetic centers, and their mutional orientation in the case 
of not too long distances.  

Stable nitroxide spin probes and labels contain paramagnetic >NO group with the 
unpaired electron, surrounding usually with four methyl groups in the appropriate 
piperidine (R6, R6”), pirrolidine (R5) or imidazoline (R5N, R5NO) rings, which have different 
“tails” with functional residues in fourth or third positions of the ring, by which probes can 
be attached to macromolecules, surfaces, etc., becoming spin labels. These radicals are 
shown in Fig. 1. 
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Among spectroscopic methods for determination distances between spin probes, which are 
discussed in the next section, the simplest one, was developed forty years ago based on 
empirical parameter d1/d (Fig. 2) characterizing the shape of the X-band EPR spectrum of 
the nitroxide radical solution frozen at 77 K (Kokorin et al., 1972). d1/d is measured with 
high precision as the ratio of the summed amplitudes of two lateral (low and high field) 
lines, recorded as the first derivative of the absorption EPR spectrum, to the amplitude of 
the central component (Fig. 2). It was shown that d1/d is straightly connected with the 
efficiency of dipole-dipole coupling between radical paramagnetic >N–O groups, the type of 
spatial distribution of radicals, as well as with polarity of the surrounding media and 
temperature of the sample. A methodic procedure of measuring distances is described in 
detail in Section 3, allows characterize quantitatively the spatial organization of nitroxide 
biradicals, proteins, nucleic acids, frozen two-component solutions, synthetic polymers, and 
nanostructured materials. Unfortunately, the most part of the d1/d features and the majority 
of the resulta obtained have been published in original only in Russian, though translated 
into English, scientific journals, and are not known well to practical scientists and students. 
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Figure 2. The EPR spectrum of TEMPOL radical at 77 K and c = 0.001 M 

Therefore, the main goal of this chapter is describing the present state of this method and 
the analysis of regularities and peculiarities of its application to various objects and systems 
under EPR investigation including molecules, macromolecules and supramolecular systems. 
Theoretical aspects, experimental details, obtained results and conclusions will be reported 
in the following sections. 

2. Methods of the local concentration and the distance measurement from 
EPR spectra 

It is well known from the basic theory of EPR spectroscopy that the value of magnetic 
dipole-dipole interaction between electron spins of paramagnetic centers depends strongly 
on the distance between them (Abragam, 1961, Blumenfeld et al., 1962, Altshuler & Kozirev, 
1964), and this information is very important for understanding the structure and properties 
of such systems. There are several independent methods for measuring distances, which 
have been analyzed in detail in many publications, for example, in the following books: 
Likhtenshtein, 2008, Moebius & Savitsky, 2009, Berliner et al., 2001, Schweiger & Jeschke, 
2001, Eaton & Eaton, 2004, Weil & Bolton, 2007, Tsvetkov et al., 2008, Parmon et al., 1980, 
Lebedev & Muromtsev, 1971. 

The most complete analysis of different approaches and techniques allow measuring 
distances with high accuracy was presented by Berliner et al., 2001 and Eaton & Eaton, 2004. 
Below, for better understanding, we shortly report about some of them widely used. 
Complete information about these approaches one can read in works cited above. It should 
be mentioned that methods based on double electron-electron resonance, pulsed EPR and 
spin echo measurements, high frequency and high field EPR are usually used in the case of 
pairwise interaction between two spins distributed in an immobilized sample (Berliner et 
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al., 2001). As a rule, a distance between two interacting spins is much less than between 
different pairs, for example, in the case of nitroxide biradicals in diluted solid solutions or 
spin labeled proteins. 

2.1. Dipolar interaction measured by EPR 

Fig. 3 shows typical changes in EPR spectra of R6OH dissolved in 1-butanol at three different 
concentrations. Broadening of CW X-band EPR spectra of nitroxide radicals in frozen 
solutions, due to dipolar interaction, results in changes of the whole spectrum shape which 
can be characterized with changes in widths of the EPR spectrum lines and in their relative 
intensities.  

 
Figure 3. Experimental EPR spectra of R6OH dissolved in 1-butanol at 0.001 (1), 0.1 (2), and 0.4 mol/l (3) 
at 77 K. Asterisks * show the 3rd and 4th lines of Mn2+ ions in MgO matrix 

The line width of the separate line and the shape of whole EPR spectra depend on several 
various factors such as the distance between paramagnetics, type of their spatial 
distribution, temperature, polarity, viscosity and organization of the solvent, longitudinal 
relaxation time T1, etc. On practice, there are two most common types of distribution: 
random and pairwise. A quantitative structural characteristic for the first one is the local 
concertration, Cloc. The mean distance among interacting spins, <r>, can be calculated from 
Cloc in an assumption of the distribution type, for the simplest example: <r> = (Cloc)1/3 for 
cubic regular lattice. For distribution of spins in pairs, for instance, in stable nitroxide 
biradicals, if they are dissolved at low concentration in solvents glazed under freezing in 
liquid nitrogen at 77 K, the biradical structure can be completely determined by the certain 
distance r between two interacting unpaired electrons localized at >NO bonds, and angles 
of their mutual spatial orientation (Parmon et al., 1977a, 1980). At high temperatures, if 
radicals are dissolved in low-viscous liquids with fast rotational and translational mobility, 
the dipolar coupling is averaged decreasing up to zero. 
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al., 2001). As a rule, a distance between two interacting spins is much less than between 
different pairs, for example, in the case of nitroxide biradicals in diluted solid solutions or 
spin labeled proteins. 

2.1. Dipolar interaction measured by EPR 

Fig. 3 shows typical changes in EPR spectra of R6OH dissolved in 1-butanol at three different 
concentrations. Broadening of CW X-band EPR spectra of nitroxide radicals in frozen 
solutions, due to dipolar interaction, results in changes of the whole spectrum shape which 
can be characterized with changes in widths of the EPR spectrum lines and in their relative 
intensities.  

 
Figure 3. Experimental EPR spectra of R6OH dissolved in 1-butanol at 0.001 (1), 0.1 (2), and 0.4 mol/l (3) 
at 77 K. Asterisks * show the 3rd and 4th lines of Mn2+ ions in MgO matrix 

The line width of the separate line and the shape of whole EPR spectra depend on several 
various factors such as the distance between paramagnetics, type of their spatial 
distribution, temperature, polarity, viscosity and organization of the solvent, longitudinal 
relaxation time T1, etc. On practice, there are two most common types of distribution: 
random and pairwise. A quantitative structural characteristic for the first one is the local 
concertration, Cloc. The mean distance among interacting spins, <r>, can be calculated from 
Cloc in an assumption of the distribution type, for the simplest example: <r> = (Cloc)1/3 for 
cubic regular lattice. For distribution of spins in pairs, for instance, in stable nitroxide 
biradicals, if they are dissolved at low concentration in solvents glazed under freezing in 
liquid nitrogen at 77 K, the biradical structure can be completely determined by the certain 
distance r between two interacting unpaired electrons localized at >NO bonds, and angles 
of their mutual spatial orientation (Parmon et al., 1977a, 1980). At high temperatures, if 
radicals are dissolved in low-viscous liquids with fast rotational and translational mobility, 
the dipolar coupling is averaged decreasing up to zero. 
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Dipole-dipole interaction between paramagnetic centers is manifested in dipolar splitting of 
EPR lines in the case of two coupled spins (biradicals) or in dipolar broadening of EPR lines 
in the case of interacting of several spins at random distribution. It was shown for the 
dipolar broadening H that (Abragam, 1961, Lebedev & Muromtsev, 1971): 

 H = ΔH  ΔH0 = A•C (1) 

Here ΔH is the width of the homogeneous individual EPR spectrum line, ΔH0 is a linewidth 
at the absence of the dipolar coupling, C is concentration, and A is a coefficient, which 
depends on the character of the spatial distribution of the paramagnetic centres in the 
sample, the shape of the individual line, and the longitudinal relaxation time T1. Values of A 
for different cases of radical distributions (regular, random, in pairs, etc.) are published in 
(Lebedev & Muromtsev, 1971). For example, the theoretical value Atheor = 5.8•1020 G/cm3 = 
34.8 G•l/mol for the width at a half-height ΔH1/2 for the Gaussian line shape (Grinberg et al., 
1969). Eq.(1) is valid at not too high concentrations, such as (4/3)r03C << 1, where r0 is the 
characteristic size of the paramagnetic particle (a distance of the closest approach). Values of 
r0 calculated from the experiment were equal to 6.2  0.5 for R6OCOC6H5 in toluene, 5.8  
0.6, and 6.0  0.4 for R6OH in ethanol and 50% H2O-glycerol mixture (Kokorin, 1974). 

If the experimental Aexp value measured in a wide concentration interval, coincide or close to 
the Atheor value, it is the objective confirmation that paramagnetic species (radicals) are 
distributed in the whole volume of the sample. In the case of rather often real situation 
when paramagnetic species are localized in a certain part of the sample only (spin probes in 
emulsions, in lipid vesicles, spin labels attached to polymer macromolecules, etc.), the 
experimentally measured value of the parameter Aexp = H/Cloc characterize the magnitude 
of the dipolar broadening and can be significantly greater the value of Atheor. At the same 
time, if it is known or can be assumed that for paramagnetic centres used, the type of spatial 
distribution in the areas of their localization remains the same (random, regular, etc.), the 
real value of Aexp in these areas does not change and has to be equal to Atheor. Therefore, one 
can calculate Cloc values by the equation analogues to Eq. (1) (Kokorin, 1992): 

 Cloc = H/A (2) 

Eq. (2) is valid for nitroxide radicals and paramagnetic metal ions with long T1 > 1010 s 
(Kokorin, 1992). 

It has been experimentally shown that in accordance with Eq. 1, the dipolar broadening of 
the low-field “parallel” line H1/2 and of the central complex line Hpp (see Fig. 2) depends 
on the radical concentration linearly but with different values of ΔH0 and A for ΔH1/2 and 
ΔHpp (Fig. 4). 

From these experimental dependences and Eq. 1, one can calculate: App = 24.9  0.5 G•l/mol, 
ΔH(0)pp = 10.2  0.07 G for all solvents studied; A1/2 = 40.6  0.7 G•l/mol, ΔH(0)1/2 is equal to 
6.0  0.07, 7.6  0.08, 8.6  0.1 G for R6OH in frozen at 77 K toluene, ethanol, and 50% 
glycerol water mixture correspondingly. Very important contribution concerning correct  
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Figure 4. H1/2 (1) and Hpp (2) as a function of concentration at 77 K: R6OH in glycerol:H2O = 1:1 
mixture (○) and in ethanol (), R6OCOC6H5 in toluene () 

determination of different impacts (dipole-dipole interaction, spin exchange coupling, 
electron spin relaxation, etc.) to the line broadening of EPR spectra was recently done by 
Salikhov, 2010. 

2.2. Second central moment measured by EPR spectra 

Any EPR spectrum can be characterized by its second central moment, which can be 
determined as: 

 M2 = ∫(H  H0)2F(H)dH/∫F(H)dH, (3) 

where H0 is the value of the spectrum centre, F(H) gives the shape of the spectrum 
absorption line as a function of the magnetic field H, and ∫F(H)dH is the normalization 
condition of the EPR spectrum. The value of H0 one can find from the equation: 

 ∫(H  H0)F(H)dH = 0 (4) 

The classical theory of spin-spin interaction connected the value of M2 with the distance 
between interacting spins S (Van Vleck, 1948, Pryce & Stevens, 1950): 

 M2 = (3/4)g22S(S + 1)•∑[(1  3cos2j,k)2/rj,k6] (5) 

Here rj,k is the distance between spins j and k, j,k is the angle between the line connecting 
these spins and the external magnetic field H, g is a g-factor, and  is Bohr magneton. Later, 
it was shown by Lebedev, 1969, that the second central moment of the absorption EPR 
spectrum in the case of the random distribution of paramagnetic centres in a solid matrix 
depends linearly on their concentration C: 
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determination of different impacts (dipole-dipole interaction, spin exchange coupling, 
electron spin relaxation, etc.) to the line broadening of EPR spectra was recently done by 
Salikhov, 2010. 

2.2. Second central moment measured by EPR spectra 

Any EPR spectrum can be characterized by its second central moment, which can be 
determined as: 

 M2 = ∫(H  H0)2F(H)dH/∫F(H)dH, (3) 

where H0 is the value of the spectrum centre, F(H) gives the shape of the spectrum 
absorption line as a function of the magnetic field H, and ∫F(H)dH is the normalization 
condition of the EPR spectrum. The value of H0 one can find from the equation: 

 ∫(H  H0)F(H)dH = 0 (4) 

The classical theory of spin-spin interaction connected the value of M2 with the distance 
between interacting spins S (Van Vleck, 1948, Pryce & Stevens, 1950): 

 M2 = (3/4)g22S(S + 1)•∑[(1  3cos2j,k)2/rj,k6] (5) 

Here rj,k is the distance between spins j and k, j,k is the angle between the line connecting 
these spins and the external magnetic field H, g is a g-factor, and  is Bohr magneton. Later, 
it was shown by Lebedev, 1969, that the second central moment of the absorption EPR 
spectrum in the case of the random distribution of paramagnetic centres in a solid matrix 
depends linearly on their concentration C: 
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 M2 = (2/15)2g22C0C (6) 

Here  = 3/2 in the case of the equivalent spins, and C0 = r0
3 means the characteristic volume 

occupied by a paramagnetic molecule in the matrix. Hence, linear dependence between M2 
and radical concentration C in solid solutions is evidence of a random distribution of spins 
in the matrix. Dipole-dipole interaction contributes to the broadening of the spectrum and 
its second moment M2: 

 M2 = M2(0) + B•C, (7) 

where M2(0) is the M2 value at the absence of dipolar broadening, and a coefficient B is a 
characteristic of a certain solid matrix, for instance, in magnetically diluted frozen solutions. 
This dependence is illustrated well in Fig. 5: 

 
Figure 5. M2 as a function of concentration at 77 K: R6OH in glycerol:H2O = 1:1 mixture (○) and in 
ethanol (), R6OCOC6H5 in toluene (), R5NCHCOCH2I in ethanol (), R5NCH2Br in ethanol (▼) 

As in the case of dipolar broadening (section 2.1) the local spin concentrations can also  
be measured from the spectral second central moment M2 by Eq. (8) in the agreement with  
Fig. 5: 

 ΔM2 = M2  M2(0) = B•Cloc (8) 

The following values were calculated: B = 910  30 G2•l/mol, and M2(0) is equal to 340 ± 10, 
390 ± 12 G2 for R6OH in frozen at 77 K ethanol and 50% glycerol-water mixture 
correspondingly; 305 ± 6 G2 for R6OCOC6H5 in toluene, 250  10 G2 for R5NCH2Br, and 270  
12 G2 for R5NCHCOCH2I (in ethanol both). M2(0) is a characteristic of the solvent and the 
radical structure, while ΔM2 depends on the magnitude of the dipolar interaction. 

Several other useful relations between various spectroscopic parameters are presented in 
section 3. 
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2.3. Measurements based on the relaxation time and saturation effects 

A method for estimation distances between nitroxide radicals or between spins of the spin 
label and paramagnetic metal center, based on the quantitative analysis of saturation curves 
of spin label EPR spectra recorded at 77 K, was suggested by Kulikov & Likhtenstein, 1974. 
This approach has been tested using haemoglobin molecule labeled by SH groups with 
various nitroxide radicals. Values of the distances between labels and iron ion in haem 
estimated from the saturation curve parameters (values of T1

1, T2
1, and T1

1•T2
1) 

were compared with distances measured by d1/d parameter and estimated from the X-ray 
data of haemoglobin (Kulikov, 1976). Here, T1 and T2 are the longitudinal, T1, and 
transverse, T2, relaxation times of the nitroxide electron spin. Results obtained were in 
reasonable agreement. In the case of rapid spin relaxation of the metal paramagnetic center, 
this method allows one determine rather long distances up to 2.0 nm. Serious limitation of 
this method is the following: for structural investigations of haem containing and other 
proteins, one have to know the exact value of spin relaxation time T1 of the metal 
paramagnetic center from independent measurements (Kulikov, 1976). 

Theoretical aspects of the method based on spin relaxation of nitroxide radicals in solid 
matrix (frozen solutions) were considered in the first part of the review by Kulikov & 
Likhtenstein 1977. The distance between the spins of the radical and the other paramagnetic 
centre can be determined from the change of the transverse, T2, and especially from the 
longitudinal, T1, relaxation times of the radical due to the dipole-dipole interaction between 
the radical and the metal ion. The study of structure of several metal-containing proteins: 
haemoglobin, myosin and nitrogenase, has been carried out by the method of spin labels. 
The interesting approach, so called method “spin label – paramagnetic probe” has been 
carefully examined by spin relaxation in solutions of spin labeled proteins in the presence of 
inert paramagnetics, readily diffused in the solution by measuring T2 values of the label. The 
influence of the probes on labels T2 values depends on the frequency of collisions between a 
label and a probe, and therefore this approach can be used for quantitative study of the 
factors, which effect the frequency of collisions: microviscosity, steric hindrances, the 
presence of electrostatic charges (Kulikov & Likhtenstein 1977). 

Later, many scientists began to work on developing various modifications of the relaxation 
times method for investigation structural peculiarities and conformational dynamics of 
biological macromolecules, proteins first of all, their aggregates and bio-membranes. One of 
the most serious and complete reviews in this field to my opinion was written by Eaton & 
Eaton, 2001a & 2001b. This review contains theoretical and experimental fundamentals of 
the method in solid and fluid solutions, technical details, a lot of experimental data, their 
deep analysis, interesting applications. 

2.4. Double electron-electron resonance (ELDOR) 

A theoretical basis of the method is perfectly described in (Saxena & Freed, 1997). For 
calculating double quantum two dimensional electron spin resonance spectra in the rigid 
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limit, that correspond to the experimental spectra obtained from a nitroxide biradical, a 
specific formalism has been developed. The theory includes the dipolar interaction between 
the nitroxide moieties as well as the fully asymmetric g and hyperfine tensors and the 
angular geometry of the biradical. The effects of arbitrary strong pulses are included by 
adapting the recently introduced spin-Hamiltonian theory for numerical simulations. 
Creation of “forbidden” coherence pathways by arbitrary pulses in magnetic resonance, and 
their role in ELDOR is discussed. The high sensitivity of these ELDOR signals to the 
strength of the dipolar interaction was demonstrated and rationalized in terms of the 
orientational selectivity of the “forbidden” pathways. This selectivity also provides 
constraints on the structural geometry (i.e., the orientations of the nitroxide moieties) of the 
biradicals. The theory was applied to the double quantum modulation ELDOR experiment 
on an end-labeled poly-proline peptide biradical. A distance of 1.85 nm between the ends is 
found for this biradical (Saxena & Freed, 1997). 

The results of development of pulse electron-electron double resonance (PELDOR) 
technique and its applications in structural studies were summarized and described 
systematically in a review by Tsvetkov et al., 2008. The foundations of the theory of the 
method were discribed, some experimental features and applications were considered, in 
particular, determination of the distances between spin labels in the nanometre range for 
nitroxide biradicals, spin-labeled biological macromolecules, radical-ion pairs, and peptide-
membrane complexes. The authors attention was focused on radical systems arising upon 
self-assembly of nanosized complexes, in particular, from peptides, spatial effects, and 
radical pairs formation in photolysis and photosynthesis. The position of PELDOR among 
other structural EPR techniques was analyzed (Tsvetkov et al., 2008). 

PELDOR measures via the dipolar electron–electron coupling distances in the nanometre 
range, currently 1.5–8 nm, with high precision and reliability (Reginsson & Schiemann, 
2011). Depending on the quality of the data, the error can be as small as 0.1 nm. Beyond 
measuring mean distances, PELDOR yields distance distributions, which provide access to 
conformational distributions and dynamics. The method was also used to count the number 
of monomers in a complex and allowed determination of the orientations of spin centres 
with respect to each other. If, in addition to the dipolar through-space coupling, a through-
bond exchange coupling mechanism contributes to the overall coupling both mechanisms 
can be separated and quantified (Reginsson & Schiemann, 2011). This is of principle interest 
for researchers in many real cases. 

Interesting implication of ELDOR to polymer science has been done by Bird et al., 2008.They 
demonstrated on a series of spin-labeled oligomers quantitative determination the end-to-
end lengths and distance distributions. In case of oligomers with well-defined three-
dimensional structures (seven different macromolecules, each containing eight monomers) 
which were labeled with nitroxide radicals, the quantitative information about the shapes 
and flexibility of the oligomers was obtained, and end-to-end distances were calculared. The 
shapes of the EPR-derived population distributions allowed authors to compare the 
flexibility of these spiro-ladder oligomers. 
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Additional information concerning this very powerful technique one can find in Berliner et 
al., 2001, Webb, 2006, Reginsson & Schiemann, 2011. 

2.5. High frequency/high field EPR spectroscopy 

High frequency (high field) EPR spectroscopy opened new approaches for investigating the 
structure, properties, dynamics, conformational transitions and functioning of many 
chemical and biological systems. Authors of the recent book considering this method: 
Möbius & Savitsky, 2009, presented the state-of-the-art capabilities and future perspectives 
of electron-spin triangulation by high-field/high-frequency dipolar EPR techniques designed 
for determining the three-dimensional structure of large supra-molecular complexes 
dissolved in disordered solids. These techniques combine double site-directed spin labeling 
with orientation-resolving PELDOR spectroscopy. In one of the last publications of this 
topic, the prospects of angular triangulation, which extends the more familiar distance 
triangulation was appraise (Savitsky et al., 2011). The three-dimensional structures of two 
nitroxide biradicals with rather stiff bridging blocks and deuterated nitroxide headgroups 
have been chosen as a model for spin-labeled proteins. The 95 GHz high-field electron 
dipolar EPR spectroscopy with the microwave pulse-sequence configurations for PELDOR 
and relaxation-induced dipolar modulation enhancement (RIDME) has been used. The 
approach showed good agreement with other structure-determining magnetic-resonance 
methods, and seems to be one of the most precise orientation-resolving EPR spin 
triangulation methods for protein structure determination (Savitsky et al., 2011). 

To those who want to know about the high field/high frequency approach in detail, I 
recommend several additional books: Grinberg & Berliner, 2011, Misra, S. K., 2011, Eaton et 
al., 2010, Hanson & Berliner, 2010. 

At the end of this section it is necessary to attract attention to two recent works. The first 
article considers joint analysis of EPR line shapes and 1H nuclear magnetic relaxation 
dispersion (NMRD) profiles of DOTA-Gd derivatives by means of the slow motion theory 
(Kruk et al., 2011). NMRD profiles have been extended to ESR spectral analysis, including in 
addition g-tensor anisotropy effects. The extended theory has been applied to interpret in a 
consistent way NMRD profiles and ESR spectra at 95 and 237 GHz for two Gd(III) 
complexes. The goal was to verify the applicability of the commonly used pseudorotational 
model of the transient zero field splitting, which was described by a tensor of a constant 
amplitude, defined in its own principal axes system. The unified interpretation of the EPR 
and NMRD leads to reasonable agreement with the experimental data. Seems, this approach 
to the electron spin dynamics can be also effectively used for quantitative description in the 
case of nitroxide spin probes and labels (Kruk et al., 2011). 

One of very important questions in the spin label/probe method is connected with the 
distance distributions <r> between site-directedly attached spin labels, which obtained by 
measuring their dipole–dipole interaction in systems under investigation by EPR. As it was 
shown in (Köhler et al., 2011), the analysis of these distance distributions can be misleading 
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particularly for broad distributions of <r>, because the most probable distance deviates from 
the distance between the most probable label positions. The authors studied this effect using 
numerically generated spin label positions, molecular dynamics simulations, and 
experimental data of a model systems. An approach involving Rice distributions is 
proposed to overcome this problem (Köhler et al., 2011). 

3. The empirical d1/d parameter 

One of the most informative methods for investigating the structure, spatial organization 
and physical-chemical properties of complex and supramolecular systems on the 
microscopic, molecular level is EPR spectroscopy in its spin label/probe technique variant 
(Berliner, 1976; Buchachenko & Wasserman, 1976; Likhtenstein, 1976). Usually, nitroxide 
radicals of different structure were used for studying of structural peculiarities of spin 
labeled proteins and the spatial distribution of probes in them. We will discuss shortly the 
most important results obtained by different authors below. 

With the increase of concentration, X-band EPR spectra of nitroxide radicals in frozen 
solutions reflect not only dipolar broadening of spectral lines and increasing of the M2 value, 
but also noticeable changes of the whole spectrum shape which can be characterized with 
the empirical “shape parameter” d1/d (Figs. 2, 3). Anisotropic “frozen” EPR spectra of 
nitroxide radicals at different widths of individual lines have been simulated (Parmon & 
Kokorin, 1976). They are shown in Fig. 6. 

 
Figure 6. Simulated anisotropic EPR spectra of nitroxide radical at different widths of individual lines: 
3 (1), 5 (2), 7 (3), 10 (4), and 13 G (5). The following values were used for simulations: gx = 2.0089, gy = 
2.0061, gz = 2.0027; Ax = 7, Ay = 5, Az = 33 G 
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It is evidently seen from Figs. 3 and 6 that the line widths and the relative intensities of the 
center and outer lines in the spectra are changed with the increase of radical concentration. 
The experimental dependence of d1/d parameter, characterizing changes of the whole EPR 
spectrum shape of nitroxides, is not linear (Fig. 7): 

 
Figure 7. Parameter  as a function of nitroxide radical concentration at 77 K: R6OH in glycerol:H2O = 
1:1 mixture (○) and in ethanol (), R6OCOC6H5 in toluene (), R5NCHCOCH2I in ethanol () and in 
toluene (▼) 

Similar nonlinear dependence have been obtained from simulations of the anisotropic X-
band EPR spectra of nitroxides (Parmon & Kokorin, 1976, Kolbanovsky et al., 1992a). For all 
nitroxide radicals frozen at 77 K in various glazed solvents studied, one can observe, as it 
was published by Kokorin et al., 1972, 1975, that: 

 d1/d = (d1/d)0 + Δ (9) 

Here Δ is a contribution of the dipole-dipole interaction between radicals, and (d1/d)0 is a 
characteristic of the solvent and radical itself (Kokorin, 1974, Kokorin et al., 1975). This 
equation was verified by precise computer simulations of experimental EPR spectra 
(Kolbanovsky et al., 1992a). Results obtained for three radicals: R6OH, R6CH2CH2Br (both in 
ethanol), and R6H (in toluene) are given in Table 1. These data confirmed the correctness of 
usage the d1/d parameter for quantitative characterization the spatial distribution of spin 
labels, in the case of their random distribution, in magnetically diluted solid solutions. These 
results confirmed the possibility of applications of d1/d parameter for quantitative studies 
(Kolbanovsky et al., 1992a). 

Several experimental correlations between spectral parameters useful for practical 
applications have been found for nitroxide radicals in solid solutions. They are shown in 
Figs. 8-10. 
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C, mol/l R6OH R6H R6CH2CH2Br 
Experiment Theory Experiment Theory Experiment Theory 

0.05 0.12 0.11 0.12 0.12 0.10 0.11 
0.1 0.22 0.24 0.23 0.25 0.23 0.23 

0.15 0.33 0.37 0.33 0.41 0.31 0.36 
0.2 0.38 0.45 0.40 0.49 0.43 0.44 

0.25 0.43 0.50 0.43 0.52 0.46 0.48 
0.3 0.49 0.54 0.50 0.54 0.51 0.52 

0.35 0.55 0.57 0.57 0.56 - - 
0.4 0.58 0.59 0.63 0.57 - - 

Table 1. Experimental and calculated from simulated spectra values of parameter  

 
Figure 8. (d1/d)0 as a function of hyperfine splitting constant A|| at 77 K for: R6=O (▲), R6H (), R6OH 
(○), R6NH2 (), and R6OCOC6H5 () 

 
Figure 9. M2(0) as a function of hyperfine splitting constant A|| (○), and of parameter (d1/d)0 () at 77 K 
for R6OH in glycerol:H2O = 1:1 mixture, ethanol, methanol, and R6OCOC6H5 in toluene 
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Figure 10. M2 as a function of parameter  (), and parameter  as a function of C1/2 at 77 K for R6OH 
in glycerol:H2O = 1:1 mixture (), in ethanol (), and R6OCOC6H5 in toluene (○) 

The value of (d1/d)0 parameter depends on the hyperfine splitting constant A|| and on the 
nitroxide rihg structure (Parmon et al., 1977b). It is seen from Fig. 8 that 

 (d1/d)0 = 1.73  0.035•A|| (10) 

These values, 1.73  0.06 and 0.035  0.002, obtained for R6H, R6OH, R6NH2, and R6OCOC6H5 
dissolved in various solvents, practically coincide with values of 1.76 and 0.036 
correspondingly, published earlier in Parmon et al., 1977b, 1980 and measured for R6OH 
radical only. For R6=O radical, these parameters are equal to 1.70  0.04 and 0.036  0.001, 
correspondingly. 

Fig. 9 presents the value of M2(0) as a function of A|| and of (d1/d)0 parameter. This can be 
formalized by corresponding equations: 

 M2(0) = (25.3  0.6)•A||  (560  25) (11) 

and 

 M2(0) = (680  10)  (705  17)•(d1/d)0 (12) 

Previously (Parmon et al., 1977b, 1980), values of M2(0) = 25.5•A||  570 has been reported. 

Parameter ΔM2 also correlates with the values of parameter Δ, as it follows from Fig. 10. 

 ΔM2 = (410  20)•Δ (13) 
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It was reported (Kokorin, 1986) that parameter Δ, which is not linear on concentration, can 
be presented as a rather linear plot in other coordinates: 

 Δ = (0.89  0.05)•C1/2  (0.025  0.013) (14) 

It should be stressed that this linear plot is valid in the concentration range between 0.02 and 
0.4 mol/l, i.e., for 0.04  Δ  0.45. 

Relations presented above were tested with different objects, and can be recommended for 
application in the case of random or regular distribution of spin probes in chemical and 
biological systems. 

4. Pairwise interaction between two nitroxide spins 

Pairwise distribution of the dipolar interacted spins, when a distance between them, r, is 
noticeably less than a mean distance between pairs, has been investigated in numerous 
works. This type of spatial distribution contains first of all nitroxide biradicals and double-
labeled proteins, peptides and oligomers. In case of short biradicals with r < 1.1 nm, when 
the dipolar splitting is observed in the EPR spectrum lines, the rD value, expressed in Eq. 
(15), can be easily determined from the spectrum simulation (Parmon et al., 1977a, 1980, 
Kokorin et al., 1984) or just from the experimental value of the dipolar splitting D by the 
equation (Kokorin et al., 1972): 

 rD = 30.3•D
1/3, (15) 

or from the relative intensity  of the half-field (“forbidden”, MS = 2) and normal-field 
(MS = 1) EPR transitions, rS (Lebedev & Muromtsev, 1972, Dubinskii et al., 1974): 

  = I2/I1 = (8/15)(3g/2H0rS3)2  38/rS6, (16) 

where I2 and I1 are integrated intensities of EPR spectra of corresponding transitions, H0  
320 mT is a value of the constant magnetic field in the center of MS = 1 EPR spectrum, and 
rS is measured in Å. In practice, the value of rS one can determine experimentally up to  
1.2 nm. 

The dipolar interaction impact to second central moment M2 = M2  M2(0) of EPR spectrum 
allows measuring the distance rM (in Å) in biradicals till ~1.8 nm by the equation (Kokorin et 
al., 1972, Kulikov et al., 1972): 

 rM = 23.1•(M2)1/6 (17) 

Kokorin et al., 1972, reported about 9 biradicals for which distances r were measured 
independently by methods mentioned above and compared with d1/d parameter of these 
biradicals. Later, the number of such “reference” biradicals increased to thirteen, and 
allowed to plot the experimental dependence of r on  presented in Fig. 11 based on the 
results given in Table 2: 
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Figure 11.  (○) and 1 () as a function of the distance r between unpaired electrons in nitroxide 
biradicals in frozen solutions at 77 K 

 

Biradical Solvent rM, Ǻ rS, Ǻ rcalc, Ǻ 
OC(OR6)2 Toluene 11.2 11.7 11.3* 
S(OR6)2 Toluene 11.1 10.8 11.6 
O2S(OR6)2 Toluene 10.7 10.3 - 
CH2CH(O)P(OR6)2 Toluene 10.3 10.2 10.9 
R6NH(CH2)2R6 Toluene 10.8 11.5 - 
m-C6H4(COOR6)2 Toluene 15.5 - 15.7 
o-C6H4(COOR6)2 Toluene 11.5 11.2 11.8 
R6(CH2)4R6 Ethanol 12.9 - 13.1* 
(CH2)4(HOR6)2 Ethanol 13.6 13.2* 13.8 
(CH2)6(COOR6)2 Ethanol - 18.5* 17.8 
m-N3C3Cl*NHCH2R6)2 Methanol 13.8 - 13.0 
m-N3C3Cl*NHR6)2 Methanol 11.5 - 11.3 

* measured from the X-ray data as the distance between centres of NO bonds (Capiomont, 1972); rM measured from 
the second central moment ΔM2 (Kokorin et al., 1972, 1974, 1976, Kulikov et al., 1972); rS measured from the forbidden 
transitions ΔMS = 2 (Dubinskii et al., 1974), rcalc calculated from EPR spectra simulation at 77 (K (Kokorin et al., 1984) 

Table 2. Distances between NO groups in nitroxide biradicals measured by different methods 

Linear dependence of r on 1 obtained in the range 1.0  r  1.85 nm gives a correct, simple 
and rather precise method for the estimation of r values: (Kokorin et al., 1976) 
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Kokorin, 1974, Parmon et al., 1977b, 1980 published similar corresponding parameters equal 
to 9.3  0.25 and 0.77  0.03. One can see that these values are very close to those in Eq. (18). 
Therefore, the interval in which d1/d parameter is recommended for correct distance 
measurements is 1.2  r  2.5-2.7 nm. 

Values of <r> and r calculated from the EPR spectra simulation for nitroxide radicals and 
biradicals in the case of random and pairwise distributions according to recommendations 
of (Kokorin et al., 1984) were compared with experimental data and shown in Fig. 12. Good 
correlation between experimental and theoretical data is observed. 

 
Figure 12. Parameter d1/d as a function of mean distances <r> for R6OH radical (, ▲), and distances r 
for biradicals (○, ) dissolved in frozen at 77 K solutions: experimental (▲, ) and calculated (, ○) from 
theoretical EPR spectra values 

The EPR spectrum shape parameter d1/d has been used for studying the effect of the solvent 
on structural organization of nitroxide biradicals. 

Results presented in Table 3 show that in glassy solid solutions frozen at 77 K in various 
solvents the conformational structure of biradicals can be changed by the influence of the 
solvent in case of non-rigid, rather long flexible molecules such as m-C6H4[COO(CH2)2R6]2, o-
C6H4[COO(CH2)2R6]2, S[(CH2)2COOR6]2, while for rather short or more rigid molecules 
(R6NH(CH2)2R6, m-C6H4(COOR6)2) the solvent effect is not observed. A long flexible biradical 
(CH2)4[COO(CH2)2R6]2 was not also sensitive to changes in the solvent polarity (Table 3). 

It should be stressed that modern EPR techniques allow researchers measuring distances 
longer 2.5-3.0 nm, which are out of the scale for d1/d. As an example, it can be illustrated  
by the work of Bird et al., 2008 in which authors demonstrated the synthesis of a series  
of spin-labeled curved oligomers and determined their end-to-end lengths and  
distance distributions using ELDOR technique of EPR spectroscopy. Spin labeled water- 
soluble, spiro-ladder oligomers with well-defined three-dimensional structures studied with  
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Biradical Solvent d1/d  0.01 r, Ǻ 

R6NH(CH2)2R6 
Toluene 1.03 11.1  0.2 
Ethanol 0.94 11.0 

H2O:glycerol = 1:1 0.865 11.0 

m-C6H4(COOR6)2 

Toluene 0.675 15.5 
1-butanol 0.61 16.0  0.6 
Ethanol 0.60 16.0 

Methanol 0.595 15.7  0.5 

o-C6H4[COO(CH2)2R6]2 

Toluene 0.745 12.7  0.3 
1-butanol 1.01 10.8 
Ethanol 0.92 11.2  0.2 

Methanol 0.82 11.6 

m-C6H4[COO(CH2)2R6]2 

Toluene 0.65 16.1  0.6 
1-butanol 0.55 23.3  2.2 
Ethanol 0.56 19.6  1.4 

Methanol 0.55 19.0  1.2 

(CH2)4[COO(CH2)2R6]2 
Toluene 0.605 20.3  1.6 
Ethanol 0.555 20.3 

S[(CH2)2COOR6]2 
Toluene 0.66 15.7  0.5 
Ethanol 0.57 18.4  1.0 

Table 3. Effect of solvent nature on the distances between unpaired electrons in nitroxide biradicals 
(Parmon et al., 1980) 

ELDOR, provided to obtain quantitative information about the shapes and flexibility of the 
oligomers. The estimeted end-to-end distance of the oligomers ranges from 23 to 36 Å. The 
shapes of the EPR-derived population distributions allow the authors to compare the degree 
of shape persistence and flexibility of spiro-ladder oligomers (Bird et al., 2008). 

The last works in this area based on high-frequency pulse EPR technique besides measuring 
distances allow to determine relative mutual orientation of paramagnetic >N–O groups at 
distances r > 3.0 nm (Savitsky et al., 2011). The 95 GHz high-field electron dipolar EPR 
spectroscopy with the microwave pulse-sequence configurations for PELDOR has been 
applied. It was concluded that due to the high detection sensitivity and spectral resolution 
the combination of site-directed spin labeling with high-field PELDOR stands out as an 
extremely powerful tool for 3D structure determination of large disordered systems. The 
authors approach compared with other structure-determining magnetic-resonance methods 
evidently showed its advantage. Angular constraints were provided in addition to distance 
constraints obtained for the same sample, and the number of necessary distance constraints 
was strongly reduced. The reduction of necessary distance constraints became another 
appealing aspect of orientation-resolving EPR spin triangulation which can be applied for 
protein structure determination (Savitsky et al., 2011). 
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Real advantage of d1/d method in comparison with modern ones is its simplicity, 
availability and quite good precision within the interval of its correctness (1.2-2.7 nm). 

5. Interaction between radicals and paramagnetic metal ions 

It was experimentally revealed that d1/d parameter strongly depends on the longitudinal 
relaxation time T1 value, and a new method of measuring distances between spin labels and 
paramagnetic metal ions in macromolecules suggested (Kokorin & Formazyuk, 1981). The 
number of paramagnetic metal ions and complexes tested has been enlarged, and possible 
applications to biological systems discussed (Kokorin, 1986). Some later, this approach has 
been extended to spin-labeled metal-containing polymers (Kokorin et al., 1989). 

Fig. 13 presents typical dependences of d1/d parameter of R6OH radical as a function of 
concentration of R6OH itself, and of some salts: Cu(NO3)2, Ni(en)2(NO3)2, CoSO4, MgSO4 
dissolved in H2O;glycerol (1:1) mixture, and of Cr(acac)3 in methanol solution. One can see 
from Fig. 13 that the efficiency of d1/d increase is different for various metal ions. Indeed, it 
is known from theory that the dipolar broadening of EPR spectra depends besides 
concentration of paramagnetic centres on the value of its electron spin and the longitudinal 
relaxation time T1 (Abragam, 1961, Molin et al., 1980). Kokorin et al., 1981 suggested to 
characterize relative efficiency of dipole-dipole interaction between nitroxide radicals and 
paramagnetic metal ions with parameter *: 

 * = [4S(S+1)/3]–1/2•<M/R>  (19) 

Here M and R are the dipolar impacts to d1/d parameter measured at the same 
concentrations in cases of interaction between radicals, R, or between a radical and a metal 
ion, M, <M/R> is the averaging by all concentrations (Fig. 13), and coefficient  = 
[4S(S+1)/3]–1/2 is used for metal ions with the electron spin S > ½, and takes into account that 
a spin probe interacts with several electron spins of the metal, S. In such case the dipolar 
broadening parameter, A*, will be equal to: 

 A* = •H/CM , (20) 

analogous to Eq. (1). This correction allows one to determine local concentrations of various 
paramagnetic metal complexes. A value of <M/R> parameter depends on the T1 value of 
the paramagnetic centres under investigation (Kokorin & Formazyuk, 1981). Other 
approaches for solving this problem as well as a perfect collection of experimentally 
measured values of T1 are collected in Eaton & Eaton, 2001a, 2001b. 

In case of coupling between a nitroxide radical and a paramagnetic metal complex 
distributed in the matrix in pairs, interesting results were presented by (Fielding et al., 1986). 
Low-spin Fe(II1)-tetraphenylporphyrin complexes have been modified with seven  
nitroxide radicals of different length: CONHR5,6, CONHCH2R5,6, OCH2CONHR6, 
O(CH2)2CONHR6, O(CH2)4CONHR6. The spin labels were attached by amide or amide 
and ether linkages to the ortho position of one phenyl ring. The axial ligands were imidazole  
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Figure 13. d1/d as a function of concentration of R6OH radical (), Cu(NO3)2 (), Ni(en)2(NO3)2 (), 
CoSO4 (▲), MgSO4 () in H2O;glycerol = 1:1, and Cr(acac)3 (●) in methanol at 77 K. en is 
NH2CH2CH2NH2, and acac is acetylaceronate 

or 1-methylimidazole. In frozen solution the complexes with amide linkages adopted two 
different conformations, and the populations of the conformations were solvent-dependent. 
Measured value of the exchange integral J was rather high, while the spin-spin interaction in 
the second conformation was much weaker than in the first conformation. Broadening of the 
nitroxyl signal in frozen solution was also observed for complexes with longer ether 
linkages between the phenyl ring and the nitroxyl. Distances between nitroxide NO groups 
and Fe(III) ions were estimated by d1/d parameter and by the Leigh method (Leigh, 1970). 
The EPR spectra, reported by other authors, of two spin labels coordinated to ferric 
cytochrome P450 were analyzed with the computer programs developed for the iron 
porphyrin model systems. The authors showed that electron-electron exchange interaction 
as well as dipolar interaction must be considered in analyzing the spectra of spin-labeled 
porphyrin-containing bio-macromolecules (Fielding et al., 1986). 

6. Applications to solid solutions and materials 

Nitroxide spin probes were successfully used for quantitative investigating the structure 
and micro-phase organization of frozen two-component solutions (Kokorin & Zamaraev, 
1972). R6OH radical has been chosen as a spin probe to test the homogeneity of heptane-
ethanol, carbon tetrachloride-ethanol, and toluene-ethanol mixtures with different ethanol 
content, frozen at 77 K. EPR spectra of the probe showed non-linear changes of d1/d 
parameter, from which local concentrations Cloc were calculated. For explanation of the 
results observed the existence of two different phases in frozen mixed solutions was 
assumed. By the model suggested in (Khairutdinov & Zamaraev, 1970, Kokorin & 
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Zamaraev, 1972), radicals were localized not in the whole volume of the sample (V0, C0) but 
only in one mixed phase of total volume V contained both components with local 
concentration Cloc. The second phase was crystallized and did not contain spin probes. 
Evidently, Cloc = C0•V0/V and it was obtained for the coefficient of non-uniformity of probes 
distribution  = Cloc/C0: 

  = [(Mgl/dgl) + n•(Mcr/dcr)]–1•CEt–1,  (21) 

where Mgl, Mcr and dgl, dcr are molecular masses and densities of the glazed (ethanol) and 
crystallized (heptane, CCL4) components of the mixture; n is a number of molecules of the 
crystallized solvent per one molecule of the glazed one (ethanol) in the areas of the spin 
probe localization. CEt is the concentration of ethanol in the solution. From experimental 
dependences of  on CEt–1 for mixtures heptane-ethanol and CCL4-ethanol a phase of non-
polar solvent and the binary mixture of constant composition were observed. The 
quantitative composition of binary mixtures was determined: 6.5  0.8 ethanol molecules per 
one heptane molecule, and 2.3  0.3 ethanol molecules per one CCl4 molecule. Binary 
toluene-ethanol mixtures were glassy at 77 K at all ratios of components, had complex non-
linear dependence of  on CEt–1 but did not have phases of constant composition (Kokorin & 
Zamaraev, 1972). 

Another interesting and important quantitative application of spin label technique and d1/d 
parameter can be illustrated by studies of gold nanoparticles with EPR spectroscopy.  

Ionita et al., 2004, investigated the mechanism of a place-exchange reaction of ligand-
protected gold nanoparticles using biradical disulfide spin labels which were chemically 
attached to the surface (Fig. 14). Analysis of reaction mixtures combined GPC and EPR 
technique allowed authors to determine concentration profile of spin probes and propose a 
kinetic model for the reaction. Local concentrations of spin labels and mean distances 
between them were measured using d1/d parameter. In the model suggested, only one 
branch of the disulfide ligand was adsorbed on the gold surface during exchange, and the 
other branch formed mixed disulfide with the outgoing ligand. The two branches of the 
disulfide ligand therefore did not adsorb in adjacent positions on the surface of gold 
nanoparticles. This was proven by the powder EPR spectra of frozen exchange reaction 
mixtures. The data presented also suggested the presence of different binding sites with 
different reactivity in the exchange reaction. It was assumed that the most-active sites are 
likely to be nanoparticle surface defects (Ionita et al., 2004). 

 
Figure 14. Schematic localization of spin labels on the surface of gold nanoparticles (Ionita et al., 2005) 
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A series of gold nanoparticles modified with a nitroxide-functionalized ligands was 
synthesized with a range of spin-label coverage (Ionita et al., 2005). The X-band EPR spectra 
of frozen solutions of these nanoparticles showed coverage-dependent line-broadening due 
to dipole-dipole interactions between spin labels, and a noticeable increase of d1/d 
parameter. A methodology to analyze such spectra in terms of geometrical features of the 
nanoparticles (e.g., gold core size and the length of the spin-labeled ligand) was developed. 
The method was based on the assumption that the spectral line shape was determined by 
the average distance between nearest-neighboring spin labels adsorbed on the gold particle. 
Geometrical and statistical analysis related this distance to the line shape parameter d1/d, 
which was calibrated using a model system. A calibration curve was suggested as an 
empirical Eq. (22) (Ionita et al., 2005): 

 d1/d = a1exp[a2(rn  a3)] + a4 + a5/rn  (22) 

Here rn is the average distance between nearest-neighboring nitroxide labels. The values of 
empirical parameters a1-a5 were equal to 0.8050, 3.0150 nm1, 0.8736 nm, 0.5145, and 0.06824 
nm, respectively, as obtained by nonlinear regression. Experimental and calculated values of 
d1/d parameter were compared and have been very close to each other. The interspin 
average distances rn between nearest-neighboring spins were determined in the range 1.46  
rn  3.3 nm, and they decreased with increasing coverage of spin labels. 

Application of this methodology to the experimental spectra provided information about 
the conformation of ligands on the gold surface. It was found that, if the spin-labeled ligand 
was substantially longer than the surrounding protecting layer, it did not adopt a fully 
stretched conformation but wrapped around the particle immediately above the layer of 
surrounding ligands. The results obtained also showed that the ligands were not adsorbed 
cooperatively on the gold surface (Ionita et al., 2005). 

The lateral mobility of the thiolate ligands on the surface of gold nanoparticles was also 
probed by Ionita et al., 2008, using bisnitroxide ligands, which contained a disulfide group in 
the bridge (to ensure attachment to the gold surface) and a cleavable ester bridge connecting 
the two spin-labeled branches of the molecule. Upon adsorption of these ligands on the surface 
of gold particles, the two spin-labeled branches were held next to each other by the ester 
bridge as evidenced by the spin-spin interactions. Cleavage of the bridge removed the link that 
kept the branches together. CW and pulsed EPR (ELDOR) experiments showed that the 
average distance between the adjacent thiolate branches on the gold nanoparticle surface only 
slightly increased after cleaving the bridge and thermal treatment. This implied that the lateral 
diffusion of thiolate ligands on the nanoparticle surface was very slow at room temperature 
and took hours even at elevated temperatures (90°C). The changes in the distance distribution 
observed at high temperature were likely due to ligands hopping between the nanoparticles 
rather than diffusing on the particle surface (Ionita et al., 2008). 

7. Applications to polymers 

Another quantitative application of d1/d parameter was suggested for determining local 
concentrations of chain units in macromolecular coils using the spin-label method (Kokorin 
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et al., 1975). Labelling of poly-4-vinyl-pyridine (P4VP) with R6CH2CH2Br, R6OCOCH2Cl or  
R6NHCOCH2I radicals with the degree of alkylation of pyridine residues from 2 up to 35 
mol.% allowed authors to determine such important structural characteristics of the 
polymer coil as local concentration of pyridine monomers CN, the effective volume <V> and 
effective radius Reff of the polymer coil, its local density loc: 

 <V> = n/Cloc; Reff = (3n/4Cloc)1/3; CN = [(P  n)/n]•Cloc; loc = P•Cloc/n (23) 

Here P and n are a degree of polymerization (mean number of monomer units in the chain) 
and mean number of spin labels in the coil correspondingly. It should be stressed that this 
approach is correct if: a) distribution of spin labels in the coil is statistically random, b) the 
mean volume <V> occupied by spin labels is identical to the volume of the coil, and c) spin 
labeling does not change the conformation of macromolecules. 

High values of CN equal to 0.3  0.1 mol/l, obtained for labeled P4VP molecules in dilute 
solutions, confirm the theoretical estimations made by Tanford, 1961. Table 4 contains some 
values obtained for spin labeled P4VP, polyethylenimine (PEI), polyglycidylmethacrylate 
(PGMA), poly(methacrylic acid) (PMAc), and its sodium salt (PMAcNa). <ĥ2> = 
6•(3<V>/4)2/3 is the mean-square end-to-end distance for a Gaussian chain. 

This approach was successfully used for analyzing the conformational state of PGMA 
macromolecules in diluted and concentrated polymer solutions (Shaulov et al., 1977). 
Determination of mean distances between monomer units in the chain or their local 
concentration, Cloc, in the effective macromolecular volume <V> as a function of the polymer 
concentration in solutions of different thermodynamic quality as well as in a solid amorphous 
powder was carried out. Both labelled and non-labelled polymers were used. It was revealed 
that within limits of the experimental conditions, the size of the coil considered to be Gaussian, 
exceeds theta-dimensions, while the coil size in solid polymer is close to -dimensions. Models 
of concentrated PGMA solutions were analyzed and the most probable one was chosen basing 
on the experiment (Shaulov et al., 1977). 

The local density of monomer units of the macromolecule (local density of the host residues, 
host) in poly(4-vinyl pyridine) solutions in ethanol was determined by the spin label 
technique and d1/d parameter (Wasserman et al., 1979). In dilute solutions, host is 
considerably greater than the mean density of monomer units in the volume of the polymer 
coil. When the P4VP concentration increases from 0.5 to 65 wt%, the host increase does not 
exceed 30%. This fact indicates that the differences between polymer coil spatial 
organization (mutual positions of monomer units close to a labeled unit) in dilute and 
concentrated solutions are small. The local density of monomer units of neighbouring 
macromolecule coils (guest macromolecules, guest) is strongly dependent on the polymer 
concentration in solution. In dilute solutions, host >> guest; for polymer concentrations above 
2–3 wt%, overlapping and interpenetration of macromolecular coils take place, local density 
of guest coils, guest; monotonously increases with polymer concentration growing up. The 
concentration dependence of the local rotational and translational mobility of chain units 
was also determined for spin-labeled P4VP (Wasserman et al., 1979). 
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Several works were published in which d1/d parameter was used for the study of 
intramolecular dynamics and of local density of P4VP units in diluted and concentrated 
liquid and frozen solutions with spin label method Wasserman et al., 1980a, 1980b). 
Temperature dependences of EPR spectra lines of spin labeled P4VP solutions in ethanol 
allowed estimate dipolar and spin exchange impacts, and to calculate mean local densities 
loc at 77 and 293 K. Measured parameters: 0.3  0.1 at 77 K and 0.25  0.05 mol/l at 293 K, 
were several times higher than the average concentrations of the units in solutions. 
Knowledge of these concentrations allowed to calculate correct diffusion coefficients of spin 
labels in the P4VP coil. These results are reasonably close to those listed in Table 4. 
 

Polymer P Cloc, mol/l , mol/l <V>, nm3 Reff, nm <ĥ2>, nm2 
P4VP-25% 430 0.14 0.52 1370 6.8 280 
P4VP-35% 270 0.17 0.49 930 6.1 220 
P4VP-10% 1330 0.04 0.4 5540 11.0 726 
P4VP-15% 1330 0.07 0.49 4570 10.3 636 
P4VP-20% 1330 0.11 0.55 4030 9.9 590 
P4VP-28% 1330 0.14 0.5 4430 10.2 624 
P4VP-40% 1330 0.18 0.45 4930 10.6 670 
PEI-5% 120 0.023 0.46 435 4.7 130 
PEI-22% 120 0.14 0.62 320 4.25 110 
PGMA-10% 690 0.033 0.33 3450 9.4 530 
PGMA-16% 690 0.05 0.3 3830 9.7 560 
PMAc-23% 1600 0.11 0.48 5580 9.3 520 
PMAcNa-23% 1600 0.1 0.43 6130 9.6 550 

Table 4. Some parameters characterizing spin-labelled polymers (Kokorin, 1992, Wasserman et al., 1992) 

The intramolecular mobility and local density of monomer units in spin labeled styrene co-
polymers with maleic anhydride has been studied (Aleksandrova et al, 1986). The estimated 
value of loc for these co-polymers dissolved in dimethylformamide equal 0.03 mol/l was ten-
fold less loc values measured for P4VP in ethanol or 50% H2O:ethanol mixtures (Table 4). 

Quantitative measurements of non-crystallized (solvated) water molecules, based on the 
EPR study of the structure of frozen aqueous solutions of polyvinylpyrrolidone (PVP) and 
of polyvinylalcohol (PVA) have been reported (Mikhalev et al., 1985). Local concentrations 
of spin labels and spin probes were determined by d1/d parameter and Cloc values calculated 
using procedure suggested in Khairutdinov & Zamaraev, 1970, Kokorin & Zamaraev, 1972. 
In the presence of NaCl salt in frozen solutions of PVP, the formation of strong complexes 
between PVP links with water has been observed in the areas containing salt, polymer 
fragments and H2O molecules. 

The application of EPR spin probe and spin label technique for solving two actual problems 
of polymer physical chemistry was considered in (Wasserman et al., 1996). The first problem 
is the determination of conformational state and chain sizes in amorphous solid polymers. 
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This determination is based on the analysis of the intramolecular dipolar broadening of EPR 
spectra of spin labelled macromolecules in glassy solvents or in the bulk of unlabeled 
polymers at 77 K with the use of d1/d parameter. The second problem is the determination 
of molecular dynamics and structure of polymer colloid systems: (a) the complex of 
colloidal silica and synthetic polycation macromolecule, and (b) polymer-surfactant micellar 
organized systems. Possible approaches were discussed. 

Spin labeling was used to investigate the topochemical characteristics of polymer carriers 
and immobilized metal complexes (Bravaya & Pomogailo, 2000). Functionalized 
polyethylene (PE) molecules such as PE-grafted-polyallylamine (PE-PAA), PE-grafted-
polydiallylamine (PE-PDAA), and PE-grafted-poly-4-vinylpyridine (PE-P4VP), obtained by 
grafting polymerization of the corresponding monomers, were used as polymer carriers. 
Metal-containing polymers were synthesized by attaching to polymers either TiCl4 (PE- 
PDAA-Ti) or Al(C2H5)2Cl (PE-PDAA-Al). 2,2,6,6-tetramethyl-4-(2’-oxy-4’,6’-dichlorotriazine) 
piperidine-1-oxyl nitroxyl radical (R1) was used for spin labeling PE-PDAA, while 
2,2,5,5,tetramethyl-3-(N-acetoamidiiodine)pyrrollidine-1-oxyl (R2) was used for spin labeling 
PE-P4VP, and 2,2,6,6-tetramethyl-4-hydroxy-pyperidine-1-oxyl (R3) was bound to PE-PDAA-
Ti and PE-PDAA-Al respectively. Estimation of the effective distances between the spin labels 
by d1/d parameter and the dynamic behavior of nitroxyl radicals in the functionalized 
polymer matrixes and metal-containing polymers revealed several important features of 
spin-labeled systems. Metal complex formation of functional polymers made them more 
accessible for spin labeling and had a considerable effect on the dynamic characteristics of 
the polymer matrix. Thermodynamic characteristics of the rotational diffusion of the labels 
were determined (Bravaya & Pomogailo, 2000). 

Next serious approach to better understanding structural organization of spin labeled 
macromolecules in the amorphous solid state and their conformational transitions has been 
suggested by Khazanovich et al., 1992. The algorithm for EPR spectra computation was 
developed: it was assumed that molecular weights of labelled linear chains are high enough 
and their solid solution is diluted. It was shown that the scaling exponent which determines 
the dependence of mean-square end-to-end distance on molecular weight and stiffness 
parameter (mean-square length of monomer unit) may be extracted from the spectra. 
Simulated EPR spectra were compared with experimental ones, measured at 77 K, of diluted 
solutions of spin-labelled poly(4-vinyl pyridine), P4VP, of different molecular weights in 
methanol and non-labelled P4VP. The conformational state of the Gaussian coil, parameter 
of stiffness, and mean square radius of gyration <RG2>1/2 of spin-labeled P4VP 
macromolecule in frozen solutions were determined via measuring d1/d parameter, local 
density values loc of links, and parameters mentioned above were calculated from it. It was 
concluded that EPR spectroscopy may become a sensitive tool for studying chain 
conformation in solid polymers (Khazanovich et al., 1992, Kolbanovsky et al., 1992b). 

This approach was successfully used to determine the conformational states of spin labeled 
P4VP, poly(methacrylic acid), PMAc, and its sodium salt in glassy methanol, ethanol, 1-
propanol solutions and in the bulk matrix of unlabeled polymers at 77 K. All 
macromolecules had near-Gaussian coil conformations. The mean square lengths of the 
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repeating units, the characteristic ratios, and the mean-square end-to-end distances <R2>1/2 of 
the polymers were determined. Typical results are listed in Table 5 with corresponding 
values of  (extracted from Wasserman et al., 1992). 
 

Polymer* Solvent  <R2>1/2, nm 
P4VP-1 
P4VP-1 
P4VP-2 
P4VP-4 
P4VP-5 
P4VP-6 
PMAc 

PMAcNa 

Methanol 
1-Propanol 
Methanol 
Ethanol 
Ethanol 

Methanol 
Methanol 
Methanol 

0.24 
0.29 
0.14 
0.28 
0.17 
0.13 
0.25 
0.23 

22 
20 
22 
36 
33 
107 
44 
48 

* P4VP-1,2,6 were labeled with R6CH2CH2Br, P4VP-4,5 – with R5N=CHCOCH2I, PMAc – with R6NH2. P4VP-1,2, P4VP-
4,5 and P4VP-6 are of different molecular mass. 

Table 5. Parameters  and <R2>1/2 of spin labeled macromolecules 

Analyzing developing of the area of spin probes and labels during a quarter of a century of 
its application to polymer studies, the author described in details history of the method, 
investigations of local and segmental mobility in polymers, and paid special attention to the 
approaches for determining local densities and translational dynamics of monomeric units 
in a coil (Kovarski, 1996). 

It should be noted that EPR data on conformational state and dimensions of the polymer coil 
can substantially complement the data of other physical methods: neutron scattering, for 
example. 

The spin label method was also used for studying the spatial organization of the labeled 
linear polyethyleneimine (PEI) macromolecules in glassy 50% water-ethanol solutions in the 
process of complex formation with transition metal ions (Kokorin et al., 1989). The mean 
local density of PEI chain units loc was measured by d1/d parameter, as well as PEI coil 
volume <V>, the mean coil radius Reff, and the average distance berween spin labels (Table 
5). It is known, that if in the sample there are paramagnetic centres of different nature, total 
dipolar broadening of EPR spectrum lines is the sum of broadenings caused by 
paramagnetics of each type (Lebedev & Muromtsev, 1972). Analogously, in case of 
coordination of metal ions (paramagnetic Cu(II), Ni(II), Co(II) and diamagnetic Zn(II) and 
sodium ions) by the spin-labeled PEI, a procedure for separate determination the impacts of 
the dipole-dipole interaction between spins of radical labels LL and of radicals with metal 
ions LM was suggested. These impacts can be expressed as a sum to the experimentally 
measured value of parameter : 

  = LL + LM  (24) 

The average distances RLM between a label and the nearest paramagnetic complex were 
determined by the method suggested by Leigh, 1970. The average local concentrations of 
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complexes <CM> in the PEI coil volume were calculated using the data and coefficients 
obtained in Kokorin & Formazyuk, 1981. Changes in LL caused by the decrease of the coil 
volume as a result of polymer-metal complex formation was determined by measuring d1/d 
values in the case of PEI interaction with diamagnetic Zn(II) ions in the whole range of 
[M]/[L] ratios. As an example of this approach Fig. 15 shows the effective local concentration 
of metal complexes <CM> in the PEI coil vs. the metal-to-label ratio [M]/[L] for different 
metal ions at 77 K (Kokorin et al., 1989). 
 

 
Figure 15. Effective local concentration of metal complexes <CM> in PEI coil as a function of metal-to-
label ratio [M]/[L] at 77 K for: ●, - Cu(II), ▲, - Ni(II) and ,+ - Co(II). Concentration of spin labels [L] = 
0.045 (●,▲,) and 0.012 mol/l (,,+) 

It should be stressed that this procedure is correct only in the assumption that spatial 
distributions of spin labels and polymer-metal complexes in the coil are the same, random, 
and there are no areas of their specific localization. A fact that <CM> plots vs. [M]/[L] ratio 
are the same for all divalent ions studied allows conclude that the structure of metal-PEI coil 
for these ions is similar. 

Determination of the nanostructure of polymer materials by EPR spectroscopy was 
considered as one of the few methods that can characterize structural features in the range 
between 1 and 5 nm in systems that lack long-range order (Jeschke, 2002). Approaches based 
on various techniques of EPR spectroscopy, such as CW X-band EPR, electron spin echo, 
ENDOR) provided good structural contrast even in complex materials, because the sites of 
interest could be selectively labeled or addressed by suitably functionalized spin probes 
using well established techniques. In the article, experiments on distance measurements on 
nanoscales in terms of the accessible distance range, precision, and sensitivity were 
discussed, and recommendations were derived for the proper choice of experiment. Both 
simple and sophisticated methods for data analysis are described and their limitations are 
evaluated. The approach of Khazanovich et al., 1992, based on d1/d and  parameters was 
used for characterization of the chain conformation was described. The conformational 
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organization of the polymer chain and the structure of ionomers based on diblock 
copolymers were analyzed (Jeschke, 2002). 

Bird et al., 2008, demonstrated modern possibilities of ELDOR and computing methods on a 
series of spin-labeled oligomers to determine their end-to-end lengths, Ree, and distance 
distributions. Seven different shape-persistent macromolecules from conformationally 
restricted, asymmetric monomers that are coupled through pairs of amide bonds to create 
water-soluble, spiro-ladder oligomers with well-defined three-dimensional structures were 
synthesized and investigated. The ends of these oligomers were labeled with nitroxide 
radicals. ELDOR experiments were carried out to obtain quantitative information about the 
shapes and flexibility of the oligomers. The most probable Ree distance of the oligomers 
ranges from 2.3 to 3.6 nm. The relative distances measured for the oligomers confirm that, 
by varying the sequence of an oligomer, one can control its shape. The shapes of the EPR-
derived population distributions allowed the authors to compare the degree of shape 
persistence and flexibility of spiro-ladder oligomers to other well-studied nanoscale 
molecular structures such as p-phenylethynylenes (Bird et al., 2008). 

Interesting application of spin label method and d1/d parameter was presented by Kozlov et 
al., 1981, for investigation the oligomers in solutions where long-chain flexible nitroxide 
biradicals were used as a model. Measuring distances r between N–O groups in oligomers, 
the dependence of r on the number of units in the chain, n, was experimentally obtained for 
12 biradicals of different length, and the equation (Flory, 1969): 

 <r2> = 22n, (25)  

where  is a Flory-Fox constant, and  is the characteristic length. It was shown that  = 
0.56 nm for hydrocarbon oligomers,  = 0.534 nm for dimethylsiloxane ones, and also  = 
0.452 and 0.405 nm for poly(methylene) and poly(dimethylsiloxane) chains correspondingly 
(Kozlov et al., 1981). Fig. 16 Illustrates Eq. () well. 

 
Figure 16. Distance <r2>1/2 as a function of n1/2 in toluene solutions at 77 K for (CH2)k(COOR6)2, k = 6-8, 
10, 14 (●), and R6O–[Si(CH3)2O]m–R6, m = 2-6 () 
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Additional information on applications of spin label technique for investigation structural 
properties of synthetic polymers is described in detail in monographs by Wasserman & 
Kovarsky, 1986, Kovarski, 1996, Schlick, 2006. 

8. Applications to biological systems 

If two nitroxide spin labels are attached to any biological macromolecule, one can measure a 
distance r between their unpaired electrons from the magnitude of dipole-dipole interaction. 
This approach has been suggested for the first time by Kokorin et al., 1972, Kulikov et al., 
1972. Oxy- and met- forms of spin labelled human haemoglobin (Kokorin et al., 1972), egg 
lysocyme, cachalot myoglobin and myosin from rabbit muscles (Kulikov et al., 1972) were 
used as probing macromolecules because at that time the X-ray analysis of these proteins 
was already done and their spatial organization was known. This provided important 
possibility to compare EPR results with known X-ray structure. The results obtained in these 
works demonstrated that measuring the second central moment of EPR spectra one can 
determine distances r with high accuracy in the range of 1.0 < r < 1.6 nm, while the 
experimental EPR spectrum shape parameter d1/d shifted the upper value of r up to 2.5 nm, 
what is very important for biological systems. Then, the following equation 

 r = 9.3 + 0.77/ (26) 

analogoues to Eq. (18) was suggested (Kokorin, 1974, Parmon et al., 1977b, 1980) for 
experimental applications. Very often researchers plotted their own graduation curves for 
using d1/d parameter. Below, the most interesting results obtained with this parameter in 
different biological systems are discussed. 

8.1. Peptides, proteins, enzymes 

The first object to which the approach and d1/d parameter was applied was D-glyceraldehyde-
3-phosphate Dehydrogenase (Elek, et al., 1972), for which authors showed that the distance 
between spin labels attached to Cys-149 and Cys-153 does not exceed 2.1 nm. 

Several works were done on double spin-labelled short proteins – biologically active 
polypeptides such as Gramicidine S, Bradykinin, etc. 

Conformational states of cyclic decapeptide Gramicidine S was studied in (Ivanov et al., 
1973). Two ornithine amino acid groups were labeled and at temperatures higher 40C EPR 
spectra showed five-component spectra typical for nitroxide biradicals. In frozen solutions 
the distance r equal to 1.25  0.08 and ~1.0 nm was estimated from d1/d parameter and M2 
value correspondingly, while theoretical calculations of Gramicidine S model estimated the 
appropriate distance in the range of 1.2 – 1.4 nm. 

The most detailed and consecutive study of spatial structure of linear polypeptide 
Bradykinin was carried out in (Ivanov et al., 1975a, 1975b, Filatova et al., 1977). Attaching by 
two radicals R6CH2COO– or R5COO– to different amino acid groups as it is shown 
schematically in Fig. 17: 
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Figure 17. A schematic structure of double spin labelled bradykinin derivatives 

The authors could measure a set of distances between various bradykinin analogues. Nine 
different “biradical” derivatives were synthesized. Some results (parameters d1/d and r) 
extracted from articles by Ivanov et al., 1975a, 1975b, Filatova et al., 1977, are given in Table 6. 
 

Compound * d1/d r, nm 
R1-Arg1Ser6-R1 0.64 1.36 
R2-Arg1Ser6-R2 0.72 1.17 
R1-Arg1Tyr5-R1 0.57 1.63 
R1-Arg1Tyr8-R1 0.60 1.48 
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BOC-Gly-(R1)Tyr5Tyr8-R1 0.65 1.34 

* R1 – R6CH2COO–, R2 – R5COO–, BOC – tert-butyloxycarbonyl 

Table 6. Values of d1/d and interspin distances r in double spin labeled bradykinin derivatives 

An important result followed from these data: the bradykinin structure in a solution could 
not be lenear or chaotically disordered, and the most probable structure was chosen, later 
confirmed by quantum chemical calculations. It was shown that bradykinin has in solutions 
a curved, quasi-cyclic structure, which was confirmed by the decay of fluorescence in the 
case of fluorescent labels. 

Study of the interaction between natural and spin labeled steroid hormones and human serum 
albumin was carried out (Sergeev et al., 1974). The main goal of the work was determination of 
the relative location of the labeled histidine groups of albumin and a spin labeled steroid. The 
distance was estimated as r > 1.8 nm. Changes of albumin molecule caused by binding steroids 
had allosteric character and corresponded to the trans-globular effects. 
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Figure 17. A schematic structure of double spin labelled bradykinin derivatives 
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Study of the location of spin-labeled thiol groups relatively the active center of Ca-
depending ATP-ase, in which diamagnetic Ca(II) ions were substituted with paramagnetic 
Mn(II) ions, allowed estimate the distance between the label and manganese ion as 1.1 nm 
(Maksina et al., 1979. 

Later, at the end of 20th and beginning of 21st century, when new, informative, and modern 
quantitative methods based on double electron-electron resonance (ELDOR) and high 
frequency EPR spectroscopy were created as well as new methodologies. For example, 
measurement of the distance between two spin labels in proteins permits distinguish the 
spatial orientation of elements of defined secondary structure (Hustedt & Beth, 1999). By using 
site-directed spin labeling, it is possible to determine multiple distance values and thereby 
build tertiary and quaternary structural models as well as measure the dynamics of structural 
changes. New analytical methods for determining interspin distances and relative orientations 
for uniquely oriented spin labels have been developed using global analysis of multifrequency 
EPR data. New methods have also been developed for determining interprobe distances for 
randomly oriented spin labels. These methods are being applied to a wide range of structural 
problems, including peptides, soluble proteins, and membrane proteins, that are not readily 
characterized by other structural techniques (Hustedt & Beth, 1999). Nevertheless, a simple-
measured d1/d parameter was used rather often during these years. 

By using a variety of biochemical and biophysical approaches, a helix packing model for the 
lactose permease of Escherichia coli has been proposed (He et al., 1997). The four residues 
that are irreplaceable with respect to coupling were paired: Glu269 (helix VIII) with His322 
(helix X) and Arg302 (helix XI) with Glu325 (helix X). In addition, the substrate translocation 
pathway was located at the interface between helices V and VIII, which is in close vicinity to 
the four essential residues. Based on this structural information and functional studies of 
mutants in the four irreplaceable residues, a molecular mechanism for energy coupling in 
the permease has been proposed. It was shown by two methods that Arg302 is also close to 
Glu269. Glu269-His, Arg302-His, and His322-Phe binds Mn2+ with high affinity at pH 7.5, 
but not at pH 5.5. Site-directed spin-labeling of the double Cys mutant Glu269-Cys / Arg302-
Cys exhibited spin-spin interaction with an interspin distance of about 1.4-1.6 nm. The spin-
spin interaction was stronger and interspin distance shorter after the permease was 
reconstituted into proteoliposomes. Taken as a whole, the data were consistent with the idea 
that Arg302 may interact with either Glu325 or Glu269 during turnover (He et al., 1997). 

Hess et al., 2002, have studied the secondary structure, subunit interaction, and molecular 
orientation of vimentin molecules within intact intermediate filaments and assembly 
intermediates. Spectroscopy data proved -helical coiled-coil structures at individual amino 
acids 316–336 located in rod 2B. Analysis of positions 305, 309, and 312 identify this region as 
conforming to the helical pattern identified within 316–336 and thus demonstrated that this 
region is in an -helical conformation. Varying the position of the spin label, authors could 
identify both intra- and inter-dimer interactions. With a label attached to the outside of the -
helix, it have been able to measure interactions between positions 348 of separate dimers as they 
align together in intact filaments, identifying the exact point of overlap. By mixing different 
spin-labeled proteins, Hess et al. demonstrated that the interaction at position 348 is the result of 
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an anti-parallel arrangement of dimers. This approach provided high resolution structural 
information (<2 nm resolution), can be used to identify molecular arrangements between 
subunits in an intact intermediate filament, and should be applicable to other noncrystallizable 
filamentous systems as well as to the study of protein fibrils (Hess et al., 2002). 

Continuing the approach established the utility of site-directed spin labeling and EPR to 
determine structural relationships among proteins in intact intermediate filaments Hess et al., 
2004, have introduced spin labels at 21 residues between amino acids 169 and 193 in  
rod domain 1 of human vimentin. The EPR spectra provided direct evidence for the coiled  
coil nature of the vimentin dimer in this region. This result was consistent with predictions but  
had never been experimentally demonstrated previously. Previously it was identified that  
residue 348 in the rod domain 2 acted as one point of overlap between adjacent dimers  
in intact filaments, and a new study was defined residue 191 in the rod domain 1 as a second  
point of overlap and established that the dimers are arranged in the anti-parallel and  
staggered orientation at this site. These results are shown in Table 7. By isolating spin-labeled  
 

Position 184 189 190 191 192    
d1/d a 0.33 0.47 0.42 0.45 0.49    
Δ 0.01 0.15 0.1 0.13 0.17    

<r>, Å > 25 14.5 17.0 15.3 13.9    
Position 281 282 283 284 285 286 287 288 

d1/d b 0.43 0.38 0.63 0.44 0.43 0.40 0.45 0.46 
Δ 0.11 0.06 0.31 0.12 0.11 0.08 0.13 0.14 

<r>, Å 16.3 22.0 11.9 15.7 16.3 18.9 15.3 14.9 
Position 289 290 291 292 293 294 295 296 

d1/d b 0.39 0.43 0.71 0.38 0.41 0.48 0.44 0.43 
Δ 0.07 0.11 0.39 0.06 0.09 0.16 0.12 0.11 

<r>, Å 20.2 16.3 11.4 22.0 17.8 14.2 15.7 16.3 
Position 297 298 299 300 301 302 304  

d1/d b 0.43 0.51 0.50 0.43 0.48 0.59 0.39  
Δ 0.11 0.19 0.18 0.11 0.16 0.27 0.07  

<r>, Å 16.3 13.4 13.7 16.3 14.2 12.3 20.2  
Position 323 324 325 326 327 328 329 330 

d1/d c 0.48 0.33 0.32 0.46 0.34 0.38 0.33 0.49 
Δ 0.16 0.01 - 0.14 0.02 0.06 0.01 0.17 

<r>, Å 14.2 > 25 - 14.9 > 25 22.0 > 25 13.9 
Position 331 332 333 334 335 336   

d1/d c 0.34 0.35 0.46 0.34 0.33 0.33   
Δ 0.02 0.03 0.14 0.02 0.01 0.01   

<r>, Å > 25 > 25 14.9 > 25 > 25 > 25   

Table 7. Calculation of distances <r> between spin labels at different positions in Vimentin by d1/d 
parameter measured from spectra recorded at 100°C in (Hess, a 2004, b 2006, c 2002) 
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samples at successive stages during the dialysis that lead to filament assembly in vitro, 
authors established a sequence of interactions that occurs during in vitro assembly, starting 
with the -helix and loose coiled coil dimer formation. Then the formation of tetrameric 
species centered on residue 191, followed by interactions centered on residue 348 suggestive 
of octamer or higher order multimer formation. A continuation of this strategy by the 
authors revealed that both 191–191 and 348–348 interactions were present in low ionic 
strength Tris buffers when vimentin was maintained at the “protofilament” stage of 
assembly (Hess et al., 2004). 

Mutations in intermediate filament protein genes were responsible for a number of inherited 
genetic diseases including skin blistering diseases, corneal opacities, and neurological 
degenerations. It was shown that mutation of the arginine (Arg) residue to be causative in 
inherited disorders in at least four different intermediate filament (IF) proteins found in 
skin, cornea, and the central nervous system. Thus this residue is very important to IF 
assembly and/or function. The impact of mutation at this site in IFs was investigated by spin 
labeling. Compared with wild type vimentin, the mutant showed normal formation of the 
coiled coil dimers, with a slight reduction in the stability of the dimer in rod domain 1. 
Probing the dimer-dimer interactions showed the formation of normal dimer centered on 
residue 191 but a failure of dimerization at residue 348 in rod domain 2. These data revealed 
a specific stage of assembly at which a common disease-causing mutation in IF proteins 
interrupts assembly (Hess et6 al., 2005). 

Site-directed spin labeling, EPR and d1/d parameter were logically used to probe residues 
281-304 of human vimentin, a region that has been predicted to be a non--helical linker and 
the beginning of coiled-coil domain 2B (Hess et al., 2006). This region has been hypothesized 
to be flexible with the polypeptide chains looping away from one another. EPR analysis of 
spin-labeled mutants indicated that several residues reside in close proximity, suggesting 
that adjacent linker regions in a dimer run in parallel. Also, the polypeptide backbone was 
relatively rigid and inflexible in this region. This region did not show the characteristics of a 
coiled-coil as has been identified elsewhere in the molecule. Within this region, spectra from 
positions 283 and 291 were unique from all others of the examined. Structural parameters 
are given in Table 7. These positions displayed a significantly stronger interaction than the 
contact positions of coiled-coil regions. Analysis of the early stages of assembly by dialysis 
from 8 M urea and progressive thermal denaturation showed the close apposition and 
structural rigidity at residues 283 and 291 occurs very early in assembly, well before coiled-
coil formation in other parts of the molecule. Spin labels placed further downstream 
demonstrated EPR spectra suggesting that the first regular heptad of rod domain 2 begins at 
position 302. In conjunction with previous characterization of region 305-336 by the same 
authors and the solved structure of rod 2B from 328-405, the full extent of coiled-coil domain 
in rod 2B became now known, spanning from vimentin positions 302-405 (Hess et al., 2006). 

Phosphorylation processes drove the disassembly of the vimentin intermediate filament (IF) 
cytoskeleton at mitosis. Data of chromatographic analysis have suggested that 
phosphorylation produced a soluble vimentin tetramer, but little has been determined about 
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the structural changes that were caused by phosphorylation or the structure of the resulting 
tetramer. Pittenger et al., 2008, have studied site-directed spin labeling and EPR for 
examining the structural changes resulting from protein kinase A phosphorylation of 
vimentin IFs in vitro. EPR spectra suggested that the tetrameric species resulting from 
phosphorylation are the A11 configuration. It was also established that the greatest degree 
of structural change was connected with the linker 2 and the C-terminal half of the rod 
domain, despite the fact that most phosphorylation occurs in the N-terminal head domain. 
The phosphorylation-induced changes notably affected the proposed “trigger sequences” 
located in the linker 2 region. These data were the first to document specific changes in IF 
structure resulted from a physiologic regulatory mechanism and provided further evidence 
that the linker regions play a key role in IF structure and regulation of assembly-
disassembly processes (Pittenger et al., 2008). 

Four doubly spin-labeled variants of human carbonic anhydrase II and corresponding 
singly labeled variants were prepared by site-directed spin labeling (Persson et al., 2001). 
The distances between the spin labels were obtained from CW X-band EPR spectra by 
analysis of the relative intensity of the half-field transition, Fourier deconvolution of line-
shape broadening, d1/d parameter, and computer simulation of line-shape changes. 
Distances also were determined by four-pulse double electron-electron resonance. For each 
variant, at least two methods were applicable and reasonable agreement between methods 
was obtained. Distances ranged was from 7 to 24 Å. The doubly spin-labeled samples 
contained some singly labeled protein due to incomplete labeling. The sensitivity of each of 
the distance determination methods to the non-interacting component was compared 
(Persson et al., 2001). 

The C-terminal end of ubiquitin (Ub) was covalently attached to the amino group of a lysine 
in a target protein (Steinhoff, 2002). Additional ubiquitin groups were added using Ub-Ub 
linkages to form a polyubiquitin chain. The accessibility and the molecular dynamics of the 
target domain for each protein substrate was expected to be distinctive and in this article the 
author investigated the ubiquitination mediated protein turnover by means of site-directed 
spin labeling. EPR data were obtained and interpreted in terms of secondary and tertiary 
structure resolution of proteins and protein complexes. Analysis of the spin labeled side 
chain mobility, its solvent accessibility, the polarity of the spin label micro-environment and 
distances between spin labels allowed to model protein domains or protein-protein 
interaction sites and their conformational changes with a spatial resolution at a reasonable 
level. The structural changes accompanying protein function or protein-protein interaction 
were monitored in the millisecond time range (Steinhoff, 2002). 

Using modern pulse and multi-frequency techniques combined with site-directed spin 
labeling and EPR spectroscopy, the protein-protein and protein-oligonucleotide 
interaction was studied (Steinhoff, 2004). Analysis of the spin label spectra provided 
information about distances between spin labels and allowed the modeling of protein-
protein interaction sites and their conformational changes. Structural changes were 
detected with millisecond time resolution. Inter- and intra-molecular distances were 
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in a target protein (Steinhoff, 2002). Additional ubiquitin groups were added using Ub-Ub 
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distances between spin labels allowed to model protein domains or protein-protein 
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level. The structural changes accompanying protein function or protein-protein interaction 
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determined in the range from approximately 0.5 to 8.0 nm by the combination of CW and 
pulse EPR methods (Steinhoff, 2004). 

The elucidation of structure and function of proteins and membrane proteins by EPR 
spectroscopy has become increasingly important in recent years because of new approaches 
of spectroscopic methods and in the chemistry of nitroxide spin labels. These new 
developments have increased the demand for tailor-made amino acids carrying a spin label 
on the one hand and for reliable methods for their incorporation into proteins on the other. 
Becker et al., 2005, described methods for site-specific spin labeling of proteins and showed 
that a combination of recombinant synthesis of proteins with chemically produced peptides 
(expressed protein ligation) allowed the preparation of site-specifically spin-labeled 
proteins. 

Apolipoprotein A-I (apoA-I) is the major protein constituent of high density lipoprotein 
(HDL) and plays a central role in phospholipid and cholesterol metabolism. This 243-
residue long protein is remarkably flexible and assumes numerous lipiddependent 
conformations. Using EPR spectroscopy of site-directed spin labels in the N-terminal 
domain of apoA-I (residues 1–98), Lagerstedt et al., 2007, have mapped a mixture of 
secondary structural elements, the composition of which was consistent with findings from 
other methods. Based on side chain mobility, the precise location of secondary elements for 
amino acids 14–98 was determined for both lipid-free and lipid-bound apoA-I. Based on 
intermolecular dipolar coupling at positions 26, 44, and 64, and d1/d measurements, these 
secondary structural elements were arranged into a tertiary fold to generate a structural 
model for lipid-free apoA-I in solutions (Lagerstedt et al., 2007). 

Site-directed spin labeling and EPR spectroscopy were used for determining the structure of 
proteins and its conformational changes and dynamics of membrane proteins at 
physiological conditions. Analysis of these approaches is given in a review written by 
Czogalla et al., 2007. 

β-spectrin is responsible for interactions with ankyrin. Structural studies indicated that 
this system exhibits a mixed 310/α-helical conformation and is highly amphipathic. The 
mechanism of its interactions with biological membranes was investigated with a series of 
singly and doubly spin-labeled erythroid β-spectrin-derived peptides (Czogalla et al., 
2008). The spin-label mobility and spin–spin distances were analyzed via EPR 
spectroscopy, d1/d parameter, and two different calculation methods. The results 
indicated that in β-spectrin, the lipid-binding domain, which is part of the 14th segment, 
has the topology of typical triple-helical spectrin repeat, and it undergoes significant 
changes when interacting with phospholipids or detergents. A mechanism for these 
interactions was proposed (Czogalla et al., 2008). 

Halorhodopsin from Natronomonas pharaonis (pHR) is a light-driven chloride pump that 
transports a chloride anion across the plasma membrane following light absorption by a 
retinal chromophore which initiates a photocycle. Analysis of the amino acid sequence of 
pHR revealed three cysteine (Cys) residues in helices D and E. The Cys residues were 
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labeled with nitroxide radicals and studied using EPR spectroscopy. Labels mobility, 
accessibility to various reagents, and the distance between the labels have been studied 
(Mevorat-Kaplan et al., 2006). It was revealed by following the d1/d parameter that the 
distance between the spin labels is ca. 13-15 Å. The EPR spectrum suggested that one label 
had a restricted mobility while the other two were more mobile. Only one label was 
accessible to hydrophilic paramagnetic broadening reagents leading to the conclusion that 
this label was exposed to the water phase. All three labels were reduced by ascorbic acid 
and reoxidized by molecular oxygen. It was found that the protein experiences 
conformation alterations in the vicinity of the labels during the pigment photocycle. It was 
suggested that Cys186 is exposed to the bulk medium while Cys184, located close to the 
retinal ionone ring, exhibits an immobilized EPR signal and is characterized by a 
hydrophobic environment (Mevorat-Kaplan et al., 2006). 

Alliinase, an enzyme found in garlic, catalyzes the synthesis of the well-known chemically and 
therapeutically active compound allicin (diallyl thiosulfinate). The enzyme is a homodimeric 
glycoprotein that belongs to the fold-type I family of pyridoxal-50-phosphate-dependent 
enzymes. There are 10 cysteine residues per alliinase monomer, eight of which form four 
disulfide bridges and two are free thiols. Cys368 and Cys376 form a SAS-bridge located near 
the C-terminal and plays an important role in maintaining both the rigidity of the catalytic 
domain and the substrate-cofactor relative orientation. Weiner et al., 2009, demonstrated that 
the chemical modification of allinase with the colored ASH reagent yielded chromophore-
bearing peptides and showed that the Cys220 and Cys350 thiol groups are accessible in 
solution. EPR kinetic measurements using disulfide containing a stable nitroxyl biradical 
showed that the accessibilities of the two ASH groups in Cys220 and Cys350 differ. The 
enzyme activity and protein structure (measured by circular dichroism) were not affected by 
the chemical modification of the free thiols. The d1/d measurements and its calibration curve 
on distances obtained by authors gave a distance value between Cys220 and Cys350 >2.2 nm; 
this is in good agreement with known structural data. Modification of the alliinase thiols with 
biotin and their subsequent binding to immobilized streptavidin enabled the efficient 
enzymatic production of allicin (Weiner et al., 2009). 

New EPR spectroscopy methods allows now measuring distances reasonably larger 3.0 nm 
which are nor available for d1/d method. Long-range structural information derived from 
paramagnetic relaxation enhancement observed in the presence of a paramagnetic nitroxide 
radical was used for structural characterization of globular, modular and intrinsically 
disordered proteins, as well as protein–protein and protein-DNA complexes (Gruene et. al., 
2011). The authors characterized the conformation of a spin-label attached to the 
homodimeric protein CylR2 using a combination of X-ray crystallography, EPR and NMR 
spectroscopy. Close agreement was found between the conformation of the spin label 
observed in the crystal structure with interspin distances measured by EPR and signal 
broadening in NMR spectra. It was suggested that the conformation seen in the crystal 
structure was also preferred in solution. In contrast, conformations of the spin label 
observed in crystal structures of T4 lysozyme was not in agreement with the paramagnetic 
relaxation enhancement observed for spin-labeled CylR2 in solution. These data 



 
Nitroxides – Theory, Experiment and Applications 148 

labeled with nitroxide radicals and studied using EPR spectroscopy. Labels mobility, 
accessibility to various reagents, and the distance between the labels have been studied 
(Mevorat-Kaplan et al., 2006). It was revealed by following the d1/d parameter that the 
distance between the spin labels is ca. 13-15 Å. The EPR spectrum suggested that one label 
had a restricted mobility while the other two were more mobile. Only one label was 
accessible to hydrophilic paramagnetic broadening reagents leading to the conclusion that 
this label was exposed to the water phase. All three labels were reduced by ascorbic acid 
and reoxidized by molecular oxygen. It was found that the protein experiences 
conformation alterations in the vicinity of the labels during the pigment photocycle. It was 
suggested that Cys186 is exposed to the bulk medium while Cys184, located close to the 
retinal ionone ring, exhibits an immobilized EPR signal and is characterized by a 
hydrophobic environment (Mevorat-Kaplan et al., 2006). 

Alliinase, an enzyme found in garlic, catalyzes the synthesis of the well-known chemically and 
therapeutically active compound allicin (diallyl thiosulfinate). The enzyme is a homodimeric 
glycoprotein that belongs to the fold-type I family of pyridoxal-50-phosphate-dependent 
enzymes. There are 10 cysteine residues per alliinase monomer, eight of which form four 
disulfide bridges and two are free thiols. Cys368 and Cys376 form a SAS-bridge located near 
the C-terminal and plays an important role in maintaining both the rigidity of the catalytic 
domain and the substrate-cofactor relative orientation. Weiner et al., 2009, demonstrated that 
the chemical modification of allinase with the colored ASH reagent yielded chromophore-
bearing peptides and showed that the Cys220 and Cys350 thiol groups are accessible in 
solution. EPR kinetic measurements using disulfide containing a stable nitroxyl biradical 
showed that the accessibilities of the two ASH groups in Cys220 and Cys350 differ. The 
enzyme activity and protein structure (measured by circular dichroism) were not affected by 
the chemical modification of the free thiols. The d1/d measurements and its calibration curve 
on distances obtained by authors gave a distance value between Cys220 and Cys350 >2.2 nm; 
this is in good agreement with known structural data. Modification of the alliinase thiols with 
biotin and their subsequent binding to immobilized streptavidin enabled the efficient 
enzymatic production of allicin (Weiner et al., 2009). 

New EPR spectroscopy methods allows now measuring distances reasonably larger 3.0 nm 
which are nor available for d1/d method. Long-range structural information derived from 
paramagnetic relaxation enhancement observed in the presence of a paramagnetic nitroxide 
radical was used for structural characterization of globular, modular and intrinsically 
disordered proteins, as well as protein–protein and protein-DNA complexes (Gruene et. al., 
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Forty Years of the d1/d Parameter 149 

demonstrated that accurate positioning of the paramagnetic center is essential for high-
resolution structure determination (Gruene et. al., 2011). 

Rabenstein & Shin, 1995, suggested a new elegant, rather precise but a little bit sophisticated 
EPR "spectroscopic ruler" which was developed using a series of -helical polypeptides, 
each modified with two nitroxide spin labels. A synthesized oligopeptide consisted of 21 
amino acids with the following a chain: Ac-AAAALAAAALAAAALAAAALA-NH2, where 
Ac is acetyl, A is alanine, L - is lysine residue. A series of variants of these peptides in which 
two alanines were substituted to cysteines with various positions in the chain. In all 
examples below these numbers are started from the Ac-alanine terminal. The EPR line 
broadening due to electron-electron dipolar interactions in the frozen state was determined 
using the Fourier deconvolution method. The dipolar spectra were then used to estimate the 
distances between the two nitroxides separated by non-labeled amino acids. Results agreed 
well with a simple -helical model. The standard deviation from the model system was 0.09 
nm in the range of 0.8-2.5 nm. The authors concluded that this technique can be applied to 
complex systems such as membrane receptors and channels, which are difficult to access 
with high-resolution NMR or X-ray crystallography, and will be particularly useful for 
systems for which optical methods are hampered by the presence of light-interfering 
membranes or chromophores (Rabenstein & Shin, 1995). Indeed, this method was used in 
several works during last ten years. We have carefully analyzed the data obtained by 
Rabenstein & Shin, 1995, and compared them with those determined with d1/d method. 
Results are shown in Table 8. 
 

Label positions (6, 12) (4, 8) (4, 9) (4, 11) (4, 13) (4, 17) 
R, nm 1.46 0.91 1.46 1.00 1.79 2.35 
d1/d 0.49 1.17 0.48 0.69 0.45 0.41 

r, nm 1.57 0.99 1.63 1.17 1.89 2.85 

Table 8. The interspin distances measured by Rabenstein & Shin, 1995 (R), and from d1/d parameter (r) 
for different double spin-labeled oligopeptides 

The experimental interspin distances R measured by Rabenstein & Shin, 1995, were taken 
from their Fig. 5 of the article. d1/d values for all biradicals as well as for a polypeptide with 
only one spin-labeled cysteine in the 6-th position, (d1/d)0 value equal to 0.37, we measured 
from the original EPR spectra shown in Fig. 2 of the article. Interspin distances r calculated 
by Eq. (26) using a parameter , are given in Table 8. We could not use d1/d parameter for 
polypeptides (6, 7) and (6, 8) because in their spectra the dipolar splitting of EPR lines are 
well-defined, and for the (6, 9) system the distance R is too short and a d1/d value can not be 
measured. For other six biradical polypeptides (Table 8), one can conclude that R and r 
values are in reasonably good agreement (not worse than  0.1 nm) with systematically 
larger (~0.1 nm) values of r, probably because we used EPR spectra printed in the article, 
and not the original ones. All procedure of estimation r values took about one hour, while 
more precise but more complicated calculations by Rabenstein and Shin method take 
usually much longer time. 



 
Nitroxides – Theory, Experiment and Applications 150 

The interspin distances of two or more nitroxide spin labels attached to specific sites in 
insulins were determined for different conformations with application of EPR by the line 
broadening due to dipolar interaction (Steinhoff et al., 1997). The procedure was carried 
out by fitting simulated EPR powder spectra to experimental data, measured at 
temperatures below 200 K to freeze the protein motion. The experimental spectra were 
composed of species with different relative nitroxide orientations and interspin distances 
because of the flexibility of the spin label side chain and the variety of conformational 
substates of spin labeled insulins in frozen solution. Values for the average distance <r> 
and for the distance distribution width were determined from the characteristics of the 
dipolar broadened line shapes and d1/d parameter. The resulting interspin distances 
determined for crystallized insulins in the R6 and T6 structure agreed well with structural 
data obtained by X-ray crystallography and by modeling of the spin-labeled samples. The 
EPR experiments revealed differences between crystal and frozen solution structures of 
the B-chain amino termini in the R6 and T6 states of hexameric insulins (Steinhoff et al., 
1997). This study  of interspin distances between attached spin labels applied to proteins 
is a nice example how to obtain structural information on proteins under conditions when 
other methods like two-dimensional NMR spectroscopy or X-ray crystallography are not 
applicable. 

Gramicidin A was studied by CW-EPR and by double-quantum coherence electron 
paramagnetic resonance (DQC-EPR) in several lipid membranes (Dzikovski et al., 2004). 
Samples used were macroscopically aligned by isopotential spin-dry ultracentrifugation 
and vesicles. The nitroxide spin label was attached at the C-terminus yielding the spin-
labeled product (GAsl). EPR spectra of aligned membranes containing GAsl showed 
strong orientation dependence. In DPPC and DSPC membranes at room temperature had 
the spectral shape consistent with high ordering, which, in conjunction with the observed 
high polarity of the environment of the nitroxide label, was interpreted in terms of the 
nitroxide moiety being close to the membrane surface. In contrast, EPR spectra of GAsl in 
DMPC membranes indicated deeper embedding and tilt of the NO group. The GAsl 
spectrum in the DPPC membrane at 35°C (the gel to Pβ phase transition) exhibited sharp 
changes, and above this temperature became similar to that of DMPC. The dipolar 
spectrum from DQC-EPR clearly indicated the presence of pairs in DMPC membranes. 
This was not the case for DPPC, rapidly frozen from the gel phase but could be a hint of 
aggregation. The interspin distance in the pairs was determined as 3.09 nm, in good 
agreement with estimated for the head-to-head GAsl dimer (the channel-forming 
conformation), which matched the hydrophobic thickness of the DMPC bilayer 
(Dzikovski et al., 2004). Both DPPC and DSPC, apparently as a result of hydrophobic 
mismatch between the dimer length and bilayer thickness, did not favor the channel 
formation in the gel phase. In the Pβ and Lα phases of DPPC (above 35°C) the channel 
dimmer was formed, as evidenced by the DQC-EPR dipolar spectrum after rapid freezing. 
A comparison with studies of dimer formation by other physical techniques indicated the 
desirability of using low concentrations of Gramicidin A accessible to the EPR methods 
for the study (Dzikovski et al., 2004). 
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Recently, Dzikovski et al., 2011, published experimental results on channel and nonchannel 
forms of Gramicidin A (GA) studied by EPR in various lipid environments using new 
mono- and double-spin-labeled compounds. For GA channels, it was demonstrated that 
pulse dipolar EPR allowed to determine the orientation of the membrane-traversing 
molecules relative to the membrane normal and to study small effects of lipid environment 
on the interspin distances in the spin-labeled GA channel. The nonchannel forms of GA 
were also studied by pulse dipolar EPR for determination of interspin distances 
corresponding to monomers and double-helical dimers of spin-labeled GA molecules in the 
organic solvents trifluoroethanol and octanol. The same distances were observed in 
membranes. Since detection of nonchannel forms in the membrane is complicated by 
aggregation, the authors suppressed any dipolar spectra from intermolecular interspin 
distances arising from the aggregates by using double-labeled GA in a mixture with excess 
unlabeled GA molecules. In hydrophobic mismatching lipids (L-phase of DPPC), GA 
channels have dissociated into free monomers. The structure of the monomeric form was 
found similar to a monomeric unit of the channel dimer. The double-helical conformation of 
gramicidin was also found in some membrane environments. It was revealed that in the gel 
phase of saturated phosphatidylcholines, the fraction of double-helices increased in the 
following order: DLPC < DMPC < DSPC < DPPC, and the equilibrium DHD/monomer ratio 
in DPPC was determined. In membranes, the double-helical form was presented only in 
aggregates. The effect of N-terminal substitution in the GA molecule upon channel 
formation was also studied (Dzikovski et al., 2011). This work has demonstrated how pulsed 
dipolar EPR can be used to study complex equilibria of peptides in membranes. 

We would like to attract attention to a recent work by Gordon-Grossman et al., 2009, in 
which a combined pulse EPR and Monte Carlo simulation study provided the insight on 
peptide-membrane interactions and the molecular structure of the system. This new 
approach to obtain details on the distribution and average structure and locations of 
membrane-associated peptides successfully combined: a) PELDOR to determine 
intramolecular distances between spin labeled residues in peptides; b) electron spin echo 
envelope modulation (ESEEM) experiments for measuring water exposure and the direct 
interaction of spin labeled peptides with deuterium nuclei in the phospholipid molecules, 
and c) Monte Carlo  simulations (MCS) to derive the peptide-membrane populations, 
energetics, and average conformation of the native peptide and mutants mimicking the spin 
labeling. The membrane-bound and solution state of the well-known antimicrobial peptide 
melittin, used as a model system was investigated, and a good agreement between the 
experimental results and the MCS simulations regarding the distribution of distances 
between the labeled amino acids, the side chain mobility, and the peptide’s orientation was 
obtained, as well as for the extent of membrane penetration of amino acids in the peptide 
core. It was shown that the EPR data reported a deeper membrane penetration of the termini 
compared to the MCS simulations. In case of melittin adsorption on the membrane surface 
in a monomeric state, it was observed as an amphipatic helix with its hydrophobic residues 
in the hydrocarbon region of the membrane and its charged and polar residues in the lipid 
headgroup region (Gordon-Grossman et al., 2009). 
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8.2. Nucleic acids 

EPR spectroscopy has been used broadly for investigating peculiarities of the structural 
organization and its transformation for DNA, RNA molecules, their models and different 
protein-nucleic acid complexes. A lot of works were published during last 45 years. Below, 
we will discuss only several of them relating to the topic of the chapter. 

The study of DNA-dye interaction by the spin label method was carried out by Zavriev, et 
al., 1976. The binding of ethidium bromide and acriflavin dyes with DNA macromolecule 
modified with spin-labeled analogue of ethylene imine has been studied. These spin labels 
were shown to bind covalently to DNA, at the same time the number of the dye molecules 
bound to DNA was decreased without any changes of the binding constant. Analysis of EPR 
spectra of the samples in the frozen 50% water-glycerol mixture at 77 K for spin-labeled 
DNA has shown that addition of the dyes increased distances <r> between the labels, that 
was explained by the increase in DNA length upon formation of the complex with dye 
molecules. Structural data in the work were obtained from measuring d1/d values (Zavriev, 
et al., 1976). 

The use of d1/d measurements for structural characterization of spin labeled DNA and RNA 
was also described in a review of EPR studies of the structure and dynamic properties of 
nucleic acids and other biological systems written by Kamzolova & Postnikova, 1981. When 
spin labels were attached to different sites of a macromolecule, the quantitative information 
could be obtained about conformational properties of these local regions and, as a result, 
about the functional behaviour of the systems. 

A distance ruler for RNA using EPR and site-directed spin labeling (SDSL) has been 
suggested by Kim et al., 2004. The site-directed spin-labeled 10-mer RNA duplexes and HIV-
1 TAR RNA motifs with various interspin distances were examined. HIV-1 TAR RNA is the 
binding site of the viral protein Tat, the trans-activator of the HIV-1 LTR. The long terminal 
repeat, LTR, regulates HIV-1 viral gene expression via its interaction with multiple viral and 
host factors. It is present at the 5'- end of all HIV-1 spliced and unspliced mRNAs in the 
nucleus as well as in the cytoplasm. SDSL was applied to RNA structural biology rather 
rare, despite an importance of knowledge of RNA structure and RNA-protein complex 
formation. As a model study for measuring distances in RNA molecules using continuous 
wave (CW) EPR spectroscopy, the spin labels were attached to the 2′-NH2 positions of 
appropriately placed uridines in the duplexes, and interspin distances were measured from 
both molecular dynamics simulations (MDS) and Fourier deconvolution method (FDM) 
developed by Rabenstein & Shin, 1995. The 10-mer duplexes had interspin distances in the 
range from 1.0 to 3.0 nm by MDS estimations; however, dipolar line broadening of the CW 
EPR spectra was observed for the RNAs with interspin distances of 1.0 to 2.1 nm and not for 
distances over 2.5 nm. Unfortunately, the authors did not use the d1/d method for the 
distance measurement, probably because this approach was described only in Russian 
language literature. Its application could add the necessary information to the subject, the 
more so the appropriate EPR spectra at low temperature were recorded. The conformational 
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changes in TAR (transactivating responsive region) RNA in the presence and in the absence 
of different divalent metal ions were monitored by measuring distances between two 
nucleotides in the bulge region. The predicted interspin distances obtained from the FDM 
method and those from MDS calculations match well for both the model RNA duplexes and 
the structural changes predicted for TAR RNA. These results demonstrate that distance 
measurement using EPR spectroscopy is a potentially powerful method to help predict the 
structures of RNA molecules (Kim et al., 2004). 

Site-directed spin labeling measurements of nanometer distances in nucleic acids using a 
sequence-independent nitroxide probe has been carried out also in (Cai et al., 2006). 
Analysis of electron spin dipolar interactions between pairs of nitroxides yields the inter-
nitroxide distance, which provides quantitative structural information. The PELDOR and 
NMR methods had enabled such distance measurements up to 7.0 nm in bio-molecules, 
thus opening up the possibility of SDSL global structural mapping. The study evaluated 
SDSL distance measurement using a nitroxide spin label that was attached, in an efficient 
manner, to a phosphorothioate backbone position at arbitrary DNA or RNA sequences. 
Radical pairs were attached to selected positions of a dodecamer DNA duplex with a 
known NMR structure, and eight distances, ranging from 2.0 to 4.0 nm, were measured 
using PELDOR technique. The measured distances correlated strongly (R2 = 0.98) with the 
predicted values calculated based on a search of sterically allowable radical 
conformations in the NMR structure, and the accurate distance measurements was 
demonstrated. The method was proposed for global structural mapping of DNA and 
DNA–protein complexes (Cai et al., 2006). 

The molecular chaperone DnaK recognizes and binds substrate proteins via a stretch of 
seven amino acid residues that is usually only exposed in unfolded proteins. The binding 
kinetics is regulated by the nucleotide state of DnaK, which alternates between DnaK and 
ATP (fast exchange) and DnaK and ADP (slow exchange). These two forms cycle with a rate 
mainly determined by the ATPase activity of DnaK and nucleotide exchange. The different 
substrate binding properties of DnaK were mainly attributed to changes of the position and 
mobility of a helical region in the C-terminal peptide-binding domain, the so-called LID 
(Popp et al., 2005). Authors investigated the nucleotide-dependent structural changes in the 
peptide-binding region and the question: could they induce structural changes in peptide 
stretches using the energy available from ATP hydrolysis. Model peptides contained two 
cysteine residues at varying positions and were derived from the structurally well-studied 
peptide NRLLLTG and labelled with spin probes. Measurements of distances between spin 
labels were carried out by EPR for free peptides or peptides bound to the ATP and ADP-
state of DnaK, respectively. No significant change of distances between labels was observed, 
hence, no structural changes that could be sensed by the probes at the position of central 
leucine residues located in the center of the binding region occur due to different nucleotide 
states. It was concluded that the ATPase activity of DnaK is not connected to structural 
changes of the peptide-binding pocket but has an effect on the LID domain or other further 
remote residues (Popp et al., 2005). 
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A rigid, spin-labeled nucleoside was prepared using a convergent synthetic strategy that 
could also be applied for the synthesis of the corresponding ribonucleoside (Barhate et al., 
2007). EPR spectroscopic analysis of a DNA that contained the rigid spin label verified its 
limited mobility within a DNA duplex. The rigid spin label had several advantages over 
previously reported spin labels for nucleic acids: a) distance measurements between two 
rigid spin labels can be done more accurate than between flexible nitroxides; b) possibility of 
determination of relative orientations of the two rigid labels, that thereby provided more 
detailed structural information; c) the nucleoside became fluorescent upon reduction of the 
nitroxide with a mild reducing agent, that was the first example of a spectroscopic probe 
that could be used for structural studies by both EPR and fluorescence spectroscopy. The 
dual spectroscopic activity of the spin label enabled the preparation of nucleic acids that 
contain a redox-active sensor in their structure. More detailed characterization of the new 
bifunctional spectroscopic probe and its application for the studies of the structure and 
dynamics of nucleic acids will be reported in due course (Barhate et al., 2007). 

Schiemann et al., 2007, described the facile synthesis of the nitroxide spin-label 2,2,5,5-
tetramethyl-pyrrolin-1-oxyl-3-acetylene, TPA, and its binding to DNA/RNA through 
Sonogashira cross-coupling during automated solid-phase synthesis. They also have 
measured distance between two such spin-labels on RNA/DNA using PELDOR, and 
suggested to use this approach for studying global structure elements of oligonucleotides in 
frozen solutions at RNA/DNA amounts of ~10 nmol. The procedure suggested by authors 
should be applicable to RNA/DNA strands of up to ~80 bases in length and PELDOR yields 
reliably spin–spin distances up to ~6.5 nm (Schiemann et al., 2007). 

Indeed, over the last 10 years PELDOR has emerged as a powerful new biophysical method 
without size restriction to the biomolecule under studying, and has been applied to a large 
variety of nucleic acids as well as proteins and protein complexes in solution or within 
membranes. Small nitroxide spin labels, paramagnetic metal ions, amino acid radicals or 
intrinsic clusters and cofactor radicals have been already used as spin centres (Reginsson 
& Schiemann, 2011). 

8.3. Biomembranes and lipid-protein complexes 

Native biological membranes and their chemical models such as vesicles and lipid double-
layered membranes (emulsions) as well as various lipid-protein complexes are a huge class 
of objects suitable for investigation by spin probe/label technique. Structural results 
obtained by EPR for the third group (lipid-protein complexes) were discussed in Section 8.1 
of this review. Numerous articles were published during last 50 years concerning 
biomembranes but only very few were related to quantitative measurements of the local 
concentration of spin probes and interspin distances. The main problem in such studies of 
the structural organization of biological membranes is that when spin probes (nitroxide 
radicals) are penetrated into outer or inner layer of the double-layered membrane, they 
promptly become distributed in both layers of the membrane because of flip-flop transitions 
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(Berliner, 1976, Kuznetsov, 1976, Likhtenshtein et al., 2008, Hemminga & Berliner, 2007, 
Webb, 2006). Therefore, it is usually quite difficult to distinguish between dipolar coupling 
of spins inside one lipid layer or between spins localized in two lipid monolayers. 

9. Conclusion 

Measurement of distances or local concentrations in physical and macromolecular 
chemistry, solid state chemistry, molecular biology and biophysics is an important 
quantitative tool for investigating structure, spatial organization and conformational 
transitions in solids, solid solutions, polymers, biological macromolecules, and complex 
supramolecular systems using site-directed spin labeling and various techniques of EPR 
spectroscopy.  Modern approaches of EPR such as high frequency/high field EPR, pulce 
technique and double resonances, dipolar EPR spectroscopy allow researchers determine 
not only interspin distances but also their relative 3-D orientation and the behaviour of these 
complex systems under their functioning using stable nitroxide radicals. Analysis of the 
results obtained shows that became a method making possible controlling quantitatively 
spatial structure and properties of chemical and biological systems in conditions the most 
close to natural. And this is very important for correct understanding of the mechanisms of 
these processes. 

Scientific progress is irreversible. During the last forty years three generations of researchers 
were changed, and naturally the development of new modern methods of quantitative 
investigation is continuously in progress. These methods are usually correct, informative 
but very technically complex and need a lot of theoretical and computer calculations, i.e. 
take a lot of time. Therefore, such simple method as d1/d parameter for estimation distances 
r in the case of pairwise distribution of nitroxide radicals and local concentrations Cloc or 
mean local distances <r> at their random (chaotic) distribution of paramagnetic centres can 
provide valuable structural information at the beginning serious complex and long-time 
investigation. Measurements of d1/d values are simple and do not need much time 
especially considering important information provided by it. Evidently, d1/d parameter 
should be used in the distance or concentration intervals and experimental conditions in 
which it determination is correct. 
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1. Introduction 

Lipid spin labels containing nitroxide groups at different positions in the fatty acid chain, 
such as 1-palmitoyl-2-stearoyl-(n-doxyl)-sn-glycero-3-phosphocholines (n-PC spin labels) are 
a useful and proven tool in lipid research. They have provided important insights into the 
structure of model and biological membranes, reported on the membrane fluidity, polarity, 
phase state and presence of microscopic domains1, accessibility of different depth positions 
in the lipid bilayer for oxygen and other polar and non-polar paramagnetic compounds2-4 
and protein/lipid interactions 5, 6.  

It is generally accepted, that, unlike bulky fluorescent labels7,8, nitroxides are well 
incorporated into fluid lipid bilayers9 and not excluded from them. However, it has been 
shown by NMR that although the most probable location of the nitroxide group for 5-, 10- 
and 16- PC spin labels in the fluid POPC membrane corresponds to the fully extended 
conformation, the distribution is relatively broad and other conformations should also be 
present10. Bent conformations were previously found for doxylstearic acids in 
monomolecular films11, water/hydrocarbon emulsion particles12 and micellar systems13. In 
fluid membranes the fluidity, polarity and accessibility parameters reported by ESR using 
PC spin labels and n-doxylstearic acids are, in general, change monotonically with an 
increase in n3, 14, although there are indications that the spin label groups on the stearates are 
located nearer to the membrane exterior than the analogous positions of the unlabeled 
phospholipid chains15. However, in the gel phase, which is characterized by denser chain 
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In this chapter we focus on the behavior of PC spin labels in the gel phase and frozen 
membranes. We show how the superior g-factor resolution of HF ESR provides new insights 
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in this behavior and a new look at the vast body of experimental data accumulated with PC 
spin labels in the last 30 years. In particular, we revisit so-called “polarity profiles” 
determined from the g-factor values and hyperfine splittings of PC spin labels in frozen 
phospholipid membranes with or without cholesterol and show that these values are 
affected by a number of factors in the membrane composition, chain packing in the lipid 
phase and folding properties of the sn-2 spin labeled chain PC labels rather than reflect 
gradients of polarity or water content present in the membrane16.  

2. Resolution of different hydrogen-bond states by 240GHz ESR in bulk 
organic solvents 

It has been well established that the g-tensor and hyperfine components of nitroxide radicals 
are very sensitive to the local environment, to polarity and proticity in particular. In general, 
changing the local environment of the nitroxide moiety from water (polar) to hydrocarbon 
(non-polar) causes an increase in the g-tensor components and a concomitant decrease in the 
values of the components of the hyperfine tensor. This effect is most pronounced for the 
tensor components gxx and Azz. However, the separation of the polarity and proticity effects 
could complicate the analysis of the ESR spectra. Proticity refers to the propensity to donate 
hydrogen bonds; whereas aprotic refers to solvents which cannot donate a hydrogen bond. 
At relatively low frequencies, up to 95GHz, the separation of hydrogen-bonded vs. non 
hydrogen-bonded states of the nitroxide often relied upon different g versus A plots, 
discovered for these two states17. However, as shown in a recent study using TEMPO, if the 
correlations are indeed different for TEMPO in protic and aprotic solvents, the difference is 
rather small18. 

On the other hand, superior g-factor resolution of HF ESR allows for observation of two 
resolved spectral components corresponding to two (Smirnova et al.19 at 130GHz) or 
possibly more (Bordignon et al.20 at 95, 275 and 360GHz ) states of hydrogen-bonding. Two 
hydrogen bonding states coexisting in frozen deuterated alcohols were previously 
demonstrated for perdeuterated TEMPONE by X-band ESR21.  

Tables 1 and 2 show the values of Azz and aiso hyperfine splitting and the gxx component of 
the g-tensor for several nitroxide radicals.  

As one sees from Fig.1, whereas at X-band one sees a continuous increase in the 14N 
hyperfine splitting with change of the local environment from non-polar/aprotic to 
polar/protic, the 240 GHz ESR shows three distinct values of the gxx parameter. Although the 
presence/ratio of these components strongly depends on the polarity-proticity of the solvent, 
there is little variation in the gxx measured for each such component. For all four spin labels 
studied three distinct components could be detected: (1) “non-polar”, as in toluene, DBPh or 
the minor component in alcohols, (2) “polar”, the major component for ethanol and major or 
minor component in TFE and water/glycerol , depending on the nitroxide used, and (3) 
“very polar” component observable in TFE and water/glycerol. Although components 2 and 
3 cannot be separated at 240GHz as two distinct peaks, their presence is quite obvious 
(compare Figs.1A-D for different nitroxides). We assign these components to different 
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Solvent, dielectric 
constant at room 

temperature51 

Oxo-TEMPO TEMPO 4-Hydroxy 
TEMPO 

3-carboxy-2,2,5,5 
tetramethylpyrrolidine 

- 1-oxyl 

Isopentane, 1.8 14.27/** 15.29/68.2 15.15/** 13.92/** 

MCH, 2.02 14.315/** 15.32/68.2 15.20/** 13.96/** 

Toluene, 2.4 14.49/67.6 15.53/69.3 15.43/69.1 14.22/66.7 

DBPh, 6.4 14.61/67.6 15.64/69.4 15.55/69.2 14.37/66.9 

Ethanol, 24.3 15.06/70.0 16.21/72.9 16.05/71.0 15.02/70.1 

TFE, 26.14 15.63/73.5 17.00/79.7 16.73/77.3 15.77/74.4 

Water/Glycerol, 
80.4 

15.97/73.8 17.19/76.5 16.96/75.5 16.12/73.2 

** 2Azz value at 77K cannot be reliably determined due to the presence of a singlet-like background. 

Table 1. Values of isotropic hyperfine splitting constant aiso and 2Azz determined at X-band at 295 and 
77K respectively for several solvents. These Azz values were also used to obtain the best fits for the 
corresponding 240 GHz rigid limit spectra. 

 
Solvent, 
dielectric 
constant 

Oxo-TEMPO TEMPO 4-Hydroxy 
TEMPO 

3-carboxy-2,2,5,5 
tetramethylpyrrolidine 

- 1-oxyl 

Toluene 2.009438 **** ***** **** 

DBPH 2.009445 2.010103 2.010129 2.009230 

Ethanol 2.009485/2.008838 sh/2.009411 2.010040/2.009456 2.009250/2.008533 

TFE 2.008793/sh 2.008669 2.009460/2.009089 2.008487/sh 

Water/Glycerol 2.008784/~2.00850 2.008805 2.009460/2.008951 2.008532/sh 

Table 2. gxx component of the g-tensor determined by 240GHz ESR at 80-85K in several glass forming 
solvents. A common value of 2.00233 was assigned as gzz for all spin labels and gxx value was accurately 
determined relative to this gzz value from the corresponding spectral splitting29, 52. If two components 
are present in the spectrum, the component with higher fraction is marked bold. “Sh” denotes the 
presence of a high/low field component, which manifests itself not as a distinct peak but as a shoulder 
on the main component.  

hydrogen-bonding states of nitroxide radicals and speculate that state 2 corresponds to a 
single hydrogen bond, while state 3 is double-bonded. Existence of multiple hydrogen 
bonding to a nitroxide has been predicted theoretically22-24 and later suggested as an 
explanation for complex ESR lineshapes observed in spin labeled proteins20. Interestingly, 
the gxx value of the non-hydrogen bonded component for all four spin labels studied shows 
little dependence on the polarity of the frozen glass-forming solvent (Table 3). This contrasts 
with some theoretical predictions for the g-factor25, as well as some room temperature 
measurements for giso pointing to a higher g-factor for lower dielectric constants ε17, 18 . 
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Figure 1. 240 GHz ESR spectra of 4-oxo-TEMPO (TEMPONE) (from 16) (A), 4-hydroxy-TEMPO (TEMPOL) 
(B), TEMPO (C) and 2,2,5,5-Tetramethyl-3-pyrrolin-1-oxyl-3-carboxylic acid free radical (D) in a series of 
glass-forming solvents at 80-85K. Black dotted lines in A and D show two-component rigid simulation of the 
ethanol spectra. In (A), g values 2.009450, 2.008830 and 2.008500 are noted “1”, “2” and “3” respectively. 
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 DMPC DMPC/Chol DPPC DPPC/Chol 

5 68.9 69.7 69.2 70.1 

7 69.3 70.1 69.9 (broadening) 69.1 

10 69.6 66.6 69.5 (more broadening) 66.5 

12 68.4 66.3 67.2 66.4 

14 69.3 66.4 66.3 66.8 

16 69.3 66.2 66.7 66.5 

Table 3. Hyperfine splitting parameter 2Azz in DMPC and DPPC membranes with and without 
cholesterol determined by X-band ESR at 77K. To record the ESR spectra the samples in 1.2 mm ID 
capillaries after long exposure at 190C were quickly submerged into liquid nitrogen. 

3. Membrane environment 

3.1. X-band ESR 

The full extent of the 9 GHz spectrum is determined by the largest of the principal values of 
the 14N hyperfine constant, which is Azz. Hence at X-band, the distance between outer extrema 
for a well-resolved spectrum in the rigid limit is exactly 2Azz. This value is known to increase ~ 
2G if nitroxide is transferred from a non-polar solvent like hydrocarbons to water and, as 
mentioned above, can be considered a measure for local polarity. Table.3 shows the 2Azz 
determined by X-band ESR as the outer splitting of the rigid limit spectra at 77K. As seen from 
the data, DMPC/Cholesterol (Fig. 2B) and DPPC/Cholesterol (Fig. 2D) membranes, consistent 
with previous observations3, show abrupt drop in the 2Azz value, between n-PC positions 7 
and 10. However, for DMPC, in the absence of cholesterol, the 2Azz value shows little trend 
throughout the PC spin labels series and remains ~ 69.5G (cf. Fig. 2A), which correspond to a 
relatively polar environment, more polar than ethanol (see below). DPPC in the absence of 
cholesterol (Fig. 2C), in general, shows a profile similar to a cholesterol-containing membrane, 
though the spectra, especially for positions 7-12 show signs of a broad singlet-like component. 

The dependencies of relaxation enhancement   1 P  by 10 mM of Ni(ClO4)2 on the spin-
labeling position for the gel and liquid crystal phase of DMPC are given in Fig. 3. Here P is the 
relaxation parameter P=geT1T2 , where ge  is the electron gyromagnetic ratio and T1 and T2 are 
corresponding effective relaxation times. In the liquid crystal phase (T=390C) the interaction 
with the paramagnetic relaxant decreases with increasing n, consistent with an increase in the 
average immersion depth of the spin label moiety in the membrane. On the contrary, the 
  1 P  profile in the gel phase (Pβ, T=190C) is almost flat, with a minor spike at position 10. 

3.2. High field/ High frequency ESR 

High frequency ESR and PC spin labels were previously used to study polarity profiles in 
phospholipid membranes14, 26, 27. For example, in a detailed ESR study at 250GHz 5,7,10,12,14 
and 16 PC were studied in DPPC and DPPC/gramicidin systems26. It was found that in pure 
DPPC most spins are strongly aggregated and the spectrum consists mostly (especially for  
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Figure 2. 9 GHz ESR spectra of PC spin labels in DMPC (A) (from 16), DMPC/30% Cholesterol (B), 
DPPC (C) and DPPC/30% Cholesterol (D) at 77K. In (C) spectra of 7PC and 10 PC with most broadening 
are shown in color.  
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Figure 3. Relaxation enhancement from 10 mM of Ni(ClO4)2 introduced into the water phase of lipid 
DMPC dispersions as a function of n in the Pβ (190C) and L (390C) lipid phases. An almost flat 
accessibility profile in the gel might indicate similar average membrane immersion depth for the 
nitroxide moieties of all studied PC labels (from 16).  

7-12 PCs) of a singlet-like signal. Although the g-factor values for the resolved rigid-limit 
component seems to indicate increasing immersion of the nitroxide into the hydrophobic 
core of the membrane with increasing n, it is difficult to obtain any information on the 
location of aggregates which manifest themselves in the broad component. However, 
addition of cholesterol prevents such aggregation and yields in better resolved spectra27.  

3.2.1. Frozen DMPC/DPPC membranes with cholesterol: Partition-like depth distribution 
of spin labels 

Several W-band (94GHz) studies by Marsh and coworkers14, 27, 28 on DMPC/Cholesterol 
membranes utilized all n-PC spin labels in the 4-16 range (except 15-PC). Based on the gxx 
values detailed polarity profiles for these systems were suggested. These polarity profiles 
appeared to be similar to the polarity profiles previously obtained by rigid limit X-band ESR 
from the hyperfine splitting3 values. However, a close inspection of the spectra of 27 shows 
two partially resolved components, which likely correspond to hydrogen-bonded and non-
hydrogen-bonded states of the nitroxide radical. These two components are discernible not 
only for the area of abrupt “polarity change” (PC 5-10), but also for PC14-16. Higher 
resolution of 240GHz ESR allows for complete separation and identifying these components. 
Fig.4 A, B show the spectra for DMPC and DPPC in the presence of cholesterol. The ESR 
spectra in the two different lipids are very similar, nearly identical. There are two 
components discernible for n7, which are completely resolved for n10, with gxx= 2.009435 
and gxx= 2.008820 (with gzz taken as 2.00233, see 29). The two g values are nearly the same for 
all n. For 5-PC only the polar component is present.  
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Figure 4. Rigid-limit 240 GHz ESR spectra of n-PC spin labels in DMPC and in DPPC containing 30% 
mol cholesterol. T=80-82K. The samples are gradually frozen in the flow of gaseous nitrogen. Red lines 
show simulations of these spectra using two components with the gxx = 2.009435±0.000005 and 
2.008820±0.000005 for all spectra. gyy and gzz are taken 2.006100 and 2.00233 for both components (from 16). 

Can these two components just reflect a water penetration profile? It has previously been assumed 
that polarity profile reported by spin labels for fluid and frozen membranes containing 
cholesterol in general follows the membrane water penetration profile23, 30, 31. However, the 
exact features of the ESR spectrum at low temperature may be defined by interplay of this 
water penetration and the flexibility of spin-labeled lipid chains, see below. While, due to the 
short acyl tether, the nitroxide of 5PC is always located in the area with higher water content 
and shows only hydrogen-bonded component, longer acyl tethers can reach a less polar area 
with lower water content. Yet, even for 14 and16PC there is a substantial fraction of hydrogen-
bonded component. Moreover, the fraction of the hydrogen-bonded component does not 
decrease monotonically with an increase in the n number. As seen in Fig.4 A, B and Table 4, 
this fraction experiences a dramatic drop between 7 and 10PC and then gradually increases 
further for positions 12,14 and 16. Based on these observations and what is currently known 
about flexibility of spin-labeled lipids10, we believe that the hydrogen-bonded component 
mainly corresponds to bent conformations of the spin-labeled lipid chain, rather than 
penetration of water molecules to the middle of the membrane and forming a hydrogen bond 
with the nitroxide moiety of the PC spin label in a fully extended conformation. 

Indeed, theoretical estimates32 show that the concentration of water in the middle of the 
DPPC membrane is ~ 1 mM. It should be even lower for membranes containing cholesterol, 
since cholesterol is known to substantially decrease water permeability across lipid 
membranes33, 34. For the equilibrium constant between hydrogen bonded/unbonded forms of 
16-sasl in toluene - trifluoroethanol mixtures Marsh30 gives a value ~ 1M-1. This value is 
determined from the isotropic hyperfine splitting at room temperature. Our estimates for 
this constant for various nitroxides based on measurements of 2Azz values in ethanol – 



 
Nitroxides – Theory, Experiment and Applications 

 

176 

 
Figure 4. Rigid-limit 240 GHz ESR spectra of n-PC spin labels in DMPC and in DPPC containing 30% 
mol cholesterol. T=80-82K. The samples are gradually frozen in the flow of gaseous nitrogen. Red lines 
show simulations of these spectra using two components with the gxx = 2.009435±0.000005 and 
2.008820±0.000005 for all spectra. gyy and gzz are taken 2.006100 and 2.00233 for both components (from 16). 

Can these two components just reflect a water penetration profile? It has previously been assumed 
that polarity profile reported by spin labels for fluid and frozen membranes containing 
cholesterol in general follows the membrane water penetration profile23, 30, 31. However, the 
exact features of the ESR spectrum at low temperature may be defined by interplay of this 
water penetration and the flexibility of spin-labeled lipid chains, see below. While, due to the 
short acyl tether, the nitroxide of 5PC is always located in the area with higher water content 
and shows only hydrogen-bonded component, longer acyl tethers can reach a less polar area 
with lower water content. Yet, even for 14 and16PC there is a substantial fraction of hydrogen-
bonded component. Moreover, the fraction of the hydrogen-bonded component does not 
decrease monotonically with an increase in the n number. As seen in Fig.4 A, B and Table 4, 
this fraction experiences a dramatic drop between 7 and 10PC and then gradually increases 
further for positions 12,14 and 16. Based on these observations and what is currently known 
about flexibility of spin-labeled lipids10, we believe that the hydrogen-bonded component 
mainly corresponds to bent conformations of the spin-labeled lipid chain, rather than 
penetration of water molecules to the middle of the membrane and forming a hydrogen bond 
with the nitroxide moiety of the PC spin label in a fully extended conformation. 

Indeed, theoretical estimates32 show that the concentration of water in the middle of the 
DPPC membrane is ~ 1 mM. It should be even lower for membranes containing cholesterol, 
since cholesterol is known to substantially decrease water permeability across lipid 
membranes33, 34. For the equilibrium constant between hydrogen bonded/unbonded forms of 
16-sasl in toluene - trifluoroethanol mixtures Marsh30 gives a value ~ 1M-1. This value is 
determined from the isotropic hyperfine splitting at room temperature. Our estimates for 
this constant for various nitroxides based on measurements of 2Azz values in ethanol – 

 
Spin Labels in the Gel Phase and Frozen Lipid Bilayers: Do They Truly Manifest a Polarity Gradient? 

 

177 

PC label Ratio HB/non-HB in DMPC Ratio HB/non-HB in DPPC 

5 ~6 > 8 

7 1.8 2.3 

10 0.32 0.36 

12 0.45 0.62 

14 0.55 0.8 

16 --- 0.8 

Table 4. Ratio of hydrogen bonded, HB (gxx= 2.00882) and non-hydrogen bonded components 
(gxx=2.009435) determined from rigid-limit simulations of n-PC spin labels in DMPC and DPPC 
containing 30% mol cholesterol. 

DBPH mixtures by 9GHz ESR at 77K or on the ratio of hydrogen-bonded and non-hydrogen 
bonded components in frozen ethanol (~ 17M hydroxyl concentration) measured by 240GHz 
ESR give values of the same order, between 0.2M-1 and 0.5M-1. A 1:1 ratio of the two spectral 
components for a nitroxide located in the middle of the bilayer would thus yield a water 
concentration in the membrane core of ~0.5M, about three orders of magnitude higher than 
expected from theoretical estimates. Also, consistent with the above estimates of the 
equilibrium constant, in our test experiments we did not see any appearance of a hydrogen 
bonded component for nitroxides dissolved in frozen nearly saturated (~16 mM) solutions of 
water in toluene.  

And finally, a strong point in favor of considering bent conformations of n-PC spin labels is 
the non-monotonic dependence of the hydrogen-bonded fraction on n (Table 4). In a fluid 
membrane the membrane depth distribution of nitroxide moieties for each spin-labeled lipid 
correlates to its n-value10. Higher n show deeper average immersion although the 
distribution is broad and even high n numbers show a substantial fraction of conformations 
with the nitroxide touching the carbonyl area. In the much denser packed gel phase the 
situation can be different and the spin labels may prefer defects in the lipid structure35, 36. 
One of the areas with such defects is just above the cholesterol rings and this should 
correspond to a hydrophobic local environment. It can be reached by the nitroxide of 10PC, 
but not 7PC. This would explain the jump in the fraction of non-polar component between 7 
and 10PC, while further decrease in this fraction could be attributed to U-shaped 
conformations for higher values of n. These conformations put the nitroxide moiety back to 
the surface region with high water content, while the hydrocarbon chain mostly remains 
located in the hydrophobic part of the membrane.  

Indeed, if we assume that the spin-labeled sn-chain takes on mostly the fully extended 
conformation, we would observe a similar jump after the nitroxide moiety reaches the 
hydrophobic core of the membrane, but with further increase in the n number the hydrogen-
bonded fraction would decrease and quickly disappear.  

Another limiting case suggests that the acyl-chain hydrocarbon tether connecting the 
nitroxide to the lipid head group can take all possible coil conformations of the chain. It will 
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put the possible position of the nitroxide of an n-PC spin label anywhere within a half 
sphere with a radius of the all-stretched conformation for the nitroxide tethers. This half 
sphere would rest on the membrane surface (cf. Fig.5). The ratio of hydrogen 
bonded/unbonded components would be opposite to the volume ratio of the spherical cap, 
which is cut off by the border of the hydrophobic core of the membrane, and the rest of the 
half sphere. If the cap height is half of the sphere radius, the ratio will be 2.2, similar to what 
we see for 7PC (Table 4). This observation can be then used to set (in a rather arbitrary 
fashion) the cutoff of the hydrophobic core at “3.5” PC, half of the acyl tether for 7PC in the 
fully extended conformation. The predictions of the components ratio obtained with this 
cutoff value by further applying the formula for the spherical cap are given in Table 5.  

 
Figure 5. A model of random distribution of conformations of the spin label tethers for 7PC. It puts the 
spin label in some random position within the half-sphere. The spherical cap is the intersection of the 
area available for the nitroxide and the hydrophobic core of the membrane.  

 

n-PC 5 7 10 12 14 16 

HB/non-HB 7.2 2.2 1.01 0.74 0.58 0.48 

Table 5. Estimates for the ratio of hydrogen bonded and non-hydrogen bonded components based on 
the simple model shown in Fig. 12. The location of the nitroxide moiety is considered in the 
hydrophobic core of the membrane if the distance to the membrane surface is more than half of the acyl 
tether for 7PC in the fully extended conformation (“3.5 PC”). 

Although this model is qualitatively better when compared to Table 4, it does not reproduce 
the observed abrupt drop between positions 7 and 10. Also, no model assuming some 
random distribution of nitroxide depth position would reproduce the decrease in the 
hydrophobic fraction with further increase in n beyond 10.  

To better explain the observed effects one could assume some set of preferential depth 
positions in the membrane to be occupied by the nitroxide ring. These positions may be 
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sphere with a radius of the all-stretched conformation for the nitroxide tethers. This half 
sphere would rest on the membrane surface (cf. Fig.5). The ratio of hydrogen 
bonded/unbonded components would be opposite to the volume ratio of the spherical cap, 
which is cut off by the border of the hydrophobic core of the membrane, and the rest of the 
half sphere. If the cap height is half of the sphere radius, the ratio will be 2.2, similar to what 
we see for 7PC (Table 4). This observation can be then used to set (in a rather arbitrary 
fashion) the cutoff of the hydrophobic core at “3.5” PC, half of the acyl tether for 7PC in the 
fully extended conformation. The predictions of the components ratio obtained with this 
cutoff value by further applying the formula for the spherical cap are given in Table 5.  

 
Figure 5. A model of random distribution of conformations of the spin label tethers for 7PC. It puts the 
spin label in some random position within the half-sphere. The spherical cap is the intersection of the 
area available for the nitroxide and the hydrophobic core of the membrane.  

 

n-PC 5 7 10 12 14 16 

HB/non-HB 7.2 2.2 1.01 0.74 0.58 0.48 

Table 5. Estimates for the ratio of hydrogen bonded and non-hydrogen bonded components based on 
the simple model shown in Fig. 12. The location of the nitroxide moiety is considered in the 
hydrophobic core of the membrane if the distance to the membrane surface is more than half of the acyl 
tether for 7PC in the fully extended conformation (“3.5 PC”). 

Although this model is qualitatively better when compared to Table 4, it does not reproduce 
the observed abrupt drop between positions 7 and 10. Also, no model assuming some 
random distribution of nitroxide depth position would reproduce the decrease in the 
hydrophobic fraction with further increase in n beyond 10.  

To better explain the observed effects one could assume some set of preferential depth 
positions in the membrane to be occupied by the nitroxide ring. These positions may be 
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areas of defects in the membrane structure, which can more easily accommodate a structure-
disturbing nitroxide moiety than areas with compact alignment of hydrocarbon chains. One 
of the areas of such defects could start above the end of the rigid fused-ring system of 
cholesterol37, which is about the level reachable by n-PC labels starting from n=9. Once the 
tether length is sufficient, nitroxides start populating these favorable locations causing the 
change in the component ratio. However, the preference of the nitroxide ring for the location 
in the hydrophobic part of a DMPC/Cholesterol or DPPC/Cholesterol membrane apparently 
does not completely overwhelm its affinity to some sites close to the membrane surface. It 
gives a partition-like distribution between the two sites which is observable in the spectrum 
of all n-PC labels with n>7 as two components.  

A gradual increase in the hydrogen-bonded fraction between PC10 and PC16 can be also 
explained using this partition model. For an n-PC spin label, the same carbon atom of the 
nitroxide ring that is connected to the acyl tether also has a hydrocarbon tail with a length of 
18-n carbons attached. Bringing the nitroxide label of 10PC to the membrane surface will 
require, on the average, placing more hydrophobic CH2 groups to the polar area than for 
16PC. This will be associated with some energy penalty preventing the nitroxide of 10PC 
from leaving the hydrophobic core and affecting the partition. Note also a slight drop in the 
accessibility of the 10PC position for Ni2+ ions for cholesterol-free DMPC membranes, which 
may have the same origin. 

3.2.2. DMPC and DPPC without cholesterol. Nitroxide moiety as a foreign body in the 
bilayer 

It has been previously observed that in the absence of cholesterol, PC spin labels in DPPC26 
and DMPC27 at rigid limit conditions have a strong broad background signal. This signal 
points at aggregation of spin labels and is most pronounced for the7-12 PC positions. Since no 
significant signs of such aggregation are seen in the fluid phase of the membrane or in the gel 
phase in the presence of cholesterol, this aggregation can be specifically attributed to the gel or 
crystalline (sub-gel) state of pure-lipid membranes. Also, since diffusion in the gel phase is 
slow, one can expect hysteresis effects and effects of the sample-treatment procedure, see38, 39.  

Fig. 6 shows 240 GHz ESR spectra of PC spin labels in DMPC membranes without 
cholesterol. These spectra were recorded after the sample was slowly cooled from 295 to 85K 
within ~ 2 hours. As in the presence of cholesterol, two components with different gxx are 
clearly discernible. However, another broad unresolved component, which is present for all 
spin labels but most pronounced for 7-12PC, follows a previously observed26 pattern for 
DPPC at 250GHz . Our 240 GHz data for DPPC obtained under the same conditions as those 
for DMPC are very similar to the 250 GHz results by Earle et al.26 and shown in Fig.7. A non-
polar (non -hydrogen bonded) component similar to the non-polar component in 
membranes containing cholesterol can be identified by its characteristic gxx value. However, 
there is an important and obvious difference between DMPC and DPPC at first inspection. 
In DPPC there is only one resolved component which shows the gxx value corresponding to 
the non-hydrogen bonded state of the nitroxide, while in DMPC two components are clearly  
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Figure 6. n-PC spin labels in DMPC with no cholesterol at 80-82K. The samples are gradually frozen in the 
flow of gaseous nitrogen. The vertical lines indicate g values of 2.00882 and 2.009435. (The additional 
superposition signal for 7PC originates from an occasional manganese impurity in the sample holder) 
(from 16). 

 
Figure 7. n-PC spin labels in DPPC with no cholesterol at 80-82K. The samples are gradually frozen in 
the flow of gaseous nitrogen (from 16). 
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discernible in the spectrum. This observation is in good accord with the X-band results, 
which indicate a less polar environment reported by high values of n in DPPC compared to 
DMPC (cf. Table 3, Figs. 2A, 2C). 

It is very unlikely that small structural differences between the gel phase bilayers of DMPC 
and DPPC40, 41 cause dramatically different water penetration into these membranes and 
explain the presence of the hydrogen-bonded component in DMPC, but not DPPC. 
Moreover, it has been recently shown that water penetration into the membrane depends 
rather on the surface area of the lipid (which is nearly identical for DMPC and DPPC) than 
on the membrane thickness42. Thus, it makes the explanation of the difference between 
DMPC and DPPC through dramatically different water penetration very unlikely. Even 
more intriguing, the average environment of the nitroxide in DPPC looks, at the first glance, 
less polar in the absence of cholesterol, since no component with a clear peak at smaller gxx 
can be detected, cf. Fig 8. 

 
Figure 8. Comparison of 14 PC spin label in DMPC and DPPC with/without cholesterol. All samples 
are slowly frozen in the flow of gaseous nitrogen. While in the presence of cholesterol the spectra can be 
described as a superposition of two rigid-limit components, the most salient feature in the absence of 
cholesterol is a broad singlet-like background signal (from 16). 

However, the most salient feature of all spectra, both DMPC and DPPC, in the absence of 
cholesterol, is a broad singlet-like background signal which accounts for most of the spins. 
The location of spins responsible for this background is unclear. In Fig. 8 one can see an 
apparent broadening of the hydrogen-bonded component in DMPC and complete absence 
of this component in DPPC, concomitant with an increase in the background. A likely 
explanation for these observations is that the hydrogen-bonded and non hydrogen- bonded 
forms of PC spin labels aggregate differently. If the hydrogen bonded form is more prone to 
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aggregation than the non- bonded one, it likely becomes broader due to more interactions 
between spins. In the superposition, spectral peaks from this broad component are less 
intense and eventually, with an increase in broadening, not discernible at all. To test this 
hypothesis we cooled our samples very rapidly in an attempt to trap the hydrogen-bonded 
component before aggregation could occur.  

Slow cooling vs. quick submerging into liquid nitrogen 

Quantitative study of aggregation in the gel or subgel phases is difficult because of the slow 
diffusion rates and various hysteresis effects. For example, even though the gel phase of 
DPPC does not favor formation of gramicidin channels, it takes between an 
hour and several days for these channels to dissociate39. There are also indications pointing 
to a relatively slow time scale for aggregation of PC spin labels in the gel-phase. Fig. 9 shows 
saturation curves for 0.5 mol. % of 7PC in DMPC. At 190C, in the Pβ phase, this system show 
good saturation, with a P parameter of ~ 19. Saturation measurements performed 
immediately after cooling to 20C give a similarly high P value. However, after longer 
exposure at this temperature the P value starts to decrease and after several hours drops 
below 2. This increase in relaxation is very likely due to aggregation, and this aggregation 
appears to be a relatively slow process at 20C. Also, this increase in relaxation is reversible; 
return to 190C reverses the aggregation and the P value. Although a temperature of 20C 
should correspond to the subgel phase, the exact phase state of the lipid at this condition is 
not obvious due to likely supercooling, see below. It usually takes days at this temperature 
to form the LC phase, which then can be characterized by X-Ray diffraction.  

 
Figure 9. Change in relaxation curve of 7PC in DMPC under exposure at 20C. This increase in relaxation 
occurs gradually within several hours and it can be completely reversed by a brief exposure at 190C (from 16). 
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Previously, similar observations of exclusion of 5PC spin labels from DPPC after exposure at 
00C by using Saturation Transfer ESR43 were attributed to formation of a sub-gel phase. 

We expected that quick freezing (within ~ 0.2s) of the sample by instantly submerging into 
liquid nitrogen should substantially eliminate these slow lipid rearrangement effects 
compared to the standard slow cooling procedure using a flow cryostat. Indeed, spectra 
recorded after this simple quick-freeze procedure were different from the spectra obtained 
by gradual cooling in a flow of gaseous nitrogen. As seen in Fig. 10A the spectrum of 14PC 
in DPPC does not have a broad singlet-like component and can be well simulated by a 
simple superposition of two rigid limit spectra with gxx of 2.00943 and gxx= 2.00882.  

 

 
 

 
Figure 10. 14PC in DPPC (A) and DMPC (B): gradual cooling vs. quick freeze by submerging into 
liquid nitrogen. The spectra are recorded at 80-82K. In the case of quick freezing the broad unresolved 
component disappears and the spectrum can be well described as a superposition of HB/non-HB forms 
of the nitroxide. The HB/non-HB ratio is 2.2:1 for DPPC and 3.1:1 for DMPC (from 16). 

(A) 

(B) 
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Importantly, most 14PC spins are present in the form of the hydrogen bonded component, 
which has a fraction greater than the non-bonded one by a 2.2:1 ratio.  

As seen from Fig 11, quick freezing helps to dramatically decrease the amount of the broad 
background signal and yields well resolved rigid-limit spectra even when a standard 
cooling procedure results in nearly unresolvable, broad-feature spectra.  

 
Figure 11. Obtaining better resolved spectra by quick freezing in liquid nitrogen (from 16). 

Nitroxides in the L phase – an analogy to bulk crystallizing solids  

One of the possible artifacts of using molecular probes as reporters in biological and model 
membranes is their exclusion from the membrane interior to the membrane surface. Such 
exclusion of certain molecules or structural units is a natural feature of membrane biological 
function. For example, exclusion of tryptophans and their affinity to the membrane interface is 
an important factor in lipid-protein interactions and stabilization of certain conformations of 
transmembrane protein/peptides44. Exclusion from the bilayer and formation of some U-
shaped conformations have been known for a long time for a number of fluorescent labels7, 9, 11.  

Spin labels are usually considered as more adequate molecular probes for lipid bilayers, as 
evidenced by studies in fluid membranes (see Introduction). However, our current study 
shows that in the gel phase the situation is different. Several ESR parameters (accessibility 
for Ni2+ ions absorbed on the membrane surface, hyperfine tensor and g-tensor components) 
unambiguously indicate that in the gel phase a substantial fraction of nitroxide is located in 
the membrane region with high water content. Pure lipids DMPC and DPPC form the L΄β 

“tilted gel” phase with densely packed and relatively well ordered hydrocarbon chains. The 
ability of nitroxide groups on spin labeled stearic acids to be excluded from hydrocarbon 
environments and form U-shaped conformations has been previously reported12, 13. In 
principle, formation of the L΄β phase can be compared with freezing of a bulk three-
dimensional solvent. In this case solutes are excluded from crystallizing solvent and form 
some regions with high local concentration. If the solute is a nitroxide radical, freezing of its 
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solution in non glass-forming media is well known to yield a broad signal similar to one 
observed in DMPC or DPPC without cholesterol (Figs 6, 7).  

In the case of a lipid in the gel phase the complete exclusion of spin labels into a separate 
phase with a high spin concentration appears to take two steps. The first one, exclusion of 
nitroxides from the hydrophobic area of the membrane, occurs once the lipid forms an Lβ΄or 
even a Pβ phase (cf. Fig 3 for 190C, the Pβ phase of DMPC, also the quick-freeze spectra in 
Fig. 10). The second stage, which is a formation of separate phase by these bent-
conformation molecules, can be attributed to lateral aggregation in the supercooled gel, 
possibly at the gel/subgel phase transition.  

Although formation of subgel phases was initially observed after storing a multilamellar 
suspension of DPPC at ~00C for several days45, there are reports of quicker gel/subgel 
transformations in DPPC and DMPC. For example, in one protocol46 the subgel (SGII) phase 
in DPPC forms at about 70C upon cooling at 20C/min. These conditions are very similar to 
cooling conditions observed in our “slow cooling” experiment – and, in general, the cooling 
conditions usually existing in standard helium/nitrogen cryostats. For DMPC, formation of 
the subgel phase was reported after incubation at temperatures of -50C or lower for 2h47. But, 
the kinetics of subgel formation is complex48 and in some cases the final subgel phase 
contains spectroscopic features characteristic for the Lβ΄ phase49. It could be possible that 
aggregation of spin labels does not require a complete transformation into the subgel phase, 
in the sense of giving a clean X-ray pattern, and can happen sooner during cooling.  

Again, we would like to stress that exclusion of nitroxides from the hydrophobic membrane 
core occurs in all gel phases and is a separate effect from the succeeding lateral aggregation 
in the supercooled gel phase.  

Our quick freeze vs. slow cooling experiments can also help answer an important question 
about the nature of the two components in the 240GHz spectrum. Does the component with 
a larger gxx correspond to the location of the nitroxide in the hydrophobic part of the 
membrane? Or both components arise from equilibrium of the hydrogen-bonded/non-
hydrogen bonded forms in the same location, like TEMPONE in ethanol (cf. Fig. 1A)? The 
different aggregation behavior of spins contributing into these components points to their 
different location. That is, the major hydrogen-bonded component comes from nitroxides 
excluded from the hydrophobic part into the area with high water content, while the minor 
non-polar component may arise from spins somehow trapped in the defects of the 
hydrophobic membrane core. 

3.3. What about biological membranes? 

The gel phase rarely exists in biological membranes and the subgel phase is unknown for 
them. However, polarity measurements in frozen natural membranes using PC spin labels 
can also be affected by the affinity of spin labels to some structural defects, especially in the 
presence of proteins. For example, all PC labels in mixtures of DPPC with gramicidin A 
show about the same gxx value, indicative of the same polarity26, most likely due to an 
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interaction with the peptide’s -helical structure. Also, natural membranes usually have 
complex lipid head group composition and variety of lengths and unsaturation in acyl 
chains. This can affect the free volume available for spin labels both in the hydrophobic core 
and in the membrane interface. Fig. 12 shows 240 GHz spectra for 14PC in egg-yolk lecithin 
with and without cholesterol.  

 
Figure 12. 14 PC in EYL with and without cholesterol at 82K. The samples are gradually frozen in the 
flow of gaseous nitrogen. The corresponding one and two-component (the ratio of components with 
gxx=2.009410 and 2.008820 is 0.5) rigid limit simulations are shown in red (from 16). 

One can see that, similar to DMPC and DPPC membranes, the fraction of the hydrogen- 
bonded component drops with addition of cholesterol (cf. Figs 4 and the quick-freeze 
spectra in Fig.10 ). However, compared to DMPC and DPPC membranes this fraction in EYL 
is lower. Actually, in EYL/Cholesterol only a non-polar component can be observed in the 
spectrum. It can be explained by the presence of a double bond in the acyl chain of EYL. 
This unsaturated bond has a kink, which disrupts the packing of lipids. It creates extra free 
space in the hydrophobic core of the membrane50, and thus may shift the partition of 
nitroxides in favor of the membrane interior. Also, a variety of headgroups may improve 
packing in the polar head area, additionally forcing nitroxides into the hydrophobic core.  

3.4. Summary 

The ESR parameters of PC spin labels in frozen membranes do not simply represent the 
membrane polarity or water penetration profile. Instead, they show a distribution between 
hydrogen-bonded (HB) and non-hydrogen bonded (non-HB) states, which is affected by a 
number of factors in the membrane composition. In frozen lipid membranes at 240 GHz n-
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PC labels with n > 7 usually show two-component ESR spectra corresponding to HB and 
non-HB states of the nitroxide. In DMPC and DPPC membranes without cholesterol the ESR 
spectra recorded after gradual sample cooling show a broad background signal as well. But 
if the sample is instantly frozen, the broad background signal is absent and one observes 
mainly the HB component. We attribute the HB component for n10 to bent conformations 
of the nitroxide tethers. Such conformations at 9 GHz ESR manifest themselves in apparent 
“polar” Azz values and increased accessibility of the nitroxide to aqueous Ni2+ ions. These 
bent conformations prevail in the absence of cholesterol due to the tendency of the pure gel 
phase to exclude nitroxides, similar to the exclusion of solutes from crystallizing solvents. 
The formation of a separate phase of spin-labeled lipid (i.e. precipitate) manifests itself in 
the broad background ESR signal and occurs slowly in the supercooled gel. In membranes 
with cholesterol the observed HB/ non-HB ratio can best be described by a partition-like 
equilibrium between nitroxides located in defects of lipid structure in the hydrophobic core 
of the membrane and those close to the membrane surface. 

Abbreviations 

HF ESR, HFHF ESR: High Field ESR, High Field/High Frequency ESR 

DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

EYL: egg yolk lecithin 

n-PC spin labels: 1-palmitoyl-2-stearoyl-(n-doxyl)-sn-glycero-3-phosphocholines  

TFE: 2,2,2-trifluoroethanol 

MCH: methylcyclohexane 

TEMPO: 2,2,6,6-tetramethylpiperidine-N-oxyl 

TEMPOL, 4-Hydroxy-TEMPO: 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl 

TEMPONE, Oxo-TEMPO: 4-oxy-2,2,6,6-tetramethylpiperidine-N-oxyl 
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1. Introduction 

Amongst stable organic free radicals such as nitroxides, verdazyls, thioaminyls, a certain 
hydrazyl, phenoxyls, and carbon-centered radicals, nitroxide radicals (NRs) show 
outstanding thermodynamic stability ascribed to the delocalization of the unpaired electron 
over the N—O bond and thereby no dimerization (Aurich, 1989; Hicks, 2010). In fact, 
sterically protected NRs have found various practical applications in the field of materials 
science. The landmark is the discovery by Kinoshita et al. in 1991 of the first purely organic 
ferromagnet (Tc = 0.6 K) with respect to one of several polymorphs of a nitronyl nitroxide,  
2-(4-nitrophenyl)-4,4,5,5-tetramethylimidazoline-1-oxy-3-oxide (1) (Figure 1) (Tamura et al., 
1991). Since then, stable NR structures have been used as the spin source and building block 
for the elaboration of organic or molecule-based magnetic materials. Up to the late 1990s, 
more than 20 NR-based organic ferromagnets were prepared (Amabilino & Veciana, 2001); 
the highest Tc value of 1.48 K was recorded for one of polymorphs of 1,3,5,7-tetramethyl-2,6-
diazaadamane-N,N’-dioxyl (2) prepared by Rassat et al. in 1993 (Figure 1) (Chiarelli et al, 
1993). Furthermore, to verify the theoretical prediction for constructing 
organoferromagnetic conductor, several donors and acceptors carrying NR units were 
prepared to give the corresponding CT complexes and radical salts (Nakatsuji, 2008). In 
2007, Matsushita et al. reported that a radical ion salt of a tetrathiafulvalene (TTF)-based 
spin-polarized donor NR compound (3) successfully exhibited giant negative 
magnetoresistance, i.e., the decrease in the resistance of the salt by more than 70% under a 
magnetic field of 9 T at 2K (Figure 1) (Matsushita et al., 2007, 2008). This is the first example 
detecting the interaction between localized spins and conducting electrons in an organic 
molecular assembly, i.e., a molecule-based spintronics using not only the charge but also the 
spin of an electron (Sugawara et al., 2011). Meanwhile, for the last decade the redox 

© 2012 Tamura et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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properties of NRs have been utilized for the development of environmentally benign 
organic cathode-active materials for rechargeable batteries with a high energy-density, such 
as a stable nitroxide polyradical, poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate (4) 
(Figure 1) (Nakahara, 2002; Oyaizu & Nishide, 2010; Suga & Nishide, 2010). 

 
Figure 1. Magnetic materials based on NR chemistry. 

Thus, stable NR structures have been used as the spin source or the redox species to develop 
metal-free solid-state magnetic materials and spintronic devices, or polymer battery devices, 
respectively. However, the large electric dipole moment (ca. 3 Debye) of a nitroxyl group 
(N-O・) has never been utilized in these NR-based materials. In this context, with a view to 
exploiting metal-free magnetic or spintronic soft materials, we have been developing 
organic liquid-crystalline (LC) and ionic liquid (IL) NRs which can benefit from the unique 
magnetic and electric properties intrinsic to the NR structure.  

Paramagnetic LC compounds have been expected to become novel advanced soft materials 
that can combine the optical and electrical properties of conventional LCs with the magnetic 
and electronic properties of paramagnetic compounds (Dunmur & Toriyama, 1999). The 
magnetic liquid crystals (LCs) are classified into two types; the majority were metal-
containing LCs (metallomesogens) with permanent spins originating from transition (d-
block) or lanthanide (f-block) metal ions in the mesogen core (Figure 2) (Hudson & Maitlis, 
1993; Griesar & Haase, 1999; Binnemans & Gröller-Walrand, 2002; Piguet et al., 2006; Terrazi 
et al., 2006), while only several all-organic radical LC materials of the first generation were 
prepared before 2004 (Figure 3), because of the difficulty in the molecular design and 
synthesis which must satisfy the molecular linearity or planarity necessary for the existence 
of LC phases (rod-like or disk-like molecules, respectively) as well as the radical 
stabilization (Kaszynski, 1999; Tamura et al., 2008a, 2012). Moreover, endowing the 
magnetic LCs with chirality is expected to result in the emergence of unique magneto-
electric or magneto-optical properties, intriguing magnetic interactions and so on in the LC 
state (Tamura et al., 2008b, 2012).  
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Figure 2. Representative metallomesogens and their transition temperatures and magnetic anisotropies. 

 
Figure 3. First-generation of rod-like all-organic radical LC compounds 5-11 and their transition 
temperatures. 

In 2004, the present authors reported the preparation and magnetic properties of the 
prototypic second generation of paramagnetic all-organic rod-like LC compounds 12, which 
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contain a chiral cyclic NR (PROXYL) unit in the mesogen core and show various chiral and 
achiral LC phases over a wide temperature range (Figure 4) (Ikuma et al., 2004). In 2006, the 
chiral smectic C (SmC*) phase of (2S,5S)-12 was found to successfully exhibit ferroelectricity in 
a thin sandwich cell (Ikuma et al., 2006a, 2006b). Furthermore, quite recently, a sort of spin 
glass (SG)-like inhomogeneous magnetic interactions (the average spin-spin interaction 
constant J  > 0), which has been referred to as positive ‘magneto-LC effects’, have been found 
to be generated in the various chiral and achiral LC phases of compounds 12 and 13 at high 
temperatures (> 25 °C) under weak magnetic fields (Uchida et al., 2008, 2010; Suzuki et al., 
2012). In fact, these LC droplets floating on water were attracted by a permanent magnet and 
moved freely on water under the influence of an ordinary permanent magnet (Figure 5).   

 
Figure 4. Chiral NR LC compounds 12 and 13, and IL compounds 14 containing a PROXYL unit. 

 
Figure 5. Schematic representation of the attraction by a permanent magnet (maximum 0.5 T) of 
magnetic LC droplets of 12 and 13 on water in a shallow laboratory dish. Reprinted with permission 
from ref. (Uchida et al., 2010). Copyright 2012 American chemical Society. 

Meanwhile, with the aim of developing room-temperature ionic liquids (ILs) as another type 
of air-stable, metal-free magnetic soft materials which can act as redox materials or spin 
probes with molecular shape anisotropy, we designed and synthesized imidazolium 
compounds 14 containing a chiral PROXYL unit at some distance (Uchida et al., 2009a). 

In this chapter, first we briefly introduce the first-generation of all-organic NR LCs, which 
were prepared before 2004. Then, we report the magnetic and electric properties of the 
second-generation of NR LCs of compounds 12 and 13, and the NR IL compounds 14. 

2. First-generation of rod-like all-organic NR LCs  

Only a few all-organic radical LC compounds have been prepared, most likely because the 
geometry and bulkiness of the radical-stabilizing substituents are detrimental to the 
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contain a chiral cyclic NR (PROXYL) unit in the mesogen core and show various chiral and 
achiral LC phases over a wide temperature range (Figure 4) (Ikuma et al., 2004). In 2006, the 
chiral smectic C (SmC*) phase of (2S,5S)-12 was found to successfully exhibit ferroelectricity in 
a thin sandwich cell (Ikuma et al., 2006a, 2006b). Furthermore, quite recently, a sort of spin 
glass (SG)-like inhomogeneous magnetic interactions (the average spin-spin interaction 
constant J  > 0), which has been referred to as positive ‘magneto-LC effects’, have been found 
to be generated in the various chiral and achiral LC phases of compounds 12 and 13 at high 
temperatures (> 25 °C) under weak magnetic fields (Uchida et al., 2008, 2010; Suzuki et al., 
2012). In fact, these LC droplets floating on water were attracted by a permanent magnet and 
moved freely on water under the influence of an ordinary permanent magnet (Figure 5).   

 
Figure 4. Chiral NR LC compounds 12 and 13, and IL compounds 14 containing a PROXYL unit. 

 
Figure 5. Schematic representation of the attraction by a permanent magnet (maximum 0.5 T) of 
magnetic LC droplets of 12 and 13 on water in a shallow laboratory dish. Reprinted with permission 
from ref. (Uchida et al., 2010). Copyright 2012 American chemical Society. 
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were prepared before 2004. Then, we report the magnetic and electric properties of the 
second-generation of NR LCs of compounds 12 and 13, and the NR IL compounds 14. 
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stability of LCs, which requires molecular linearity or planarity (Kaszynski, 1999). 
Although several achiral rod-like organic LCs with a stable cyclic NR (DOXYL or TEMPO) 
unit as the spin source were prepared (Figure 3), their molecular structures were limited 
to those containing the NR unit within the terminal alkyl chain, away from the rigid core, 
and hence allowed the free rotation of the NR moiety inside the molecule, resulting in a 
decrease in the paramagnetic anisotropy (para) as well as the dielectric anisotropy () of 
the whole molecule. The molecular structures and magnetic properties of such first-
generation of all-organic NR LCs and the objectives of individual studies are briefly 
summarized below. 

Chiral racemic and achiral compounds 5-7 were synthesized by Dvolaitzky et al. to use them 
as an LC spin-probe for EPR spectroscopic study. Racemic 7 showed stable achiral smectic 
phases such as SmA, SmC and SmE (Dvolaitzky et al., 1974, 1976a, 1976b). Their 
temperature dependence of the molar magnetic susceptibility (M) was not measured. 

Finkelmann et al. prepared chiral racemic radical polymer 8 which can retain the LC 
structure in the supercooled glassy phase to measure the magnetic properties of an LC 
structure at low temperatures (Allgaier & Finkelmann, 1994). The temperature dependence 
of the M was measured by using a Faraday balance in the temperature range from 6 to 350 
K, in which the crystal-to-LC-to-liquid phase transition occurred. As a result, 8 showed 
neither molecular reorientation nor appreciable change in M at the crystal-to-LC phase 
transition temperature in the heating run. This is most likely ascribed to the high viscosity of 
the polymer material. 

Greve et al. synthesized the first LC compounds 9 and 10 with an -nitronyl nitroxide  
(-NN) structure as a spin source at a terminal position in the molecule (Greve et al., 2002). 
They showed a highly viscous monotropic (irreversible) LC phase in the narrow 
temperature range from 36 to 39 °C in the heating run. The temperature dependence of the 
M was not measured. 

To prepare a supercooled glassy material and crystal polymorphs in the applied magnetic 
fields and to observe the change in the magnetic behavior accompanying the alteration in 
the solid-state structure, Nakatsuji et al. synthesized the achiral LC compound 11 
(Nakatsuji et al., 2002). Although 11 showed the achiral nematic (N) phase within a 
narrow temperature range of 3 degree in the heating run, a small but distinct increase in 
M was observed at the crystal-to-LC transition temperature. The difference in the 
magnetic behavior between the heating and cooling runs was also observed; 11 showed 
antiferromagnetic interactions according to a singlet-triplet model at low temperatures 
before the thermal phase transition in the heating run of the crystals, while the magnetic 
behavior obeyed the Curie-Weiss law in the cooling run from the isotropic phase  
(Eq. 1). 

 para = C / (T–θ)                (1) 

where C is Curie constant, T is temperature, and θ is Weiss temperature.       
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3. Second-generation of rod-like all-organic NR LCs  

3.1. Molecular design and synthesis  

The second-generation of chiral NR molecules 12 that could satisfy the following four 
mandatory requirements were designed and synthesized (Tamura et al., 2008a, 2008b, 2012).  

Spin source: A nitroxyl group with a large electric dipole moment (ca. 3 Debye) and known 
principal g-values (gxx, gyy, gzz) should be the best spin source, because i) the dipole moment 
is large enough for the source of the spontaneous polarization (Ps) and ii) the principal g-
values are useful to determine the direction of molecular alignment in the LC phase by EPR 
spectroscopy (Figure 6). 
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Figure 6. Principal g-values and dielectric anisotropy in the NR molecules 12. 

High thermal stability: A molecule with a 2,2,5,5-tetraalkyl-substituted pyrrolidine-1-oxy 
(PROXYL) unit is stable enough for repeated heating and cooling cycles below 150 °C in the air. 

Molecular structure: (a) To avoid the free rotation of the NR portion inside the molecule so 
as to maximize the para and , a geometrically fixed chiral cyclic NR unit should be 
incorporated into the rigid core of LC molecules. (b) To obtain a slightly zigzag molecular 
structure and a negative  advantageous for the appearance of a chiral smectic C (SmC*) 
phase, a trans-2,5-dimethyl-2,5-diphenylpyrrolidine-1-oxy skeleton in which the electric 
dipole moment orients to the molecular short axis is the best choice (Figure 6). 

Chirality: Since both chiral and achiral LCs are required for comparison of their optical and 
magnetic properties in various LC phases, the molecules should be chiral and both 
enantiomerically-enriched and racemic samples need to be available. 

3.2. Magnetic properties 

Since the magnetic properties such as –controlled molecular reorientation and magnetic 
interactions in all-organic magnetic LC phases have been fully characterized for the first 
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time by using the various LC phases of NR compounds 12, these experimental results are 
described in detail. 

3.2.1. Magnetic anisotropy of LC compounds  

Similarly to ,  is calculated by subtracting the magnetic susceptibility component (⊥) 
perpendicular to the molecular long axis from the component (//) parallel to the same axis 
(Figure 7 and Eq. 2). Furthermore, the  consists of a paramagnetic component (para) (Eq. 
3) and a diamagnetic component (dia) (Eq. 4). Although para and dia are always positive 
and negative, respectively, para and dia become positive or negative, depending on the 
magnitude of the respective ⊥ and // values. Accordingly, the overall molecular magnetic 
anisotropy (mol) is the sum of para and dia (Eq. 5) (Griesar & Haase, 1999; Dunmur & 
Toriyama, 1999). If mol is positive (or negative), the molecular long axis becomes parallel 
(or perpendicular) to the applied magnetic field (H0), when the applied field is larger than 
the critical magnetic field (Hc) (Eq. 6 and Figure 7). Such is a driving force for molecular 
alignment by magnetic fields. 

  = || –  ⊥ (2) 

 para= para|| – para⊥   (3) 

 dia= dia|| – dia ⊥  (4) 

 mol = para + dia          (5) 

 Hc =  d –1 k1/2 ()–1/2   (6) 

where d represents the cell thickness and k is the elastic constant. 

 
Figure 7. Magnetic anisotropy () of an LC molecule. 

Furthermore, the overall LC magnetic anisotropy (χLC) (Figure 2), which is the sum of 
χpara,LC and χdia,LC calculated by EPR spectroscopy and SQUID magnetization 
measurement, respectively, depends on the orientational order parameter (S) of LCs as 
shown in Eq. 7 (de Gennes & Prost, 1993) . 

 LC = N mol S                    (7) 

where N is the number of molecules. 
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Diamagnetism resides in all atoms. Particularly aromatic rings show a strong diamagnetic 
effect in applied magnetic fields. Therefore, the diamagnetic rod-like LC molecules orient 
themselves such that the axis with the most negative dia is perpendicular to the magnetic 
field. Since |dia⊥| is usually larger than |dia||| with regard to organic LC molecules, the 
dia becomes positive and the molecules orient with the director parallel to the magnetic 
field (Figure 7). For organic LCs, the magnitude of the dia which is produced by two 
diamagnetic phenyl groups is approximately +50 x 10–6 emu mol–1 (Müller & Haase, 1983). 
Accordingly, a relatively strong magnetic field (> 0.2 T) is necessary to align diamagnetic 
LCs, depending on the type of LC phases (Boamfa et al., 2003). Meanwhile, the para of 
all-organic rod-like LC materials with a stable NR unit in the rigid core is considered to be 
too small to control the molecular orientation by magnetic fields due to the p-orbital 
origin.    

3.2.2. Magnetic-field-induced molecular alignment 

It is known that rod-like metallomesogens with high viscosity are not always suited for the 
investigation on the alignment of LC molecules by magnetic fields. In contrast, LC 
compounds 12 with low viscosity, low phase transition temperature, and known principal g-
values of the NR moiety are considered to be a good spin-labeled candidate for the studies 
on the –controlled molecular orientation by weak magnetic fields. Therefore, to confirm 
that the magnetic-field-induced molecular alignment in the LC phases of 12 is dia-
controlled, the para and dia values of 12 and the approximate magnitude of Hc for each 
LC phase of 12 were evaluated by EPR spectroscopy and SQUID magnetization 
measurement and by POM observation under variable magnetic fields, respectively (Uchida 
et al., 2009b). 

First, the temperature-dependent para value of compound 12a (n=13) was calculated to be –
1.7 x 10-6 emu mol–1 at 300 K from the g-value obtained by EPR spectroscopy, while the 
temperature-independent dia value was calculated to be +6.5 x 10–5 emu mol–1 from the 
experimental molar magnetic susceptibility of (±)-12a measured on a SQUID magnetometer. 
Thus, |dia| has turned out to be 30 times larger than |para|; the molecular alignment of 12a 
by magnetic fields is definitely dia-controlled.  

Next, to identify the direction of molecular alignment in the bulk LC state under a weak 
magnetic field, the temperature dependence of the experimental g-value (gexp) of (±)-12a was 
measured at a magnetic field of 0.33 T by EPR spectroscopy (Figure 8). In the heating run, 
the gexp of (±)-12a was constant at around 2.0065 in the crystalline state, then increased at the 
crystal-to-SmC phase transition, became constant at around 2.0068 in the SmC phase, then 
decreased abruptly to 2.0058 at the SmC-to-N phase transition, and finally returned to the 
level (~ 2.0065) of the crystalline state in the isotropic phase. In the cooling run, the gexp of 
(±)-12a was constant at around 2.0065 in the isotropic phase, then decreased at the Iso-to-N 
phase transition, became constant at around 2.0055 in the N phase, then increased to 2.0063 
at the N-to-SmC phase transition, and finally increased to 2.0067 in the crystalline state. 
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Figure 8. EPR spectroscopy of (±)-12a (n=13). (a) Experimental setup and (b) temperature dependence 
of the g-value measured through the first heating (white circles) and cooling (black circles) processes. 
Ref. (Uchida et al., 2009b) – Reproduced by permission of The Royal Society of Chemistry. 

From these results and the calculated principal g-values (giso=2.00632, g//=2.00540, g⊥=2.00678) 
of 12a, it is concluded that i) in the N phase the majority of molecules align their long axis 
along the applied magnetic field of 0.33 T, owing to the dia-controlled molecular 
reorientation (Figure 9a), whereas in the SmC phase in the heating run the molecular short 
axis is rather parallel to the field (Figure 9b), most likely due to the viscous layer structure 
and the natural homeotropic anchoring effect by quartz surface, and ii) that the molecular 
alignment in each LC phase is influenced by that in the preceding LC phase, although the 
molecular orientation modes are quite different between the N and SmC phases. 

 
Figure 9. Molecular alignment in the LC phases of (±)-12a under a weak magnetic field (0.34 T). (a) The 
N phase in both heating and cooling runs. (b) The SmC phase in the heating run. 

To evaluate the Hc for each LC phase of (±)-12a, we observed the texture change by POM 
observation under variable magnetic fields. Figure 10 shows the experimental setup: the 
direction of applied magnetic fields is perpendicular to the LC cell surface. The inner 
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glass surface in the sandwich cell with 40 m thickness was neither chemically nor 
physically treated. The natural Schlieren texture of the N phase gradually became dark 
with the increasing magnetic field until 0.5 T, resulting in the complete homeotropic 
orientation of molecules at 1.0 T, whereas the natural Schlieren texture of SmC phase of 
(±)-12a scarcely changed below 1.0 T, largely changed between 1.0 T and 1.5 T, and 
finished the change at less than 2.0 T to show another Schlieren texture (Figure 11), 
which is similar to the SmC Schlieren texture of (±)-12a observed under alternative 
homeotropic boundary conditions (Dierking, 2003). Accordingly, it has been concluded 
that the smectic layer planes became parallel to the glass plates at 2.0 T. Furthermore, no 
texture change was noted for N* and SmC*phase of (2S,5S)-12a below 5 T using the same 
experimental setup. 

 
Figure 10. Experimental setup for the polarized optical microscopy observation of (±)-12a under 
variable magnetic fields applied perpendicular to the cell surface. Ref. (Uchida et al., 2009b) – 
Reproduced by permission of The Royal Society of Chemistry. 

 
Figure 11. Polarized optical photomicrographs of (±)-12a. Texture changes (a) from the natural texture 
to the pseudo-isotropic texture in the N phase at 88.0 °C and (b) from the natural texture to the Schlieren 
texture in the SmC phase at 83 °C, with increasing magnetic fields. Ref. (Uchida et al., 2009b) – 
Reproduced by permission of The Royal Society of Chemistry. 

Thus, the Hc of each LC phase turned out to be largely affected by the superstructure; Hc(N) 
(< 1.0 T) < Hc(SmC) (< 2.0 T) < Hc(N*, SmC*) (> 5.0 T).  
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3.2.3. Magneto-LC effects 

The possibility of a ferromagnetic rod-like LC material has been considered unrealistic due 
to the inaccessibility of long-range spin-spin interactions between rotating molecules in the 
LC state. However, low viscous all-organic rod-like LC materials with a stable NR unit in 
the rigid core may show unique intermolecular magnetic interactions owing to the swift 
coherent collective properties of organic molecules in the LC state. 

a. Magnetic LCs with negative dielectric anisotropy (< 0) 

Interestingly, the present authors observed a nonlinear relationship (S-curve) between the 
applied magnetic field (H) and the molar magnetization (M) in chiral and achiral LC phases 
of 12 (Figure 12), which implies the generation of an unusual magnetic interaction in the LC 
phases under applied magnetic fields (Uchida et al., 2008, 2010). Such a nonlinear 
relationship was not observed in the crystalline phases of the same compounds which 
showed a usual linear relationship indicating a paramagnetic nature and no contamination 
of magnetic impurities in the sample. The in-depth investigation on the magnetic properties 
of LC compounds 12 strongly suggested that the generation of a sort of spin glass (SG)-like 
inhomogeneous magnetic interactions (the average spin-spin interaction constant J  > 0), 
which has been referred to as positive ‘magneto-LC effects’, induced by weak magnetic  
 

 
Figure 12. Magnetic field (H) dependence of molar magnetization (M) at 77 °C for (a) the SmC phase of 
(±)-12a, (b) the N phase of (±)-12b (n=8), (c) the SmC* phase of (2S,5S)-12a (88% ee), and (d) the N* phase 
of (2S,5S)-12b (96% ee). Reprinted with permission from ref. (Uchida et al., 2010). Copyright 2012 
American chemical Society. 
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fields in the various LC phases of compounds 12 is responsible for the observed nonlinear 
relationship between the H and M; the magnitude of magnetic interactions depended on the 
LC phase type, or the superstructure (Figure 13) (Uchida et a., 2010). Furthermore, it was 
confirmed that the molecular reorientation effect arising from the simple molecular 
magnetic anisotropy () has nothing to do with the positive magneto-LC effects observed 
in the LC phases of 12. Thus, it was concluded that the origin of such strong SG-like 
inhomogeneous magnetic interactions can be interpreted in terms of the anisotropic spin-
spin dipole interactions induced by weak magnetic fields in the anisotropic LC 
superstructure. 

 

 
 

Figure 13. Temperature dependence of relative paramagnetic susceptibility (rel) for (a) (±)-12a, (b) (±)-
12b, (c) (2S,5S)-12a (88% ee), and (d) (2S,5S)-12b (96% ee) at a magnetic field of 0.33 T. Open and filled 
circles represent the first heating and cooling runs, respectively. The LC temperatures shown in a box 
refer to the first heating process. Reprinted with permission from ref. (Uchida et al., 2010). Copyright 
2012 American chemical Society. 

In this study, we could indicate that EPR spectroscopy is the much better means than 
SQUID magnetization measurement to evaluate the temperature dependence of the para for 
organic NR LC compounds at high temperatures. This is due to the following four reasons: 
(i) The para can be derived from the Bloch equation (Eq. 8) by using the parameters obtained 
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from the EPR differential curves, such as maximum peak height (I’m and –I’m), g-value (g) , 
and peak-to-peak line width (Hpp). 
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where µB is the Bohr magneton, h is Planck’s constant, ν is the frequency of the absorbed 
electromagnetic wave, and H1 is the amplitude of the oscillating magnetic field. 
Accordingly, the temperature dependence of relative paramagnetic susceptibility (rel), 
which is defined as  
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where 0 is the standard paramagnetic susceptibility, e.g., at 30°C in the heating run (Eq. 9), 
can be actually used (Figure 12). (ii) Treatment of the dia term is totally unnecessary. (iii) 
The experimental error is very small even at such high temperatures. (iv) The analysis of 
microscopic magnetic interactions such as spin-spin dipole and exchange interactions is also 
feasible.  

b. Magnetic LCs with positive dielectric anisotropy (> 0) 

To examine the effects of  on the magneto-LC effects, compounds 13 with a terminal 
formyl group (Figure 4) which have a positive  were synthesized. Under weak magnetic 
fields, positive magneto-LC effects ( J  > 0) operated in the chiral nematic (N*) phase of 
(2S,5S)-13a (n=10) and in the smectic A (SmA*) phase of (2S,5S)-13b (n=18) (Figure 14a,b), 
whereas negative magneto-LC effects ( J  < 0) were observed in the achiral nematic (N) 
phase of (±)-13a (Figure 14c) (Suzuki, et al., 2012). The origin of such negative magneto-LC 
effects operating in the N phase of (±)-13a was interpreted in terms of the generation of 
antiferromagnetic interactions which is associated with the formation of the RS magnetic 
dipolar interaction due to the strong electric dipole interactions (Figure 15c), while 
ferromagnetic head-to-tail spin-spin dipole interactions should dominate in the N* and 
SmA* phases (Figure 15a,b). 

c. Attraction of magnetic LC droplet by a permanent magnet 

Furthermore, these radical LC droplets floating on water were attracted by a permanent magnet 
and moved freely on water under the influence of this magnet (Figure 5), whereas the 
crystallized particles of the same compounds never responded to the same magnet. The 
response of the LC droplets to the magnet also varied depending on the LC phase type, i.e., the 
extent of the magnetic interaction ( J ). These results indicate that the LC phase domain can help 
to induce magnetic interactions under applied magnetic fields (Uchida et al., 2008, 2010; Suzuki 
et al., 2012). This unique magnetic attraction will find use in the development of the metal-free 
magnetic soft materials usable at ambient temperature, such as a magnetic LC carrier for the 
magnetically targeted drug-delivery system or an MRI contrast agent (Kumar, 2009). 
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Figure 14. Temperature dependence of rel value for (a) (2S,5S)-13a, (b) (2S,5S)-13b and (c) (±)-13a. Ref. 
(Suzuki et al., 2012) – Reproduced by permission of The Royal Society of Chemistry. 

 
Figure 15. Spin-spin dipole interactions in LC phases. (a) N* phase of (2S,5S)-13a, (b) SmA* phase of 
(2S,5S)-13b and (c) N phase of (±)-13a. Ref. (Suzuki et al., 2012) – Reproduced by permission of The 
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3.3. Ferroelectric properties 

It is known that when an SmC* phase is confined to a thin sandwich cell with a gap smaller 
than the pitch of the helical superstructure, an unwinding of the helix occurs and a bistable, 
ferroelectric device is formed (Figure 16) (Goodby et al., 1991; Lagerwall, 1999; Dierking, 
2003). Consequently, Ps is generated in the sandwich cell in which ferroelectric switching 
occurs by changing the polarity of the electric field. The ferroelectric properties of the SmC* 
phase of each sample are characterized by measuring the Ps, the optical response time of 
bistable switching to an applied electric field, and the tilt angle. 

The SmC* phase of (2S,5S)-12a indeed exhibited ferroelectricity in a planar anchoring thin 
sandwich cell (4 m thickness) (Ikuma et al, 2006a, 2006b); a Ps value of 24 nC cm–2,  
an optical response time 0-90) of 0.213 msec and a layer tilt angle () of 29° were  
recorded. The ferroelectric LC data of (2S,5S)-12a were superior to those of the typical chiral  



 
Nitroxides – Theory, Experiment and Applications 204 

 
Figure 14. Temperature dependence of rel value for (a) (2S,5S)-13a, (b) (2S,5S)-13b and (c) (±)-13a. Ref. 
(Suzuki et al., 2012) – Reproduced by permission of The Royal Society of Chemistry. 

 
Figure 15. Spin-spin dipole interactions in LC phases. (a) N* phase of (2S,5S)-13a, (b) SmA* phase of 
(2S,5S)-13b and (c) N phase of (±)-13a. Ref. (Suzuki et al., 2012) – Reproduced by permission of The 
Royal Society of Chemistry. 

3.3. Ferroelectric properties 

It is known that when an SmC* phase is confined to a thin sandwich cell with a gap smaller 
than the pitch of the helical superstructure, an unwinding of the helix occurs and a bistable, 
ferroelectric device is formed (Figure 16) (Goodby et al., 1991; Lagerwall, 1999; Dierking, 
2003). Consequently, Ps is generated in the sandwich cell in which ferroelectric switching 
occurs by changing the polarity of the electric field. The ferroelectric properties of the SmC* 
phase of each sample are characterized by measuring the Ps, the optical response time of 
bistable switching to an applied electric field, and the tilt angle. 

The SmC* phase of (2S,5S)-12a indeed exhibited ferroelectricity in a planar anchoring thin 
sandwich cell (4 m thickness) (Ikuma et al, 2006a, 2006b); a Ps value of 24 nC cm–2,  
an optical response time 0-90) of 0.213 msec and a layer tilt angle () of 29° were  
recorded. The ferroelectric LC data of (2S,5S)-12a were superior to those of the typical chiral  

 
Magnetic and Electric Properties of Organic Nitroxide Radical Liquid Crystals and Ionic Liquids 205 

 
Figure 16. Ferroelectric switching in a thin sandwich cell. 

metallomesogen 15 (Figure 17); 15 showed a higher Ps value of 38 nC cm–2 with a of 23° 
than (2S,5S)-12a, but the optical response was very slow (10-90 = 8.5 msec) due to the high 
viscosity (Iglesias et al., 1996). 

 
Figure 17. Ferroelectric metallomesogen 15. 

Furthermore, second-harmonic generation (SHG) was clearly observed by Kogo and 
Takezoe et al. under a phase-matching condition in the SmC* phase of (2S,5S)-12a loaded 
into an LC cell (20 m thickness), validating the existence of ferroelectricity. The effective 
second-order nonlinear optical (NLO) constant was evaluated to be a 4.8 x 10–2 pm V–1, 3 
orders of magnitude smaller than that of quartz known as a standard NLO material (Kogo et 
al., 2010). 

4. NR Ionic Liquids (ILs) 

The synthesis and electric, electrochemical and magnetic properties of IL compounds (±)-14 
were reported (Figure 4), coupled with the first use of this type of magnetic IL as an EPR 
spin probe in typical achiral diamagnetic ILs (Uchida et al, 2009a). Although the chloride (±)-
14a (X = Cl) was hygroscopic and miscible with water, anhydrous and fairly hydrophobic 
ILs were obtained for other salts of (±)-14 (X = BF4, NTf2, PF6) which showed a glass 
transition between –37 and –22 °C and decomposed between 162 and 170 °C in air.  
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The temperature dependence of M of the least viscous (±)-14b (X = NTf2) measured on a 
SQUID magnetometer at a field of 0.5 T showed the high radical purity and 
antiferromagnetic interactions below 10K. Ionic conductivity and viscosity of (±)-14b were 
determined to be 5.23 x 10–5 S cm–1 and 1.087 x 10–3 cP, respectively, at 25 °C. Electrochemical 
studies using cyclic voltammetry (CV) were carried out for a CH3CN solution (1 mM) of (±)-
14b and the neat IL ( = 1.49 g cm–3; the radical concentration is 2.34 M at 25°C), without an 
additional supporting electrolyte (Figure 18). The voltammogram measured in CH3CN 
exhibited a quasireversible wave with half-wave oxidation potential (E1/2ox) of +0.363 V (vs. 
Fc/Fc+), while that in the neat IL measured with a micro CV cell showed a wider 
quasireversible wave with E1/2ox = +0.458 V. The diffusion coefficient of 14b or the 
corresponding oxoammonium ion in the neat IL was determined to be 2 x 10–10 cm2 s–1. Thus, 
paramagnetic (±)-14b with high radical purity turned out to be air-stable room temperature 
IL which can exhibit ionic conductivity and a quasireversible redox behavior in the absence 
of additional solvent and electrolyte. Notably, (±)-14b with molecular shape anisotropy 
proved to serve as the first IL EPR spin probe that can recognize the local structure or the 
molecular shape anisotropy of achiral diamagnetic IL solvents. 

 
Figure 18. Cyclic voltammograms of (±)-14b recorded at 25°C for (a) the MeCN solution (1.0 mM) at a 
scan rate of 100 mV s–1 (five scans) using Pt working and counter electrodes and an Ag reference 
electrode without an additional supporting electrolyte and (b) the neat ionic liquid sample at a scan rate 
of 0.5 mV s–1 (single scan) using a micro cell with Pt working, counter and reference electrodes without 
solvent and an additional supporting electrolyte. Ref. (Uchida et al., 2009a) – Reproduced by permission 
of The Royal Society of Chemistry. 

5. Conclusions and prospects  

The unique magnetic and electric properties of organic NR LCs and ILs were briefly 
surveyed. Noteworthy is the first observation of positive magneto-LC effects ( J  > 0) under 
weak magnetic fields in both chiral and achiral rod-like LC phases of the second-generation 
of all-organic NR compounds 12 with negative dielectric anisotropy ( < 0), while positive 
and negative magneto-LC effects ( J  > 0 and J  < 0) were observed in the chiral and achiral 
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LC phases of 13, respectively, with positive dielectric anisotropy ( > 0). Meanwhile, the 
ferroelectric properties of the SmC* phase of 12a were fully characterized in a thin sandwich 
cell; the NR unit proved to act as the sufficient source of spontaneous polarization (Ps). Such 
chiral organic NR LCs with low viscosity showed faster ferroelectric switching than chiral 
metallomesogens with high viscosity. The control of magnetic properties of magnetic 
ferroelectric LCs of 12 by electric fields is the next step. In addition, it is of great advantage 
to be able to use EPR spectroscopy as the tool for observing the microscopic dynamic 
behavior of molecules in the NR LC phases, coupled with the use of SQUID magnetization 
measurement to observe the macroscopic behavior. Furthermore, EPR spectroscopy turned 
out to be an excellent tool for analyzing the temperature dependence of the para for organic 
NR LC phases at high temperatures, for which SQUID magnetization measurement is not 
suited. Thus, such second generation of all-organic chiral LC NR compounds would open 
up a novel research field of metal-free magnetic or spintronic LC materials. 

Meanwhile, the advent of IL NR EPR spin probes would make possible the in-depth 
understanding of the local structure or the molecular shape anisotropy of diamagnetic IL 
solvents, which cannot be available by using conventional spin probes such as TEMPO 
derivatives. 

The research on metal-free magnetic soft materials is still in its infancy. The development of 
novel metal-free magnetic soft materials such as LCs, ILs, emulsions, and gels based on the 
NR chemistry is strongly expected. 
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1. Introduction 

Many inorganic materials are widely used as adsorbents and catalysts. For example, silica 
gels efciently absorb vapors and gases in chemical reactors and are applied as lters for the 
purication of mineral oils and water (Buyanov, 1998). Different aluminum oxide 
modications show good adsorption and catalytic properties in many organic reactions due 
to the presence of active sites on their surface (Lisichkin et al., 2003). TiO2 gels are widely 
used in heterogeneous catalysis owing to their enhanced chemical stability, the accessibility 
of active sites on their surface throughout the reaction volume, simplicity of reaction 
product separation, and the feasibility of repeated regeneration (Petrov et al., 1998).  

The efficiency of these materials mainly depends on the degree of surface development, 
texture and structural characteristics, availability of active centers, and possibly medium 
acidity near these centers. The specific surface diminishes on drying in any procedure for 
the preparation of xerogels. It can be maintained constant by a number of methods, 
including the use of additions (Ur’ev & Potanin, 1992), for example, powder cellulose (PC) 
(Shishmakov et al., 2007). Cellulose is a linear high molecular polysaccharide, which forms 
rigid chain structures due to the inter-molecular hydrogen bonding. It functions in nature as 
an agent that imparts high mechanical stability to plant tissues (Nikitin, 1962). The 
deposition of SiO2 and TiO2 xerogels on the PC surface affords composite materials (CMs) 
with a high dispersity of particles (Shishmakov et al., 2010). 

The use of hybrid organo-inorganic materials as supports is a new area in the development 
of new metal-containing catalytic materials. It allows to obtain supports with specific 
surfaces that are capable of retaining the metallic component of a catalytic system more 
strongly. 

© 2012 Kovaleva and Molochnikov, licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Chitosan, poly-D-β-glucosamine, is a commercially available amino polymer that is a perfect 
complexing agent, due to the strong donor properties of both the amino and hydroxyl 
groups (Varma et al., 2004). Chitosan is thus widely used in obtaining various catalytic 
materials, including those containing Au0 that are used in the hydroamination of alkenes 
(Corma et al., 2007); Pd0 used for the reduction of ketones (Yin et al., 1999); the Pd0–Ni0 
bimetallic system, used for carbonylation (Zhang & Xia, 2003); Os (VIII), used for 
hydroxylation (Huang et al., 2003); Co2+, used for hydration (Xue et al., 2004); and Cu2+, used 
for the oxidation of catecholamines (Paradossi et al., 1998).  

SiO2 is usually used as the inorganic component for these systems. The obtained hybrid 
materials are used to create sorbents of 3d-metal ions (Liu et al., 2002); to immobilize 
enzymes (Airoldi & Monteiro, 2000); as a solid phase for the liquid chromatography of 
organic compounds (Budanova et al., 2001), including enantiomers (Senso et al., 1999); and 
to improve the mechanical properties of other polymers (Yeh et al., 2007). Other oxides in 
combination with chitosan allow us to obtain biosensors based on ZnO substrate (Khan et 
al., 2008), selective sorbents of fluoride ions based on Al2O3 substrate (Viswanathana & 
Meenakshib, 2010) and magnetic materials based on Fe3O4 substrate (Li et al., 2008). Using 
an organic polymer (e.g., cellulose) as a substrate also has advantages in the sorption of 
metal ions (Corma et al., 2007). Metal-containing hybrid organo–inorganic materials can also 
be used as antibacterial composites (Mei et al., 2009), as sorbents of proteins (Shi et al., 2003), 
and as pervaporation membranes (Varghese et al., 2010). 

Nanostructured metal oxides, which are distinguished by extremely developed surface and 
porosity of particles, are new promising materials for different elds of science and 
technology, especially, for heterogeneous catalysis and chemistry of adsorption phenomena 
(Zakharova et al., 2005).  

Many sorption and catalytic processes are pH-dependent. Therefore, the determination of 
acidity and other acid–base characteristics in pores of inorganic, organo-inorganic materials 
is of great practical interest, since the catalytic and adsorption properties of solid-phase 
objects are affected by not only the chemical nature of solutions, but also specic conditions 
inside pores and on the surface of these materials. The mobility of liquid molecules in pores 
of inorganic sorbents was investigated by some authors using the spin probe method 
(Borbat et al., 1990; Martini et al., 1985 ). Recently, a new method was developed for the 
determination of medium acidity in pores of solids (pHint) by means of pH-sensitive 
nitroxide radicals (NRs) as spin probes (Molochnikov et al., 1996 ; Zamaraev et al., 1995). In 
recent years, this method was used to measure pHint in micropores of various cross-linked 
organic polyelectrolytes (ion-exchange resins and lms) (Molochnikov et al., 1996, 2004) and 
in pores of some zeolites and kaolin (Zamaraev et al., 1995). We found that pHint inside 
sorbents differ from the pH of external solutions by 0.8–2.1 units (Molochnikov et al., 1996). 
The method developed allowed us to study the processes of sorption and hydrolysis in ion-
exchange resins and the catalytic properties of Cu2+- containing carboxyl cation exchangers 
(Kovaleva et al., 2000), to determine ionization constants of functional groups and to give a 
critical estimation to the regularities previously found for the behavior of adsorbents in 
aqueous media.  
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pH-sensitive nitroxide radicals (NR) as labels were also used to determine surface electrical 
potential (SEP) of different biological objects like phospholipids (SLP) - derivatives of 1,2-
dipalmitoyl-sn-glycero-3-phosphothioethanol (PTE) (Voinov et al., 2009) and the mixed 
bilayers composed of dimyristoylphosphatidylglycerol and dimyristoylphosphatidilcholine 
(Khramtsov & Weiner, 1988). 

This work is aimed to review the applications of pH-sensitive NR as probes and labels for 
determination of local acidic and electrochemical characteristics of inorganic and organo-
inorganic materials and systems such as :  

 Al2O3 (non-modified and modified with F- and SO42- ions) and TiO2 as hydrogels and 
nanopowders doped with Cu(II) (Molochnikov et al., 2007) ; 

 pure and Cu2+-containing solid-phase composites based on nanostructured SiO2 and 
TiO2 and powder cellulose (Shishmakov et al., 2010; Parshina et al., 2011) ; 

 pure and Co2+-containing hybrid organo-inorganic materials based on the chitosan–
SiO2, chitosan– Al2O3, and –chitosan–cellulose systems (Mekhaev et al., 2011a, 2011b). 

2. Experimental 

2.1. Objects of study 

-Al2O3 (basic aluminum oxide), γ-Al2O3 and its acid-modified (HF and H2SO4) 
derivatives were supplied by A. M. Volodin. The IK-02-200 type γ- Al2O3 was synthesized 
by the calcination of aluminum hydroxide at 600°C. γ-Al2O3 was modied through the 
sample impregnation with acids followed by calcination at 600°C that resulted in changes in 
the acidic properties of its surface (the phase composition and specic surface area of the 
samples remained unchanged). -Al2O3 was prepared by the long-term heating of γ-Al2O3 
to 1300°C. γ- Al2O3 and -Al2O3 had specic surface areas of 220 and 145 m2/g, and an 
average pore diameter of 6 nm, respectively. The structural characteristics of the matrices 
were determined from the isotherms of nitrogen adsorption at 77 K measured on a 
Micromeritics ASAP 1400 volumetric setup and by mercury porosimetry with a 
Micromeritics Pore Size 9300 setup in the Institute of Catalysis, Siberian Division, Russian 
Academy of Sciences. 

The technique of synthesis of TiO2 hydrogel through the hydrolysis of a tetrabutyl titanate 
solution in methanol with water at room temperature and under intensive agitation is given 
in (Shishmakov et al., 2003). The precipitate was washed out with water until no butanol in 
washing water was observed and heated to 100°C. The resulting product was TiO2 xerogel. 

SiO2 hydrogel was synthesised by dissolving 10 ml of Na2SiO3 (ТU 6-15-433-92) in 30 ml of 
H2O. Then the hydrolysis of Na2SiO3 solution in 30 ml of 10% HCl solution was pursued 
under intensive agitation. During the reaction of condensation a gelatinous SiO2 gel and 
NaCl are formed. The precipitate was filtered off until no chlorine ions in washing water 
was observed, and dried at 100 C during 24h until it attained a constant weight. The 
resulting product was SiO2 xerogel. 
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Powder cellulose (PC) was obtained by hydrolysis of cellulose sulfate (Baikal Cellulose 
plant, TU OP 13-02794 88-08-91) in 2.5 N hydrochloric acid at 100°C. The hydrolysis was 
carried out for 2 h. The resulting product was washed on a filter with distilled water to the 
neutral pH of the washing water and dried at 100°C. 

Composite materials (CMs) based on nanostructured TiO2 and PC called as TiO2–PC xerogels 
of 70, 53 and 43 % wt. TiO2 were prepared by diluting 3 g of tetrabutoxytitanium and 0.5 ; 1 
and 1.5 g of PC, respectively, in 3 mL of methanol. The hydrolysis was pursued in 10 mL of 
water at 20°C under intensive agitation, resulting in the condension of TiO2 (PC didn’t 
participate in condensation). The TiO2 particles formed were deposited on a surface of PC.  

Composite materials (CMs) based on nanostructured SiO2 and PC called as SiO2–PC 
xerogels of 68, 52 and 35% wt. were prepared .from the solutions of 10 ; 5 ; 5 ml of Na2SiO3 
and 30 ; 15 ; 15 ml of H2O which were modified by introducing 2 ; 2 ; 4 g of PC, respectively. 
The hydrolysis of the first solution were peformed in 30 mL of 10 %HCL, and that of other 
ones was done in 15 mL of 10% HCL. 

The precipitates of the CMs prepared were washed out with hot water, filtered and dried at 
100 C during 24h until they attained a constant weight.  

The specific surface (Ssp) of the synthesized samples was measured using a SORBIMS 
instrument (ZAO Meta, Novosibirsk) and calculated by the BET procedure. The data are 
given in Table 1 (Parshina et al., 2011). 
 

 TiO2 SiO2 

PC, % 0 30 47 57 0 32 65 
Ssp,m2/g 66 177 226.4 261.9 29.5 145 239 

Table 1. The specific surface of the pure xerogels of TiO2 and SiO2 and the composites with different 
percentage of PC 

Since the specific surface of powder cellulose did not exceed 1 m2/g , the growth of Ssp was 
caused by the fragmentation of TiO2 and SiO2 particles deposited on the PC surface during 
the synthesis of CMs. According to the absolute values of Ssp, the procedure used for the 
preparation of CMs afforded dioxides with a high degree of dispersity. 

Powdered samples nanostructured TiO2 were prepared through heating a sol for 1 h at 
200°C followed by washing with distilled water to remove residual acid used for the sol 
stabilization and drying at room temperature. The specic surface area of the samples was 
240 m2/g, and the average particle diameter ranged from 4 to 5 nm (Poznyak et al., 1999). 

Microcrystalline cellulose (MCC) with an ash content of 0.16% and a humidity of 1.1% 
produced by JSC Polyex; Basic aluminum oxide; BS-50 silica and chitosan produced by JSC 
Sonat (Moscow) were used to obtain chitosan-containing ahybride organo-inorganic systems. 
The degree of deacetylation of chitosan (DD) determined by 1H NMR spectroscopy, its 
molecular weght as determined by viscosimetry and the ash content were found to be 0.84, 250 
kDa and 0.19%, respectively (Mechaev et al., 2011a). The BS-50 type silica had a specic surface 
area of 45 m2/g and an average diameter of pores of 15 nm (Mekhaev et al., 2011a). 
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The hybrid chitosan–(SiO2, Al2O3, cellulose) systems were obtained by depositing chitosan 
on the support surface. 

0.3 g (1.8 mmol) of citosan was dissolved in 14.5 ml of water containing 0.22 ml (3.84 mmol) 
of acetic acid with constant stirring. The substrate in quantities of 3 g was then added, and 
the solution was stirred for 30 min more.  

1 M NaOH solution was added to the suspension under stirring until the pH value reached 
13. The precipitate was filtered, washed until the pH value was 7, and dried at 60°С until it 
attained a constant weight.  

CHN analysis was performed using an automatic analyzer PerkinElmer, Inc. The data are 
given in Table 1. IR spectra of diffuse reflection were recorded using the PerkinElmer 
Spectrum One spectrometer. 
 

System C H N Cl Co Formula

MCC-Chitosan 
43.08 

(43.11)
6.42 

(6.35)
0.37 

(0.39)
- - 10C6H10O5  0.5C6H11NO4  3H2O 

Al2O3-Chitosan 
4.07 

(4.01)
1.04 

(0.61)
0.46 

(0.78)
- - 16Al2O3  C6H11NO4 

SiO2-Chitosan 
4.50 

(4.49)
0.94 

(0.68)
0.51 

(0.87)
- - 24SiO2 C6H11NO4 

MCC-Chitosan- 
Co2+ (I) 

43.12
(43.12)

6.15 
(6.04)

0.59 
(0.40)

1.30 
(1.28)

1.38 
(1.33)

10C6H10O5 0.5C6H11NO4 

Co0.4(OH)0.17Cl0.65 

Al2O3-Chitosan- 
Co2+ (II) 

3.64 
(3.82)

0.79 
(0.58)

0.47 
(0.74)

2.69 
(2.63)

2.18 
(2.19)

16Al2O3  C6H11NO4 0.7CoCl2 

SiO2-Chitosan- 
Co2+ (III) 

4.02 
(4.26)

0.89 
(0.65)

0.58 
(0.82)

2.03 
(2.02)

3.07 
(3.07)

16SiO2  C6H11NO4 Co0.88Cl0.96 

Table 2. Composition (%) of hybrid systems (calculated values are shown in brackets ) 

The surface area of the samples was determined by nitrogen adsorption in accordance with the 
BET method using a TriStar 3000 V.6.03A instrument. The instrumental error was 0.1 m2/g. The 
size of particles was estimated under the assumption that the particles were spherical. 

The surface area (Ssp) and the diameter of particles (D) were found to be 28.9 m2/g and 47 
nm ; 123.9 m2/g and 7 nm ; 2.4 m2/g and 818 nm for chitosan-SiO2 , chitosan-Al2O3 and 
chitosan-MCC hybride systems, respectively. 

2.2. Saturation of samples with Cu2+ and Co2+ ions 

2.2.1. Saturation of samples with Cu2+ Ions 

A 0.1 M NaNO3 solution (10 ml) was added into weighed samlpes (200 mg) of 
nanostructured TiO2, and the samples were kept for one week at a constant solution pH (5.5) 
held by adding dilute NaOH and HNO3 solutions. The sorption of Cu2+ ions on 
nanostructured TiO2 was performed by exposing samples in Cu(NO3)2 solutions (10 ml) 
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with concentrations of 10–4, 10–3, and 10−2 mol/L and ionic strength (µ) of 0.1, which was 
adjusted using NaNO3. Solution pH equal to 4.3 was maintained by the titration with small 
volumes of NaOH and HNO3 solutions. After the equilibrium was established, the residual 
amount of Cu2+ ions the equilibrium solutions was measured to determine the amount of 
sorbed Cu2+. Then, TiO2 was separated from the solutions by centrifugation. The samples 
were washed twice with a 0.1 M NaNO3 solution (pH 4.3) to remove adsorbed Cu2+ -ions. 

Cu2+ ions were sorbed on TiO2 hydrogel from CuCl2 and Cu(NO3)2 with subsequent its 
removal by ltration and drying at 20°C for 3 days upto constant weights of the precipitates. 
A volume of solution and a mass of hydrogel were changed to vary the content of Cu2+ ions 
in the phase of the studied TiO2 hydrogel, which was determined by the atomic absorption 
method on a Perkin Elmer 403 spectrometer. As the ESR spectra of Cu2+-containing hydrated 
gels are difcult to record, hydrogel samples ltered and dried at room temperature were 
used. Preliminary experiments were performed to select the sample drying conditions 
preventing the structural changes of the complexes formed. 

Cu2+ - containing composites based nanostructured SiO2, TiO2, and cellulose powder were 
prepared by sorption of Cu2+ ions on a hydrogel from an aqueous solution of CuCl2  2H2O. 
The volumes of hydrogels of the samples studied were calculated from the masses of 
xerogels obtained by hydrogels drying. For preparation of Cu2+-containing TiO2 and SiO2 

xerogels and the related CMs, a 0.01 g CuCl2  2H2O containing 0.059 mmol of Cu2+ ions and 
2 ml of H2O and the calculated volumes of hydrogels prepared were added into flasks. The 
samples were kept in the contact with a Cu2+-containing solution about 24 h upto the 
equilibrium was established. Then, the residual amounts of Cu2+ ions in the equilibrium 
solutions was measured to determine the amount of sorbed Cu2+ ions. The initial and 
residual amounts of Cu2+ -ions in a solution were measured using colorimeter KFK-2MP.  

2.2.2. Synthesis and characterization of the Cobalt-Containing Chitosan hybrid systems 

Cobalt-Containing Chitosan–Supported Systems were synthesised through stirring a 
mixture containing 0.24 g of CoCl2  6H2O, 2 g of chitosan–supported hybrid system and 20 
ml of ethanol under reflux condenser for 24 h. The obtained cake was filtered off, rinsed 
with ethanol (15 ml × 3 times) and dried at room temperature until the weight became 
constant. The elemental compositions of the hybrid system surfaces were determined using 
an analytical setup based on a VEGA II LMH scanning electron microscope and an INCA 
ENERGY energy dispersive microanalysis system (Mekhaev et al., 2011a, 2011b). The data 
are shown in Table 2. 

2.3. pH probes 

The pH values of solutions inside pores and near the surface of the studied inorganic and 
organo-inorganic materials were determined using spin probes, namely, pH-sensitive NRs 
of the imidazoline (R1, R2) and imidazolidine (R3) types (Table 3), which were synthesized 
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2.4. Recording and processing of the ESR spectra of NR 

The ESR spectra were recorded on a PS 100.X ESR spectrometer (ADANI, Belarus) in a 
three-centimeter (X) wavelength range at room temperature. Quartz sample holders with an 
internal diameter of 3.5 mm were used for solid samples. Solution spectra were recorded 
using quartz capillaries. 

Figure 1 shows characteristic ESR spectra of the pH-sensitive NR in aqueous solutions. 
According to the ESR theory, isotropic signals are induced by the fast-motioned NR 
molecules (correlation times of 10–10 s and less) and present the triplet of fine lines. 
Depending on solution pH, NR can be in protonated (RH+), deprotonated (R), or 
intermediate (mixed) forms. Because hyperne splitting constants aN for RH+ and R forms of 
the radicals are different (Table 3), in their ESR spectra, the distance a between the low and 
central-field component of the triplet increases gradually with pH of a solution, from the 
values characteristic of the RH+ form to those typical of the R form (Fig. 1). This 
characteristic is a superposition of hyperfine splitting constants (aN) characterizing 
protonated and deprotonated forms of the nitroxide radical. From the results of measuring a 
values during titration, the calibration curves reecting the dependences a vs. pH were 
plotted for each NR used (for example, see Fig. 2, 3 curve 1). In order to plot the calibration 
curves, NR solutions (10–4 mol/l ; µ = 0.1 ) were titrated either with dilute HCl and KOH 
solutions (used for all the samples, excepting hybride systems)( Molochnikov et al.,2007 ; 
Parshina et al., 2011 ; Shishmakov et al., 2010) or citrate-phoshate (pH 3.5-7.8) and citrate-salt 
(pH 1.6-4.8) buffer solutions (used for hybride systems) (Mekhaev et al., 2011a, 2011b). to 
vary the pH within the range of NR sensitivity of 2.5 – 7.5.  

 
Figure 1. The ESR spectra of the aqueous solution of NR R3 at different pH in the X range of wavelengths 
at 293K. IRH+ and IR are the intensities of ESR peaks for RH+ and R forms of the radical, respectively 
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Figure 2. Titration curves for NR R1 in bulk aqueous solution (calibration curve) (1), -Al2O3 (2),  
the BS-50 SiO2 (3) and γ- Al2O3 (4). a, % = ((a-aNRH+)/(aNR-aNRH+))×100% 

2.5. Determination of pH in the pore and near the sample surface using pH-
sensitive spin probes 

An aqueous KCl solution (10 ml) with an ionic strength of 0.1 was added to an oxide sample 
(200 mg) and the mixture was allowed to stand for a preset time. Then, the solution was 
thoroughly decanted and an NR solution (10–4 mol/L, µ = 0.1) was added to the sample. In 
some cases, required initial pH values of radical solution were obtained by preliminary 
mixing of HCl and KOH solutions. After the equilibrium was established, the suspension 
was titrated with HCl and KOH (HNO3 and NaOH) solutions to plot the titration curve for 
the NR present in the sample.  

For chitosan cobalt-containing hybrid systems and solid-phase composites based on SiO2, 
TiO2 and cellulose powder the method of multiply batches was used: 0.05 g of sample was 
kept in 5 ml of buffer aqueous solution containing nitroxide radicals for 2 days (established 
experimentally). The solution was then decanted.  
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The pH values of the equilibrium solutions (pHext) over the samples were measured using a 
Mettler Toledo pH meter (Switzerland) with an accuracy of 0.01 units. The samples 
separated from the solutions by centrifugation or ltration were placed into unsealed quartz 
ampules and their ESR spectra were recorded. After measuring the a distances in the ESR 
spectra of corresponding radicals located in the samples (Fig. 4), the pHint values of the 
studied materials were determined using the calibration curves (Fig. 2,3).  

 
 
 
 
 

 
 
 
 
 

 
 
 

Figure 3. Titration curves for NR R1 in bulk aqueous solution (calibration curve) (1), PC (2), SiO2 (3) and 
TiO2 (4) xerogels. a, % = ((a-aNRH+)/(aNR-aNRH+))×100% 

As can be seen from Fig. 4, the ESR spectra of NR in the samples studied represent  
the superpositions of three components of an isotropic signal of the probes in aqueous 
solutions inside pores and a spectrum of the probes immobilized on the surface of the 
objects studied. For determination of pHint values, only the isotropic signals in the ESR 
spectra were used. 
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I, II,II – components of an isotropic spectrum ; IV, V, VI – components of the spectrum of the immobilized probes 

Figure 4. The ESR spectra of NR R1 in the samples of CMs SiO2-PC (68% wt.SiO2) at pH 7.8 (1) and pH 
3.7(2) 

3. Results and discussion. Acid-base equilibria of inorganic and organo-
inorganic materials and systems 

3.1. Inorganic oxide materials 

3.1.1. Pure oxides 

The comparison of the titration curves for NR R1 radical in γ-Al2O3, -Al2O3, the BS-50 type 
SiO2 and TiO2 and SiO2 xerogels with the calibration curve of this NR (Fig. 2, 3) indicates 
that for γ-Al2O3, the curve is shifted to the left, and for other samples, to the right. As was 
shown previously for organic sorbents (Molochnikov et al., 2004), the left- side shift of the 
titration curves for the NRs used is characteristic of anionites in acidic solutions in the pH 
range, where amino groups bind hydrogen ions, for example, 

 +P-NH +H P +-NH2 3  (1) 
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where P is the sorbent matrix. At the same time, the shift in the titration curves to the right is 
related to the dissociation of acidic functional groups of cationites, for example, a carboxylic 
one,  

 - +P-COOH P-COO +H  (2) 

Thus, the shift of the titration curve of R1 to the left observed for γ-Al2O3 indicates the 
binding of H+ ions with the surface (pHintr is higher than solution pH) and to a positive 
charge of γ-Al2O3 surface, while the right-hand side shift of the titration curve of this NR in 
SiO2 gel suggests the release of H+ ions and, consequently, a negative surface charge. 

According to the data reported in (Hubbard, 2002) the acidic dissociation of hydrated 
aluminum oxide occurs in two stages, which can be described by the following equations: 

 +-AlOH + H O -AlOH+H  2
+ O ,2  3   (3) 

 - +-AlOH+H O -AlO +H O ,2 3  (4) 

The pKavalues of these equilibria (pKa1= 5.87 and pKa2 = 7.50) are given in (Lidin et al., 1987). 
Using NR, we can determine only pH values relevant to the ascending part of its S-shaped 
calibration curve (Fig. 2, 3 curve 1), i.e., the range, in which variations in a parameter 
correspond to variations in pH. The range of pH values appropriate to the ascending part of 
the calibration curve for a given NR is referred to as the zone of its sensitivity. The 
sensitivity zone of NR R1 falls in the pH range from 2.5 to 6.5 (Fig. 2, 3). If the above data on 
pKa reect (even if qualitatively) the pKa of functional group dissociation for γ-Al2O3 
studied, then the comparison of the sensitivity zone of NR R1 with pKa values indicates that 
the use of NR allows one to study only the pH range in which γ-Al2O3 either has a positive 
charge or is electrically neutral. On the other hand, there are data on the point of zero charge 
(PZC) for Al2O3 in the literature. 

For example, as was shown previously, the PZC of an Al2O3 sample kept in water for a long 
time was equal to 9.2, and for Al2O3 treated at 1400°C, the PZC decreased to 6.7 (Robinson et 
al., 1964). The rst value corresponds to γ-Al2O3, and the second one, to -Al2O3. For 
hydrated Al2O3 the PZC was found to be equal to 8, and it decreases as a result of the 
modication of Al2O3 surface with alkyl phosphate-based surfactants (Jeon et al., 1996). 
Moreover, these data suggest that, in the studied pH range, the surface of γ-Al2O3 has a 
positive charge that is in accordance with the shift of its titration curve to the left. 

The pHint of the sorbents differ from the pHext by 0.5–1.5 units (Table 3). Smaller pHintr values 
compared to pH of the external solutions for all the studied samples (except for γ-Al2O3) are 
indicative of the shift in titration curves of NR R1 to the right relative to the calibration 
curve, similarly to that demonstrated in Fig. 2, 3 all the samples excepting γ-Al2O3. 

It should be noted that the pHint value determined in this study for the hydrated -Al2O3 is 
in good agreement with the PZC value found in (Robinson et al., 1964). From the data given 
in Table 3 we notice that in all the studied samples excepting γ-Al2O3 acidic centers 
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predominate. However, the acidity of these centers is rather weak; their pKa of dissociation 
are presumably close to 6. Only when strongly acidic sulfate residues appear in Al2O3, a 
drastic decrease in pHint is observed as a result of their dissociation. It should be noted that 
the same decrease in pHint of TiO2 hydrogel results from the sorption of Cu2+ ions by the 
hydrogel, which leads to the ion-exchange displacement of H+ ions (Fig. 5). 
 

Sample рНext ( ± 0.01) pHint ( 0.1) 
 - Al2O3 7.72 6.6 
Al2O3 – F- 6.9 6.4 

Al2O3 – SO4 2- 4.9 3.8 
 - Al2O3 7.16 >7.3 

TiO2-hydrogel 7.0 5.5 
BS-50 type SiO2 7.5 5.7 

TiO2-xerogel 7.0 6.1 
SiO2-xerogel 7.0 6.3 

Table 4. pH values of the external bulk solution of NR R1 and in the pores and near a surface of the 
inorganic materials studied 

 
Figure 5. The pH values of a CuCl2 equilibrium solution (pHext) (1) and a solution inside TiO2 hydrogel 
(pHint) (2) vs. the amount of sorbed Cu2+ (cCu) 

The titration curves of radicals occurring in organic sorbents are characterized by the 
presence of horizontal plateaus corresponding to constant pHint (parameter a remains 
unchanged), when the pH of the external solution increases (Molochnikov et al., 2004). The 
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presence of the horizontal plateaus on the titration curves is related to the consumption of 
the titrant solution for the neutralization of functional groups of ionites. There was found no 
horizontal plateau on the titration curve of NR R1 in γ-Al2O3 within its zone of sensitivity 
(Fig.2). This fact can be explained either by the presence of a small number of acidic 
functional groups in γ-Al2O3 or by noncoincidence of pKa values of these acid groups with 
the zone of sensitivity of the radical used. Based on our experimental data, it is difcult to 
make a conclusion in favor of any of these assumptions. 

It should be noted that the titration curve of NR R1 in the BS-50 SiO2 contains two horizontal 
plateaus corresponding two constant pHint determined near the SiO2 surface when the pH of 
the external solution is changed (pHext) (Fig.2, curve 3). These plateaus are referred to as the 
titration process of functional groups on the surface (Golovkina et al., 2008). The рКа values 
for these groups were determined from the titration curves, and were рКа1 = 4.4–4.7 and 
рКа2 = 6.5–6.8. According to (Long et al., 1999 ; Zhao et al., 1997, 1998) amorphous SiO2 
contains groups of three types: silanol, silandiol, and siloxane groups in a ratio of 59.2, 14.7, 
and 26.1%, respectively. We can therefore assume that the lower and longer horizontal 
plateau reflects the titration process of silanol functional groups on the SiO2 surface, and the 
upper plateau corresponds to silandiol groups. According to (Méndez et al., 2003), the 
intervals of changes in the dissociation constants are рК1 = 3.51–4.65 and рК2 = 6.17–6.84, 
respectively. The same values of constants of dissociation for silanol and silandiol groups of 
silica were measured and published in (Nawrocki, 1997 ; Neue, 2000). The presence of 
silanol and silandiol groups on the surface of the studied SiO2 was thus identified.  

From two types of the xerogels studied (TiO2 and SiO2) electrical potential of TiO2 xerogel 
is slightly more than that of SiO2 xerogel (Fig.3). There was found a small horizontal plateau 
in the range of pHintr between 3.75 and 4.25 on the titration curve for NR R1 near the SiO2 
surface. From this plateau pKa values for silanol groups were determined. They were found 
to be equal to 3.95  0,07 within the zone of constant pHint values (Molochnikov et al., 1996). 
The measured values of pKa are in good agreement with those determined before for silicas 
using chromatography(Méndez et al., 2003) and the method of pH probe in different silica-
containing samples (Golovkina et al., 2008). At lesser pH values this curve goes near (but 
slightly righter) than the calibration curve of the above-mentioned NR. As seen from the 
figure, the surface of SiO2 xerogel carries a small negative charge which is characteristic for 
the sample before titrating silanol groups. The lack of horizontal plateaus on the titration 
curves of NR R1 for the TiO2 xerogel indicates the fact of titration of its functional groups at 
pH above 7. It can be explained by the presence of mainly terminal OH- -groups with basic 
properties on a surface of TiO2 xerogel. The range of their titration lies above the zone of 
sensitivity of the NR used. 

When studying acidity inside organic sorbents or hydrogels, pH probes are placed into 
water, which penetrates into a solid due to sample swelling. In this case, the probes occur in 
water environment far away from the chains of organic (synthetic ion-exchange resins) or 
inorganic (TiO2 and SiO2 hydrogel, xerogel) polymers. 
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The particles of nanostructured oxides in diameter of several nm possess extremely large 
surface (the ratio of the number of atoms on the surface of a nanoparticle to the number of 
atoms located inside the particle is equal to 1/7). Therefore, a pH-sensitive NR surrounded by 
water molecules can approach the hydrated surface of nanoparticles rather closely. It was 
expected that they as probes and labels would appear to be sensitive to SEP, which would 
make it possible to estimate its value. 

The dependences of NR ionization constants on the surface electric potentials and the 
polarity of media were reported by Fromherz (Fromherz , 1989) and Khramtsov et al. 
(Khramtsov et al., 1992) for uorescent pH indicators and for pH-sensitive NRs, 
respectively, as follows: 

 polelΔpK = ΔpK +ΔpKa a a  (5) 

where pKa  is the total shift in the pKa of an NR occurring in a sample relative to that of 
the NR in an aqueous solution and elΔpKa  and polΔpKa  are the shifts in the pKa of the NR 
occurring in the sample, which are due to th electric potential arising on the sample surface 
and to a change in the polarity of the medium relative to the polarity of the NR aqueous 
solution, respectively. 

 elΔpK = -e ×φ / 2.3k Ta     (6) 

 pol  ΔpK = b (ε - ε )a HOH      (7) 

where φ  is the electrostatic potential, e is the electron charge, k  is the Boltzmann constant, T  
is absolute temperature, b is a proportionality coefcient dependent on the radical nature, ε is 
the medium permittivity, and εHOH is the permittivity of water.Figures 6 and 7 demonstrate the 
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at pH ≈ 5.5, which was close to the PZC of TiO2 (5.7) (Poznyak et al., 1999), and R2 probe at pH 
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As was mentioned above, the shift of the titration curve for γ-Al2O3 to the left corresponds 
to the positive charge of the particle surface that, in principle, correlates with the data 
obtained at pH below PZC. The left-shift (toward more acidic solutions) of the titration 
curve of the probe located near the surface of TiO2 nanoparticles indicates that the surface 
electric potential is also positive. No changes were found in the hyperne splitting constants 
aN for both deprotonated and protonated R3 radicals (Fig. 6). The curves of titration of NR  
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Figure 6. Titration curves for NR R3 in bulk aqueous solution (calibration curve) (1) and near the 
surface of nanostructured TiO2 (2) at 25°C and µ = 0.1  

 

 
Figure 7. Titration curves for NR R2 (1) in bulk aqueous solution and (2) near the surface of 
nanostructured TiO2 at 25°C and µ = 0. 1 . The amount of Cu2+ ions sorbed in the pores of TiO2 is 0.36 
mmol/g of the sample 
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R3 in the solution (curve 1) and near the surface of the nanostructured TiO2 (curve 2) begin 
and end at the same value of parameter a characterizing the hyperne splitting constant aN 
for the protonated and deprotonated forms of NR. This fact shows that there are no changes 
in the polarity of the medium on the surface of nanostructured TiO2 relative to the external 
solution, and the term ∆pKapol calculated by formula (7) is reduced to zero (Khramtsov et al., 
1992). Thus, the shift in pKa is determined by the electric potential of nanoparticle surface 
alone (pKa = pKael). The calculation by formula (6) gives φ  = 31.7 mV at the point of R3 
probe location. It should be stressed that the calculated φ  value is not the electric potential 
of TiO2 nanoparticle surface, but it only characterizes the electric eld generated by a 
nanoparticle at the site where the radical fragment –N–O• of R3 probe is located.  

3.1.2. Cu2+-containing samples 

For TiO2 hydrogel, pH values of the external solution, which is in contact with the hydrogel 
(pHext), and of those inside the hydrogel (pHint) during the sorption of Cu2+ ions from 
copper(II) chloride and nitrate solutions are found to be different (Fig. 5). It was observed 
that the anions of these copper(II) salts had no effect on the acidity of a medium. In the 
process of sorption Cu2+ ions are involved in the chemical interaction with the active centers 
of the hydrogel (Kharchuk et al., 2004) that manifests itself both in the parameters of the ESR 
spectra of Cu2+ in the hydrogel and in the impossibility of washing out sorbed Cu2+ ions 
from the hydrogel by Na+ and Ca2+ nitrate solutions. According to the data obtained, 
initially, pHint is lower by 1.5 units than pHext (Table 3). As the amount of Cu2+ ions in the 
hydrogel grows, pHint decreases (Fig. 5), and, beginning with an amount of 0.24 mmol/g of 
the gel, it coincides with pHext. Thus, the acidity inside the original hydrogel sample is 
considerably lower than that of the equilibrium external solution. Similar regularities were 
found for granulated organic ion-exchange resins (Kovaleva et al., 2000). For KB-2 × 4 cationite 
in a mixed H+–Na+ form, it was found that in the process of absorption of copper, the acidity of 
the external solution diminishes, while the acidity inside the sorbent remains unchanged until 
a certain amount of Cu2+ ions in the ionite is attained, with this content being dependent on the 
fraction of Na+ form of the cationite When this value is exceeded, the acidity inside the sorbent 
begins to decrease and pHext and pHext values for the ionite become equal at a certain degree of 
saturating with Cu2+ -ions. For TiO2 hydrogel, the equalization of pH values is also observed, 
but the horizontal plateau with a constant pHint value on the titration curve of NR is not 
observed. The constant pHint values for KB-2 × 4 cationite are explained by the buffer 
properties of its H+–Na+ mixed form. TiO2 hydrogel has no buffer properties, and the acidity 
increases smoothly with a rise in the amount of sorbed Cu2+ ions.  

For nanostructural TiO2, in the presence of sorbed Cu2+ ions, at pH close to 4.3 (Fig. 7), like 
in the case of pure nano -TiO2 (Fig.6), a shift of the titration curve toward lower pH values is 
observed; however, the hyperne splitting constant aN decreases (the titration curve is 
shifted downward). The decrease in aN is probably related to a lower polarity (the effective 
permittivity of the medium) near the nanoparticle surface where the probe is located. The 
theory predicts that the permittivity of a medium must have the same effect on both 
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electroneutral (the deprotonated form of the radical) and charged (the protonated form) 
species (Griffith et al., 1974). We found that the rise in the Cu2+ amount from 0 to 0.36 
mmol/g. of the gel results in an increase in the ∆pKa value. The shift of this curve (∆pKa) to 
the left is significantly smaller that for NR R3, although the change from the PZC to pH 4.3 
and the incorporation of Cu2+ ions must enhance the positive charge of the nanoparticle 
surface and, according to formula (6), increase in ∆pKa. In accordance with formula (7), a 
reduction in the permittivity near the surface of TiO2 particles compared to εHOH, which 
causes the observed decrease in aN, must also shift the titration curve to the left.  

Hence, the explicit inconsistency between the determined ∆pKa values for NR R2 and NR R3 
radicals and the theoretical predictions is established. We relate this difference to a larger 
distance of NR R2 from the surface compared to NR R3; this is possible because NR R2 has a 
substituent in position 4, which is presumably positioned toward the surface due to the 
tendency of its amino groups to protonation (or complexation with Cu2+ ions sorbed on the 
surface). Thus, the –N–O• fragment of the radical turns out to be removed from the surface of 
TiO2 by the chain length of this substituent. The electric potential induced on the −N–O• 
fragment will decrease with the distance from the surface and will be inversely proportional to 
the distance from this surface, when it is represented as, for example, a plane. The small NR R3 
radical can approach the nanoparticle surface much closer and, therefore, it is affected more 
strongly by the electrostatic potential of the TiO2 surface. The sorption of Cu2+ ions on the 
surface of nanoparticles increases the charge of the latter. The observed shift of the titration 
curve (Fig. 7) and the broadening of the ESR spectra of these radicals attest to the orientation of 
the substituent in position 4 of NR R2 toward the surface and to the interaction between amino 
groups of the substituent and the Cu2+ ions sorbed on the nanoparticle surface. 

3.2. Organic supports of composite and hybride materials 

For PC and MCC, the titration curves of NR R1 were found to be shifted to the left of the 
calibration curve (Fig. 2, 3 ), indicating a posiive charge on the surface (Kovaleva et al., 2000 ; 
Molochnikov et al., 2007). Hydroxyl groups of celulose most likely play the role of surface 
bases whose protonation gives the surface a positive charge. 

3.3. Solid-phase composites based on SiO2, TiO2 and cellulose powder 

3.3.1. Pure systems 

As shown in Fig. 8 and 9, the titration curves of NR R1 in the CMs TiO2 – PC with 70 (not 
shown) and 53 % wt. TiO2 and in the SiO2 – PC with 68 and 35 % wt. SiO2 (unprotonated 
parts) are shifted to the right relative to the calibration curve, as in the case of TiO2 and SiO2 
xerogels. For CMs based on SiO2, TiO2 and cellulose powder ΔpH = pHext – pHint decreased 
(the curves are shifted to the left relative to those of pure xerogels) as the PC content in the 
samples increased; this corresponds to a decrease in the negative charge of the CM surface. 
This is because of the lower acidity of cellulose compared to the acidity of the solution 
(cellulose has basic alcohol functional groups in its structure) and the positive charge of its 
surface (Parshina, 2011).  
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Figure 8. Titration curves for NR R1 in bulk solution (1), PC (2), TiO2 xerogel (3) и CMs TiO2 : PC (53% 
wt.TiO2)(4) and TiO2 : PC (43% wt.TiO2) (5)  

 
Figure 9. Titration curves for NR R1 in bulk solution (calibration curve) (1), PC (2), SiO2 xerogel (3) and 
CMs SiO2 : PC (58% wt. SiO2) (4) and SiO2 : PC (35% wt. SiO2) (5). a, % = ((a-aNRH+)/(aNR-aNRH+))×100% 
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This proves that a surface of the composites studied carries lesser negative charge as 
compared to that of pure xerogels. The left-shift of the curve of NR R1 in CM TiO2 – PC with 
43% wt.TiO2 relative to the calibration curve can be explained by initial positive charge of 
the surface of this CM due to binding H+ ions. Hence, SEP of CMs based on TiO2 and PC is 
varied over a wide range and even changes its sign from negative to positive as an increase 
in PC content. From the curves plotted, we notice that a decrease in percentage of TiO2 

xerogel in CMs from от 53% до 43% leads to a pHintr greater than a pHext. This fact can be 
explained by positive charge of a surface of cellulose due to the presence of alcohol groups 
in its structure. 

For all the synthesized CMs based on SiO2 xerogel and PC after complete protonating 
silanol groups, the titration curves of NR R1 were shifted to the left relative to  
the calibration curve and, hence, a surface of the samples studied remained positively 
charged (Fig.9). Unlike the composites based on TiO2 and PC, an increase in a percentage 
of PC in the SiO2-PC composites leads to changing a surface charge from positive  
to negative with increasing pHext (above the horizontal plateau on the titration curves) due 
to dissociation of functional groups. Thus, the incorporation of PC into the samples 
doesn’t change acidity of silanol groups and doesn’t make a polarizing effect on the  
SiO-H bond. The length of the horizontal plateau slightly increases in the accordance 
with the amount of silanol groups and the percentage of PC in the CMs based on SiO2. 
This can be caused by the increased dispersity of SiO2 due to rising in Ssp of the CMs 
(Table 1). 

By varying the cellulose percentage in the composites and pHext values, pHint values and SEP 
can be selected over a wide range. This information is needed for optimization of the 
conditions for pH-dependent adsorption and catalytic processes through a choice of CM 
with a certain pHint and SEP as catalyst substrate and adsorbent. 

3.3.2. Cu2+-containing composites 

The sorption of Cu2+ on the TiO2 and SiO2 xerogels and on the related CMs is accompanied 
by a change in the pH in their phases. However, the dependences of pHext(int) vs cCu (amount 
of sorbed Сu2+ ions) for the above- mentioned types of xerogels and the CMs based have 
some differences (Fig.10, 11).  

From these figures we notice that : 

 pHint is different from pHext, and with no Cu2+ in an external solution (cCu = 0), pHext is 
greater than pHint. 

 With an increase in the amount of Сu2+ in the CMs, both the pHext and pHint descrease. 
 There is a horizontal plateau on the dependences of pHint on cCu in the range of sorbed 

Cu2+ from 0.15 up to 0.3 mmol Cu2+/g. TiO2, SiO2 xerogel, within which pHint remains 
constant with increasing in cCu. 

 At greater cCu pHint and pHext come closer and become almost equal. 
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Figure 10. pH of external solution (pHext) (curves 1,3) and near the surface (pHint) (curves 2,4) of TiO2 
xerogel (curves 1, 2) and the TiO2 : PC (47% wt. TiO2) composite (curves 3,4) vs.cCu 

 
Figure 11. pH of external solution (pHext) (curves 1,3) and near the surface (pHint) (curves 2,4) of SiO2 
xerogel (curves 1,2) and the SiO2 : PC (68% wt. SiO2) composite (curves 3,4)  vs.cCu 
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The increase in acidity of external solution, first of all, is caused by the hydrolysis of Cu2+ at 
the initial pHext equal to 6-7 and is accompanied by intense release of H+ ions. The lesser 
pHint values as compared to pHext for both types of xerogels and the related CMs can be 
explained by a surface negative charge. A surface of the samples studied attracts H+ ions in 
its double electrical layer to compensate this charge. Also an increase in acidity of both 
external and internal (near the surface) solutions is caused by the fact that the sorption of Cu2+ 
ions is accompanied by intense release of H+ ions into them. The increase in the acidity of a 
medium due to the competition of H+ ions almost completely suppresses the ion exchange 
sorption of Cu2+. An analogous tendency was previously observed for organic ion-exchange 
resins (as grains) and TiO2 hydrogel (Kovaleva et al., 2000 ; Molochnikov et al., 2004). 

The presence of the horizontal plateaus on the curves pHint vs cCu (Fig. 9) indicates the buffer 
properties of the TiO2 xerogel and the TiO2 : PC samples by analogy with the same 
properties of the mixed H+–Na+ form of the KB-2 × 4 cationite (Kovaleva et al., 2000). The 
greater is percentage of PC in a sample, the shorter is the horizontal plateau on the above-
mentioned curves. The buffer effect of the TiO2 xerogel and the related CMs is caused by the 
existence of some amount of deprotonated functional groups in the samples before the 
sorption of Cu2+. The complexation of Cu2+ ions with these groups occurs first of all and does 
not lead to the release of H+ ions, which would reduce both pHext and pHint. In addition, 
releasing of hydroxide groups as a result of dissociation of molecules of Cu(OH)2 
responsible for complexation with functional groups of a surface of xerogel can retard 
decreasing pH with increasing cCu. 

Unlike TiO2 systems, for SiO2 and the related CMs pHint values were found to be more than 
pHext ones (Fig. 11). Apparently, this differance can be explained by the significant differences 
in pKa of functional groups of SiO2 and TiO2 oxides. pKa values of silanol groups (3.95  0.07) 
are significantly lower than pHext from which sorption of Cu2+ has been conducted. Therefore, 
silanol groups are completely dissociated and H+ ions don’t exchange with Cu2+ ions during 
complexation. Hence, no functional groups can neutralize OH—groups forming during 
breakdown of Cu(OH)2 molecules. As a result, pHint values (near a surface of samples) have 
high values.  

As the titratuon curves for TiO2-based CMs don’t contain the horizontal plateaus as well as 
pure systems, hence, pKa values of active acidic centers of a surface of these materials are 
out of zone of sensitivity of the NR used (greater than 7) (Fig. 8). Therefore, these centers are 
mainly in the protonated form before sorption of Cu2+-ions. During complexation Cu2+-ions 
exchange with H+ ions of functional groups releasing them into external solution. Hence, 
pHint became less than pHext. It shows up in a general decrease pH (both pHint and pHext) 
with increasing cCu (Fig. 10 ).  

3.4. Hybrid organo-inorganic materials based on the chitosan– Al2O3, chitosan–
SiO2, and cellulose –chitosan–systems 

Hybrid systems were obtained in accordance with the scheme (Fig.12) 
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Figure 12. Scheme for obtaining  hybrid organo-inorganic materials. s -support 

The compositions of the obtained hybrid systems were characterized by elemental analysis 
(Table 2). According to the obtained data, the reactivity of substrates was different and 
declined in the order MCC >Al2O3 > SiO2, since the compositions of the obtained hybrids in 
the case of inorganic oxides do not correspond to the molar ratios of the initial components. 

The presence of chitosan molecules on the surface of the obtained systems was confirmed by 
the IR spectra, which contain characteristic absorption bands at 1652 and 1555 cm–1 
corresponding to residual acetoamide groups of the polymer. 

Since the obtained composites have to be electroneutral, we must assume that in the case of 
SiO2, the substrate, being a weak acid, forms an ionic bond with the chitosan’s amino group. 
In case of Al2O3, the same situation is possible, but some of the chitosan’s amino and 
hydroxyl groups are involved in complex-forming with aluminum. In the case of MCC, the 
interaction occurs through hydrogen bonds. 

NR were used as pH-probes to obtain a more detailed characterization of the surface 
structure of hybrid systems, their acid–base properties. 

A comparison of the ESR spectra of NR R1 in solution and in the samples studied showed 
that in all cases, there was an isotropic signal which indicated the lack of covalent bonds 
between the NR and the sample surface and the presence of this radical near the surfaces of 
particles (Fig. 4, spectrum 1). 

3.4.1. Pure hybride systems  

Analysis of the structure of the Al2O3–chitosan system according to the adsorbed probe 
molecules of the nitroxyl radical showed that coating the initial -Al2O3 substrate with 
chitosan leads to a slight increase in the surface negative charge, as was confirmed by the 
shift of the NR titration curve to the right (Fig. 13). The titration curves of -Al2O3 and 
Al2O3–chitosan are not parallel to the calibration curve at low pH values due to the gradual 
dissolving of -Al2O3 particles in weakly acidic media, as has been noted during 
investigations of samples containing aluminate ions (Iller, R., 1979 ; Golovkina, 2009). 
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Figure 13. Titration curve for NR R1 in aqueous bulk solution ( calibration curve) (1), near the surface 
of Al2O3 (2), hybride Al2O3– chitosan (3) and Al2O3– chitosan-Co2+ (4) systems . a, % = ((a-aNRH+)/(aNR-
aNRH+))×100% 

For the SiO2–chitosan system, the NR titration curve overlaps the corresponding curve for 
SiO2 values within the horizontal section of the titration curve for silandiol groups in the range 
of high pH (Fig. 14). We can correspondingly claim that in this pH region, the surfaces of the 
samples all have the same charge, demonstrating that chitosan has no influence on the SiO2 
surface. If pH is decreased below 6, the titration curve for the SiO2–chitosan system shifts to 
the right of the corresponding curve for SiO2, indicating the negative charge of the surface. The 
horizontal pleteau of the titration curve for silanol groups is lower in the case of the SiO2–
chitosan system (pH 4.5–5), and the рКа value for silanol groups in the presence of chitosan 
falls slightly. A similar reduction in this parameter has been observed during modification of 
the surface of mesoporous molecular sieves based on SiO2 with aluminate and borate ions 
(Golovkina et al., 2009). Below the titration curve plateau for silanol groups (pH < 4.2), the 
titration curves of SiO2 and SiO2–chitosan overlap again, indicating a similar surface charge. 

The deposition of chitosan on MCC causes the titration curve to shift to the right of to both 
the calibration curve and the NR titration curve of the initial MCC sample (Fig. 15), 
demonstrating the negative charge of the surface, as was observed for the Al2O3–chitosan 
and SiO2–chitosan systems. A peculiarity of this substrate is the recharging of the surface, 
from positive for MCC to negative for the MCC–chitosan system during chitosan 
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deposition. In this case, the type of change in the surface charge occurring upon a reduction 
in pH is the same for both the MCC and the MCC–chitosan systems. Changing symbatically 
with the curve typical of the initial MCC sample, the titration curve for the MCC–chitosan 
system almost overlaps the calibration curve in the acidic region (pH ≤4.5). In this pH range, 
the potential of the MCC–chitosan system surface is therefore close to zero. 

 
Figure 14. Titration curve for NR R1 in aqueous bulk solution ( calibration curve) (1), near the surface 
of SiO2 (2), of the hybride SiO2– chitosan (3), of the SiO2– chitosan-Co2+ (4) systems. a, % = ((a-aNRH+)/(aNR-
aNRH+))×100% 

The deposition of chitosan on the substrate always causes the titration curve of the radical 
near the surface of hybrid material to shift to the right; i.e., it leads to a negative charge on 
the surface. While the deposition of chitosan leads to relatively slight changes in the surface 
potential in the case of inorganic substrates, these changes are so great in the case of MCC 
that they even lead to changes in the surface charge. 

Some of differences in the behavior of titration curves for chitosan-containing materials on 
the inorganic substrates that occur in the range of high pH values could be due to the close 
рКа values of the silandiol groups of the SiO2 substrate (рКа = 6.5–6.8) and of the chitosan 
(рКа = 6.42 (Skorik et al., 2003)). When the pH falls, amino groups of chitosan or silandiol 
groups become protonated and form hydrogen bonds with one another. As a result, the 
charge of the initial substrate surface and that of the hybrid material become similar. During 
further protonation of silandiol and amino groups at the same pH range, this interaction 
becomes impossible, and the surface charge of the SiO2–chitosan hybrid material becomes 
more negative than that of the SiO2. 
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Figure 15. Titration curve for NR R1 in aqueous bulk solution ( calibration curve) (1), near the surface of 
MCC (2), of the hybride MCC– chitosan (3), of the MCC– chitosan-Co2+ (4) systems . a, % = ((a-aNRH+)/(aNR-
aNRH+))×100% 

This is in complete agreement with the relative positions of the radical titration curves for 
Al2O3 and Al2O3–chitosan. It must be emphasized that the рКа dissociation value of 
hydroxyl groups of Al2O3 is higher, and lies outside the radical sensitivity range.  

Deposits of chitosan on the MCC substrate breaks it into smaller particles (Table 2), due 
most likely to the recharging of the surface from positive to negative. Chitosan molecules 
are appreciably smaller in size than MCC molecules, that is why a negative charge leads to 
increased repulsion inside large MCC particles, to their disintegration, and finally to an 
increase in the total surface area of the material. Chitosan thus plays the role of a 
disaggregating surfactant. In case of inorganic substrates, the deposition of chitosan leads to 
an increase in the particle size, and consequently to a decrease in their surface area (Table 1). 
Chitosan is therefore a weakly aggregating surfactant as to inorganic substrates. 

The рКа value for amino groups of chitosan is 6.42 (Skorik et.al, 2003). In the investigated 
pH range (pH ≤ 6), polymer molecules must consequently be positively charged due to the 
formation of  NH3+ ammonium groups. If chitosan molecules were adsorbed on the surface 
of inorganic oxides so that the protonated amino groups were on the material surface, this 
kind of adsorption would be reflected in the titration curves of the modified samples and 
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would cause the titration curve to shift to the left of the titration curves of the initial oxides. 
Since this did not happen, we can assume that during the formation of hybrid material, 
chitosan amino groups form weak hydrogen bonds or Van der Waals bonds with functional 
groups of substrates (organic or inorganic), leading to an arrangement of chitosan molecules 
in which glucosamine rings are turned in the direction of the substrate. 

3.4.2. Co2+ -containing hybride systems  

The presence on the support surface of a polymer that is capable of acquiring metal ions of 
high coordination numbers is needed to fix these ions more firmly on metal-containing 
hybride materials. This role was played by chitosan on the surfaces of the inorganic (SiO2, 
Al2O3) and organic (MCC) supports. Co2+ ions were sorbed from an aqueous ethanol 
solution (Fig. 16). 

The composition of the studied systems was characterized by elemental analysis. According 
to the data, the sorption capacity of the hybrid systems relative to Co2+ ions is different and 
declines in the following order: SiO2 >Al2O3 > MCC. We should note that in this case, there is 
a difference between the mechanisms of binding ions for different supports, since their 
surfaces have the same coating influencing the process.  

As follows from the elemental analysis, chitosan plays the role of a complexing agent. In this 
case, all amino groups are involved in the coordination by cobalt ions (ratio Co:NH2 = 1:1-1.5). 

In the case of the Al2O3–chitosan system, some of the amino groups do not participate in the 
complexation, but the Co : Cl ratio corresponds to the composition of the initial salt that 
provides the coordination mechanism for binding cobalt ions (Fig.17). In the case of the 
SiO2–chitosan system, the Co : Cl ratio is ~1. The need to obey the law of electroneutrality for 
the obtained hybrid systems requires assuming that the support, in addition to being a weak 
acid, also plays a coordinating role with respect to Co2+ ions, which accords with the 
covalent mechanism of binding Сo2+ ions (Fig. 17). In the case of the MCC–chitosan system, 
metal ions are sorbed as a basic salt, and hydroxyl groups on the surface provide weaker 
coordination binding than Al2O3. 

 
Figure 16. Scheme for synthesis of cobalt-containing hybrid systems. s - support   
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Figure 17. Scheme for the mechanism of binding Co2+ by hybrid systems 

The elemental composition of the surface shows that chitosan does not cover it completely 
and some part of the functional groups remains on the support surface in free form. The 
more complex structure of the surface of hybrid system was characterized by investigating 
its acid–base properties via ESR spectroscopy of the NR used as pH probes. The titration 
curves of NR R1 on the surface of the Co2+-containing system are shown in Figs. 13-15. The 
shift in these curves relative to the calibration curve left or right allows us to determine 
whether the surface has a positive or negative charge, respectively (Kovaleva et al., 2000 ; 
Molochnikov et al., 2007). 

The technique for introducing Co2+ ions into the hybrid materials from the ethanol solutions 
could lead to the formation of sediments of basic cobalt chloride or chloride–alcoxide 
micelles on the surface of these materials. In the case of the MCC–chitosan (Fig. 15) and 
Al2O3–chitosan (Fig. 13) systems, the titration curves of the cobalt-containing materials at pH 
> 5 are shifted slightly to the left relative to the titration curves of the initial samples. 
Consequently, the occurrence of basic cobalt chloride on the surface of these materials does 
not lead to a change in the surface charge, but changes its value slightly. This is due to the 
effective neutralization of a positive charge of Co2+ ions by negative chloride and hydroxide 
ions. In order to confirm our hypothesis, we present the published data on studying the 
sorption of Co2+ ions from aqueous solutions and on the nature of the interaction between 
the metal center and amino groups of chitosan. According to (Minimisawa et al., 1999) 
maximum adsorption starts to decrease with increasing pH due to the formation of cobalt 
hydroxocomplexes. The maximum sorption of cobalt ions by chitosan found at pH 6–8 in 
(Silva et.al, 2008) is in good agreement with the data from (Minimisawa et al., 1999) and is 
determined by the formation of Со(ОН)2 phase or slightly soluble basic salts. No chemical 
interaction with amino groups of chitosan occurs in this case (Zhao et al., 1998). 

The SiO2–chitosan system behaves differently. Even at the highest pH values, the titration 
curve of the sample modified with cobalt (Fig. 17) was appreciably shifted to the left relative 
to the NR curve of the initial sample, although it remains to the right of the calibration 
curve. Accordingly, the formation of the chloride hydroxyl cobalt micelles immediately 
leads to a considerable reduction in the negative surface charge of the SiO2–chitosan system. 
The different behavior of the titration curve for system III (Table 2) is most likely associated 
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with the initially lower amount of Cl– ions in the cobalt micelles (Co : Cl = 1 : 1), i.e., to its 
higher amount of ОН– ions. Acid sites on the SiO2 surface (silanol groups) also likely 
interact with the basic cobalt chloride particles precipitating on the surface, thereby 
replacing the Cl– ions. In both cases, the titration curve must shift left due to the 
neutralization of the negative surface charge. In the study of the samples in the aqueous 
medium at high pH values, the transformation for systems I–III (Table 2) thus occurs; 
hydration of the surface, followed by hydrolysis leading to the formation of colloidal 
particles based on chloro-hydroxo complexes of Co2+ ions, is observed. 

These micelles of Co2+ chloro-hydroxocomplexes begin to dissolve at pH ≤ 5 for all 
investigated systems. The dependence of sorption of cobalt ions on pH (Minimisawa et al., 
1999) shows that the maximum adsorption starts to decline at pH < 5, and Co2+ ions in the 
solution are in the form of aqua complexes (Zhao et al., 1998). The latter are sorbed by the 
chitosan primary amino groups, thereby charging the surface positively; in this case, the 
titration curves of systems I–III (Table 2) (Figs.13-15) are shifted left relative to the 
corresponding curves for the initial samples and to the calibration curve. A further 
reduction in pH leads to the neutralization of ОН– groups, and no further changes in pH 
near the particle surface are observed upon a change in pHext. 

This indicates the presence of a horizontal plateau on the titration curve. The value of the 
horizontal section is lower for system III than for systems I and II (Table 2), since some of the 
ОН– groups are replaced by residues of silicic acid. At high pH values, Co2+ ions initially 
cause a substantial decrease in the negative surface charge for the case of system III; their 
transformation into the form coordinated by the chitosan - NH2 groups thus influences the 
surface charge to a lesser degree upon declining pH. Our results indicate the participation of 
chitosan amino groups in the complexation with Co2+ ions. During the interaction of the 
hybrid materials with the Co2+-containing solution, at least a part of glucosamine rings are 
consequently turned outward and are capable of becoming ligands. 

4. Conclusions 

pH-sensitive NRs gave reliable information on the local acidity of solutions in and the 
charge of a surface on pure and metal containing inorganic and organo-inorganic materials 
and systems and allowed to estimate an electric potential near the surface of TiO2 
nanoparticles.  

The differences between the acidities of external solutions (pHext) and inside pores (or near 
the surface) of all the studied materials and systems (pHint) were found. 

The method of spin pH probes allowed to determine the ionization constants of 
characteristic functional groups of SiO2-based systems from the horizontal plateaus 
corresponding to the constant pHint in the samples. 

An increase in concentration of H+ ions (a decrease in pHint) in solutions located inside -
Al2O3, TiO2 hydrogel and near the surface of the BS-50 type SiO2, TiO2 and SiO2 xerogels ; the 
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related CMs and hybrid materials ; metal-containing systems, as compared to those of 
external solution can be explained by releasing H+ ions due to dissociation of acidic 
functional groups, exchange them with metal ions and the partial desruption of hydrogen 
bonds. It leads to negative charge of a surface of the above-mentioned objects. A decrease in 
concentration of H+ ions (an increase in pHint) as compared to those of external solution were 
characteristic for γ-Al2O3 and cellulose matrixes. This resulted from binding H+-ions by the 
surface of γ-Al2O3 and MCC and PC with basic functional groups such as -AlOH , –AlO - 
and OH-, respectively. As a result, a surface gains a positive charge. 

The sorption capacity of Cu2+ ions depends on a surface charge of the oxides gels, xerogels 
and the related CMs studied and decreases as a negative surface charge reduces. The 
sorption of Cu2+ ions on the surface of nanoparticles of nanostructural TiO2 increases the 
charge of the latter. An increase in a percentage of PC in the SiO2 –PC composites leads to an 
increase in the amount of silanol groups as a result of increasing in dispersivity of SiO2 
particles and specific surface (Ssp) of the samples, and to reducing a negative surface charge 
up to zero, and even its reversing. It led to the formation of Cu(OH)2 .  

The deposition of chitosan on the substrate always creates a negative charge on the surface. 
While the deposition of chitosan leads to relatively slight changes in the surface potential in 
the case of inorganic substrates such as Al2O3 and SiO2, these changes are so great in the case 
of MCC that they even lead to changes in the surface charge.  

The charge of the surface of Co2+-modified organo-inorganic hybrid materials at different 
pHint was found to effect on the composition and structure of Co2+ -containing surface 
compounds. 

The modification of a surface of powder cellulose with nanostructured SiO2 and TiO2 
xerogels, aluminum oxides, silica and MCC with acidic functional groups and chitosan 
makes it possible to adjust the local acidity and surface charge over a wide range.  

The study of the surface of organo–inorganic composites and hybrid materials and systems 
using pH-sensitive nitroxyl radicals allows also to reveal regularities in changing their 
properties during further modification. In addition, this method enables us to describe 
qualitatively the processes of structure formation in these systems and their effect on 
catalytic activity in different pH-dependent reactions. 

The calculated φ  value (31.7 mV) was found not to be the electric potential of TiO2 
nanoparticle surface, but it only characterizes the electric eld generated by a nanoparticle 
at the site where the radical fragment –N–O• of NR is located. Once the anisotropic spectra 
of NR in nanostructured oxides are simulated, an electical potential of a surface can be 
determined. When measuring the SEP of solids, the knowledge of the distance between a 
radical and a surface is of principal importance. The xation of pH-sensitive NRs on the 
surface of nanoparticles with linkers of a known length can solve this problem. This will 
allow one to calculate the potential immediately on the surface of nanoparticles and to 
compare the calculation results with the experimental data on the electrokinetic potentials.  
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1. Introduction 

Nitroxides are stable free radicals which have the >N-O moiety. In most cases, nitroxides 
have a ring structure. For example, imidazoline, isoindoline, piperidine and pyrrolidine ring 
nitroxides (Fig. 1) have been used as agents for spin labeling, imaging, and as antioxidants. 
These nitroxides have four substituents at the α-position; two substituents on each α-carbon. 
All four substituents are needed for avoiding the disproportionation reaction of nitroxides 
except for the case of a bridgehead at the α-position. Methyl groups have been chosen as 
simple and inert substituents. However, it has been reported that other types of 
substituents, especially ethyl groups, showed unique characteristics that were unlike those 
of the conventional methyl group.  

In this chapter, we will introduce the conventional as well as the latest synthetic methods 
used to introduce the various substituents to the α-position. Also, we will describe the 
structure–reactivity relationships of α-substituted nitroxides. 

2. Synthetic methods of α-substituted nitroxides 

2.1. Imidazoline 

Imidazoline nitroxides have been synthesized from α-hydroxyaminoketone with carbonyl 
compounds (Scheme 1) (Volodarsky and Igor A, 1988). The R1 groups of α-
hydroxyaminoketone and R2 groups of carbonyl compounds correspond to the α-position 
of the imidazoline ring. α-Hydroxyaminoketones are synthesized from appropriate 
olefines via nitrosylation, treatment with hydroxylamine, and hydrolysis (Kirilyuk et al., 
2004). This is a practical method because this key compound can be synthesized on the 
gram scale. For R2 groups, chain ketones or cyclic alkyl ketones are used as carbonyl 
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compounds (Bobko et al., 2007; Kirilyuk et al., 2004; Yan’shole et al., 2010; Zubenko et al., 
2006). These give the 2,2,5,5-tetrasubstituted 2,5-dihydro-1H-imidazole-1-ol. After 
oxidation, they give the desired imidazole nitroxides. Imidazolidine nitroxides can be 
synthesized from imidazoline nitroxides by reduction (Zubenko et al., 2006). Therefore, α-
substituted imidazoline nitroxides are also synthesized from α-substituted imidazolidine 
nitroxides.  

 
Figure 1. Basic structure of nitroxides 

 
Scheme 1. α-Substitution synthesis of imidazoline and imidazolidine nitroxides 

R1 = Me; R2 = Me, Et, n-Bu, (CH2)4, (CH2)5 

R1 = Et; R2 = Me, Et, (CH2)5, (CH2)2COONa 

2.2. Isoindoline 

Isoindoline nitroxides have been prepared by the addition of a greater than fourfold excess 
of a single Grignard reagent to N-benzylphthalimide (Scheme 2) (Griffiths et al., 1983). 
Therefore, according to the type of Grignard reagent, various substituents can be introduced 
to the α-position of the nitroxide moiety (Chan et al., 2010). Corresponding 2-benzyl-1,1,3,3-
tetrasubstituted isoindoline derivatives are then deprotected and subsequent oxidation 
gives the α-substituted isoindoline nitroxides. The isoindoline skeleton has the potential to 
have low solubility in water; longer alkyl chains cause a decrease in water solubility. Hence, 
many studies have been conducted with ethyl groups with respect to biological applications 
(Fairfull-Smith et al., 2009; Marx et al., 2000). 
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Scheme 2. α-Substitution synthesis of isoindoline nitroxides 

R = Me, Et, n-Pr, n-Bu, Ph 

2.3. Piperidine 

Piperidine nitroxides have been synthesized by two main approaches. One is the synthesis 
from acetonin (2,2,4,4,6-pentamethyl-2,3,4,5-tetrahydropyrimidine) with carbonyl 
compounds (Schemes 3a and b). Murayama et al. reported the isolation of 1,9-diaza-
2,2,8,8,10,10-hexamethylspiro[5.5]undecan-4-one as a byproduct in the method development 
for 2,2,6,6-tetramethyl-4-piperidone (Murayama et al., 1969). Subsequently, using acetonin, 
various α-substituted piperidine derivatives were reported by Ma et al. (Ma et al., 1993) and 
Miura et al. (Scheme 3b) (Mannan et al., 2007; Miura et al., 2003; Miura et al., 2001; Okazaki 
et al., 2007). These methods have the advantage of synthesis in a few steps, but the key 
compound used at the start of the synthesis, acetonin, lacks stability. 

The other main approach is a stepwise synthesis from the appropriate starting material 
(Schemes 3c, d and e). For example, Yoshioka et al. reported on the synthesis for piperidine 
nitroxides having a spirocyclohexyl group via α, β-unsaturated ketone derivatives (Yoshioka 
et al., 1972). In addition, focusing on substitution of the tetraethyl group, Studer et al. 
reported a stepwise synthesis via bisphosphonates (Wetter et al., 2004), and also β-lactams 
for obtaining piperidine nitroxides on a large scale (Schulte et al., 2005) which involved 
several synthetic steps and a high-pressure reactor. 

Recently, an alternative synthetic method has been developed (Scheme 3f) (Sakai et al., 
2010). This method involves 2,2,6,6-tetramethyl-4-piperidone as a starting compound; this 
compound is more stable than acetonin and is available commercially. This compound with 
cyclohexanone directly gave the piperidone derivative having spirocyclohexyl groups at the 
2,6-position under a mild reaction condition. Moreover, the reaction yield was increased by 
using 1,2,2,6,6-pentamethyl-4-piperidone and a base. With this starting compound, various 
substituents have been introduced to the α-position (Yamasaki et al., 2011; Yamasaki et al., 
2010). From the investigation of the reaction mechanism, the nitrogen derived from 
ammonium chloride was introduced to the piperidone ring. Therefore, using 15N-labeled 
NH4Cl instead of 14NH4Cl, 15N-labeled 2,2,6,6-tetrasubstituted piperidin-4-one-1-oxyls can be 
produced with high (>98%) 15N content. Thus, the external NH4X compound seems to be the 
source of nitrogen during this reaction.  

RMgX
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Scheme 3. α-Substitution synthesis of piperidine nitroxides. a), b) from acetonin, c), d), e) stepwise 
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2.4. Pyrrolidine 

α-Substituted pyrrolidine nitroxides has been synthesized via the nucleophilic addition of 
organometallic reagents such as 2,2,5-trimethyl-3,4-dihydro-2H-pyrrole-1-oxide or 2,5-
dimethyl-3,4-dihydro-2H-pyrrole-1-oxide to nitrone (Ikuma et al., 2004; Keana et al., 1983). 
Grignard reagents are also used as nucleophiles. These moieties are introduced to the α-
position of the nitroxide. Therefore, various substituents could be introduced depending on 
the organometallic reagent. Moreover, substitution of the starting 3,4-dihydro-2H-pyrrole-1-
oxide at the 2 and 5 positions has been carried out (Black et al., 2000). This also led to α-
substituted pyrrolidine nitroxides. These derivatives have been synthesized via 
intramolecular reductive amination from 5-nitrohexan-2-one derivatives. Additionally, the 
stepwise synthesis from 5-methylhex-5-en-2-one to introduce the phosphonate group has 
been reported (Le Moigne et al., 1991).  

 
Scheme 4. α-Substitution synthesis of isoindoline nitroxides 

R = Me, Et, n-Pr, n-Bu, Ph 

3. Evaluation of α-substituted nitroxides 

3.1. Common reactivity of nitroxides 

Nitroxides have several potential advantages as spin probes (Kuppusamy et al., 2002; 
Yamada et al., 2006), spin labels (Borbat et al., 2001), contrast agents (Soule et al., 2007) and 
antioxidants (Wilcox and Pearlman, 2008). These applications are based on the 
complementary nature of the radical moieties in nitroxides; paramagnetism allows them to 
react with free radicals and interact with nuclear spin. For instance, these properties allow 
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nitroxides to be used as contrast agents for magnetic resonance imaging (MRI) to give 
images of the morphological nature and redox imbalance in animal models of oxidative 
stress. 

In biological systems, understanding of biophysical properties is helpful to promote 
effective utilization and control of the reactivity of nitroxides. Nitroxides are readily 
oxidized to oxoammonium cations or reduced to hydroxylamines by various in vivo 
oxidants or reductants (Fig. 2) (Kocherginsky and Swartz, 1995). Upon reaction with 
superoxides, nitroxides undergo one-electron oxidation and subsequent two-electron 
reduction with reductants, which is driven forward by the redox potential of the nitroxide 
redox couple (Krishna et al., 1992). Conversely, nitroxides are reduced by ascorbic acid and 
converted into hydroxylamines (Saphier et al., 2003). This effect is one of the limitations of 
using nitroxides for monitoring in vivo redox status because the lifetime in vivo is shortened. 
The reduction rate by ascorbic acid is dependent mainly upon their ring structures and 
substituent groups. The rate constants decrease in the order oxazolidines > piperidines > 
pyrrolines > pyrrolidines, and the increasing inductive effects by the substituent group at 
the β- or γ-positions of pyrrolidine and piperidine nitroxide also affect the rate 
(Kocherginsky and Swartz, 1995). In this section, the effect of α-substituted nitroxides 
(especially piperidine nitroxide) on reduction by ascorbic acid was summarized and its in 
vivo application discussed. 

 
Figure 2. Redox couples of nitroxide 

3.2. Reduction stability  

As well as at β- or γ-positions, substituent groups at α-positions in a nitroxide ring can 
change their reactivity. For instance, phosphorylated pyrrolidinyl nitroxide showed 
moderate increase toward ascorbate reduction compared with the tetramethyl pyrrolidine 
nitroxide (Mathieu et al., 1997). On the other hands, the tetraethyl-substituted isoindoline 
(Marx et al., 2000), imidazoline (Kirilyuk et al., 2004), and imidazolidine (Kirilyuk et al., 
2004) nitroxides showed high resistivity to ascorbate reduction than the corresponding 
tetramethyl compounds. Furthermore, Kirilyuk et al. reported that tetraethyl-substituted 
imidazoline nitroxides had significantly longer half-lives in rat blood samples as compared 
with the corresponding tetramethyl-nitroxides (Kirilyuk et al., 2004). Although piperidine 
nitroxides with spirocyclohexyl groups at α-positions showed no difference in reactivity 
with ascorbic acid, the enzymatic reaction was efficiently protected (Okazaki et al., 2007). 
Recently, tetraethyl-substituted piperidine nitroxide was also reported to exhibit resistance 
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to ascorbate reduction (Kinoshita et al., 2009). The electron spin resonance (ESR) or electron 
paramagnetic resonance (EPR) signal intensities of tetraethyl-substituted piperidine 
nitroxide remained 97% after ascorbate addition (Fig. 3). These reports indicated that the 
reduction rates of nitroxides vary significantly depending on their structure and 
microenvironment resulting from the α-substitution of nitroxides. Tetraethyl-type nitroxides 
could be potentially useful for monitoring in vivo free-radical reactions, pH changes, and 
redox status without undesirable reduction by ascorbic acid. 

Tetraethyl-nitroxides, having higher lipophilicity than tetramethyl compounds, have been 
reported to be less toxic to cells (Kinoshita et al., 2010) although the toxicity is reported to 
be correlated with the structure and lipophilicity of nitroxides (Ankel et al., 1987). 
Furthermore, single-dose administration of tetraethyl piperidine nitroxide has been 
shown to have lower blood pressure-lowering effects compared with that of Tempol 
(Kinoshita et al., 2010). 

 

 
Figure 3. Effect of AsA on the decay of ESR signals of nitroxides. Nitroxides (100 µM) were mixed with 
AsA (1 mM) in phosphate buffered saline and their ESR spectra measured as a function of time. •:  
4-oxo-2,2,6,6-tetraethyl-piperidine-1-oxyl; ○: carbamoyl-PROXYL; ▲: hydroxy-TEMPO (TEMPOL); □: 
oxo-TEMPO (TEMPONE); ◊: 7-Aza-3,11-dioxa-15-oxodispiro[5.1.5.3]hexadec-7-yl-7-oxyl. (Kinoshita et 
al., Free Radic Res 2009;43: 565, copyright© 2012, Informa Healthcare. Reproduced with permission of 
Informa Healthcare) 

3.3. Electrochemical behaviours 

The change in nitroxide reactivity due to the presence of tetraethyl substituents suggests 
that introduction of bulky alkyl groups at α-positions in a nitroxide ring are responsible for 
their reduction stability. Steric hindrance around the radical moiety is one of the most 
important factors inhibiting access to reductants. However, the ESR signal intensities of 7-
Aza-3,11-dioxa-15-oxodispiro[5.1.5.3]hexadec-7-yl-7-oxyl (which has also bulky 
spirocyclohexyl rings at α-positions) decrease rapidly in the presence of ascorbate  
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Figure 4. Structure of α-substituted piperidine nitroxides 

 
a glassy carbon electrode, Ag/AgCl, Pt, sweep rate: 0.1 V s-1. Potentials were shown as vs. SHE. b anodic 
peak potential. c cathodic peak potential. d E1/2 = (Epa + Epc)/2. e ΔE = Epa –Epc. f The peak currents (ipa and 
ipc) were measured from the respective baseline currents. g The current of the cathodic peak was too low 
to determine the potential value. Adapted with permission from (Yamasaki et al., J Org Chem 
2011;76:435). Copyright (2012) American Chemical Society. 

Table 1. Experimental redox potentials of oxoammonium cation / nitroxide redox couplea  

Nitroxide Epa
b Epc

c E1/2 d ΔEe ipa/ipc
f

1 0.939 0.869 0.904 0.070 2.30 

2 0.926 0.860 0.893 0.065 1.56 

3 0.806 0.747 0.776 0.058 2.64 
      

4 0.878 0.811 0.845 0.067 2.97 

5 1.013 0.874 0.944 0.139 3.29 

6 1.053 0.940 0.997 0.113 3.06 

7a 1.113 -g - - - 

7b 1.019 0.902 0.961 0.117 3.34 

8a 1.303 -g - - - 

8b 1.122 1.012 1.067 0.110 3.51 

8c 1.116 1.020 1.068 0.096 3.65 
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a glassy carbon electrode, Ag/AgCl, Pt, sweep rate: 0.1 V s-1. Potentials were shown as vs. SHE. b anodic 
peak potential. c cathodic peak potential. d E1/2 = (Epa + Epc)/2. e ΔE = Epa –Epc. f The peak currents (ipa and 
ipc) were measured from the respective baseline currents. Adapted with permission from (Yamasaki et 
al., J Org Chem 2011;76:435). Copyright (2012) American Chemical Society.  

Table 2. Experimental redox potentials of nitroxide / deprotonated hydroxylamine redox couplea 

(Kinoshita et al., 2009). This suggests that the electronic environment around the N-O 
moiety also influences its reduction stability. In fact, the rate of reduction of β- or γ-
substituted nitroxides by ascorbate has been reported to be primarily dependent upon their 
structure and correlation with E1/2 (Blinco et al., 2008; Kocherginsky and Swartz, 1995). The 
reactivity of α-substituted nitronyl nitroxides is also dependent upon the electronic 
properties of the substituent groups (Wu et al., 2006). The α-substitution of piperidine 
nitroxide has been reported to change dramatically their redox potentials for one-electron 
oxidation and reduction (Yamasaki et al., 2011). In the oxidation step, electron-donating 
substituents are likely to stabilize oxoammonium cations, and substituents with heteroatoms 
destabilize them because of the electron-withdrawing inductive effect (Fig. 4, Table 1). The 
redox potentials for one-electron reduction are listed in Table 2. The electron-withdrawing 
groups at the α-positions of the piperidine ring destabilize the reduced form of nitroxides, 
whereas electron-donating substituents stabilize them. 

3.4. Structure–reactivity relationships 

As described above, ascorbate can readily convert nitroxides into the corresponding 
hydroxylamines. The reduction rate is correlated with the inductive effects from the β-
position in the piperidine ring and the γ-position in the pyrrolidine ring (Morris et al., 1991). 

Nitroxide Epa
b Epc

c E1/2 d ΔEe ipa/ipc
f

1 0.524 -0.371 0.076 0.895 0.20 

2 0.453 -0.401 0.026 0.854 0.20 

3 0.226 -0.298 -0.036 0.524 2.12 
      

4 0.244 -0.141 0.051 0.385 0.99 

5 0.515 -0.364 0.076 0.879 0.09 

6 0.644 -0.386 0.129 1.029 0.19 

7a 0.613 -0.247 0.183 0.860 0.27 

7b 0.585 -0.381 0.102 0.967 0.31 

8a 0.653 -0.357 0.148 1.010 2.18 

8b 0.694 -0.494 0.100 1.189 0.16 

8c 0.416 -0.427 -0.006 0.844 0.22 
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Also, nitroxides with heteroatoms in their ring are unstable for the reduction (Couet et al., 
1985). 

Imidazole, isoindoline and piperidine nitroxides have a common feature: tetraethyl-
nitroxides at α-positions adjacent to the radical moiety have high resistance to reduction by 
ascorbate compared with the widely used tetramethyl-nitroxides (see above). The rate of 
decay of the ESR signals of nitroxides seems to be inversely proportional to the number of 
ethyl groups (Yamasaki et al., 2010). Nitroxides containing four ethyl groups are more 
resistant to the reduction than those with two ethyl groups. The reduction rates of nitroxides 
which have heteroatoms in their spirocyclohexyl ring have been found to be higher than 
tetramethyl nitroxides. Electron-withdrawing groups at spirocyclohexyl rings decrease the 
electron density around the N-O moiety, thereby favoring the reduction reaction. The trend 
of redox potentials for nitroxide reduction from electrochemical experiments is likely to be 
exactly the same as that of the nitroxide reduction rate by ascorbate. The ESR signal decay 
rate and the electromotive force between nitroxide and ascorbate (ΔEN–A) or the change in 
Gibbs free energy (ΔG) demonstrates very good correlations with ΔG in the negative ΔG 
region (r2 = 0.988) (Fig. 5) (Yamasaki et al., 2010). This indicates that reduction of the 
nitroxide by ascorbate occurred spontaneously if the ΔG value is negative, and that the 
reduction is not spontaneous if the ΔG value is positive. The factors influencing the 
reduction process of the nitroxide are dependent not only upon steric hindrances but also on 
redox potentials. The α-substitutions of piperidine nitroxides would be an effective 
approach to control the reactivity of nitroxides as a function of their applications. 
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phosphate (NADPH), and ascorbic acid. Tetramethyl-nitroxides are widely used as 
biological reporters such as superoxide-dismutase mimics (Krishna et al., 1996), 
antioxidants (Wilcox and Pearlman, 2008) and radiation-protecting agents (Metz et al., 
2004). However, non-specific reactions limit their applications to monitor changes in 
redox status. To increase their general versatility, improvement of the stability of 
nitroxides in vivo is important. 

In general, the stability of nitroxide is reflected by their type of ring, substituent groups, and 
lipophilicity. Piperidine-nitroxides show a short half-life compared with that of pyrroridine-
nitroxides. A typical tetramethyl-piperidine nitroxide, Tempone (oxo-TEMPO), has a short 
life-time (2 min) in blood due to rapid reduction (Ishida et al., 1989; Schimmack et al., 
1976). However, piperidine nitroxides with spirocyclohexyl groups show resistance to 
enzymatic reduction in mouse liver homogenates (Okazaki et al., 2007). Conversely, 
tetraethyl nitroxides show resistance to reduction by ascorbic acid and seem to be stable in 
vivo. In fact, the half-lives of 4-oxo- and 4-hydroxy-2,2,6,6-tetraethyl-piperidine-1-oxyl in the 
mouse tail were 16.4±1.3 min and 20.0±3.0 min, respectively, although that of carbamoyl-
PROXYL was 8.5±2.7 min (Kinoshita et al., 2010). The factor influencing the reactivity of 
nitroxides to reductants is thought to be their redox potential. Also, higher inductive 
substitution constants at the 4-position of piperidine nitroxides were found to confer higher 
rate constants for ascorbic acid reduction, emphasizing the importance of the electronic 
effects of the substituents of nitroxides.  

 
Figure 6. Temporal changes in three-dimensional surface-rendered EPR images (A) and two-
dimensional slice images (B) of TEEPONE in mouse brains. EPR images were obtained 10, 20, 30, and 40 
min after intravenous injection of TEEPONE. (Emoto et al., Free Radic Res 2011;45: 1325, copyright© 
2012, Informa Healthcare. Reproduced with permission of Informa Healthcare) 
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A nitroxide with a long half-life can also be a candidate in vivo imaging agent. In vivo 
evaluations have revealed that tetraethyl-nitroxides have several advantages for application 
as contrast agents for monitoring redox status: non-toxicity, lack of blood pressure-lowering 
effects, and stability in vivo. Recently, it has been reported that the half-life of 4-oxo-2,2,6,6-
tetraethyl-piperidine-1-oxyl (TEEPONE) obtained in mice brains is 81.1±0.7 min, indicating 
that TEEPONE is more stable compared with other nitroxides that are readily converted into 
hydroxylamines in tissues (Fig. 6) (Emoto et al., 2011). The decay rate of TEEPONE has no 
relation with ascorbic acid reduction: this compound can effectively scavenge free radicals 
such as carbon- and oxygen-centered radicals. 

4. Conclusions 

Recently, various types of α-substituted nitroxides have been synthesized and their in vivo 
and in-vitro characteristics evaluated. Introducing α-substituent groups can modify and 
control their nature according to usage as spin probes, antioxidants, and contrast agents. 
Although tetramethyl-nitroxides have been widely used in physiological and biological 
systems, the unique properties of α-substituted nitroxides will extend the possibilities of 
their applications. Development of α-substituted nitroxides creates the possibility of 
expansion of their use in a wide range of fields. 
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1. Introduction 

Stable nitroxide radicals (>NO•) play very important role in experimental studies and in 
theoretical analysis of chemical and biochemical processes’ mechanism for over 50 years.  

For a long time it was believed that cyclic stable nitroxide radicals (piperidine, pyrroline, 
and imidazoline >NO•) inhibit oxidation of hydrocarbons (RH) and 1- and 1,1- ethylene 
substituted monomers (M) only via reaction with substrate’s alkyl radicals in accordance 
with Scheme 1 (Buchachenko, 1965; Denisov & Afanas'ev, 2005; Mogilevich & Pliss, 1990). If 
substrate is M then chains are propagated by polyperoxide radicals (MO2•) through its 
addition to monomer’s double bond in accordance with the reaction: MO2• + M  M• 
(Mogilevich & Pliss, 1990). 

(i) Initiator  2O ,RH  R• Wi 

(1) R• + O2  RO2• k1 

(2) RO2• + RH  ROOH + R• k2 

(3) RO2• + RO2•  molecular products k3 

(4) R• + >NO•  >NOR k4 

Scheme 1. Classical mechanism of organic compounds oxidation inhibited by nitroxide radicals 

At the same time a probability of direct reaction of nitroxide with peroxide radicals is 
considered in a number of works (Barton, 1998; Goldstein & Samuni, 2007; Offer & Samuni, 
2002; Pliss et al., 2010a, 2010b, 2012). Therefore it is necessary to review the most significant 
results in the field of kinetics and mechanism of elementary reactions of piperidine, 

© 2012 Pliss et al.,licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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pyrroline, and imidazoline >NO• with active particles of chemical and biochemical 
oxidation processes. Such an attempt has been made in this review. 

Structures of nitroxide radicals and corresponding hydroxylamines which reactions’ 
mechanisms were analyzed in this work are presented in Figure 1. 
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Figure 1. Structures of nitroxide radicals and corresponding hydroxylamines 

2. Classical mechanism of organic compounds liquid phase oxidation 
inhibited by stable nitroxide radicals 

For the first time Scheme 1 was proposed by A. Buchachenko with staff to describe the 
oxidation of ethylbenzene in presence of >NO• (II) and (III) (Buchachenko, 1965). k4/k1 
Values (Table 1) were obtained from kinetic data of some organic compounds’ initiated 
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oxidation in presence of >NO•. It can be seen that nitroxide radicals inhibit oxidation of 
methacrylic and acrylic ethers more effectively rather than oxidation of alkylaromatic 
compounds: k4/k1 values on average an order of magnitude greater for methacrylates and 
acrylates as compared with styrene, benzene, and cumene (Table 1). 

At the same time k4/k1 value for methyl methacrylate (0.36) is close to that for cyclohexyl 
methyl ether (0.33) (Kovtun et al., 1974). Such results prove an important role of polar effects 
in reactions of >NO• with alkyl radicals during vinyl monomers oxidation. 

So it should be noted that inhibiting activity of >NO• increases along with length of 
methacrylic ethers’ alkyl substitute: k4/k1 value increases more than 3 times from methyl 
ether to ionylic ether. The similar trend also takes place for acrylic ethers (Table 1). 
 

M• (R•) 
k4/k1 Value 

Reference 
>NO• (I) >NO• (II) 

~CH2C•HC6H5 
~CH2C•(CH3)COOCH3 

~CH2C•(CH3)COO–n-C4H9 
~CH2C•(CH3)COO–iso-C4H9 
~CH2C•(CH3)COO–n-C9H19 

~CH2C•HCOOCH3 
~CH2C•HCOO–n-C4H9 

CH3C•HC6H5 

(CH3)2C•C6H5 

— 
0.36 
0.72 
0.72 
1.20 
2.27 
5.20 
0.04 
0.05 

0.10 
0.37 
0.72 
0.72 
1.20 
2.27 
5.20 
— 
— 

(Browlie & Ingold, 1967) 
(Pliss & Aleksandrov, 1977) 
(Pliss & Aleksandrov, 1977) 
(Pliss & Aleksandrov, 1977) 
(Pliss & Aleksandrov, 1977) 
(Pliss & Aleksandrov, 1977) 
(Pliss & Aleksandrov, 1977) 

(Browlie & Ingold, 1967) 
(Kovtun et al., 1974) 

Table 1. k4/k1 Values in oxidizing monomers and hydrocarbons at 323 K 

Absolute k4 values were measured in (Aleksandrov et al., 1979) by ESR spectroscopy method 
(Table 2). We note that >NO• is one of the strongest acceptors for alkyl radicals. k4 Values are 
close to ones for molecular oxygen addition to alkyl radicals (k1 ≥ 1∙107 M–1∙s–1 (Aleksandrov 
et al., 1979)). k4 Values for reactions of >NO• (I) – (VII) with alkyl radicals of methyl 
methacrylate at 323 K are within a limits of (0.8 – 2.0)∙107 M–1∙s–1 (Table 2). Even higher k4 
values for the reaction of >NO• (I) with R• of low molecular weight at 291 K were obtained 
in (Bowry & Ingold, 1992) by laser flash photolysis method: these values are within a limits 
of 1∙106 – 2∙109 M–1∙s–1. 

The probability of >NO• participation in chain initiation process via its reaction with 
monomer’s -bond was estimated in (Ruban et al., 1967) using the reaction of >NO• (I) and 
(III) with styrene and -methyl styrene as example. Reaction 

>NO• + CH2=C(X)C6H5  >NO–CH2–C•(X)C6H5 (where X = H or CH3) 

at 393 K proceeds with constant rate value which equals to 4.6 M–1∙s–1 in styrene, but in 
-methyl styrene this reaction doesn’t proceed at all even at 453 K (Ruban et al., 1967). It’s 
clear that >NO• initiating function completely suppresses by its participation in reaction (4). 
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Further we will see that reaction (4) is not the only one in oxidation inhibition by nitroxide 
radicals. 
 

M• >NO• k4, M–1∙s–1 
~CH2C•HC6H5 

~CH2C•(CH3)COOCH3 
~CH2C•(CH3)COOCH3 
~CH2C•(CH3)COOCH3 
~CH2C•(CH3)COOCH3 
~CH2C•(CH3)COOCH3 
~CH2C•(CH3)COOCH3 
~CH2C•(CH3)COOCH3 

~CH2C•(CH3)COO–n-C4H9 
~CH2C•(CH3)COO–iso-C4H9 

~CH2C•HCOOCH3 
~CH2C•HCOO–iso-C4H9 

cyclo-C•6H11 
(CH3)2C•CN (in benzene) 

I 
I 
II 
III 
V 
VI 
VII 
VIII 

I 
I 
I 
I 
I 
I 

8.0∙106 
1.2∙107 
0.8∙107 
0.8∙107 
1.4∙107 
1.6∙107 
1.2∙107 
2.0∙107 
1.2∙107 
0.9∙107 
3.0∙107 

1.8∙107 
3.0∙107 
8.6∙107 

Table 2. Rate constants for the reaction M• (R•) + >NO• at 323 K (Aleksandrov et al., 1979) 

3. Multiple chain-breaking by stable nitroxide radicals 

It was proved on oxidation of a number of compounds that oxidation chains propagate by 
peroxide radicals which possess redox properties. These are HO2• radicals (cyclohexadiene 
(Howard & Ingold, 1967), 1,2-ethylene substituted and 1,4-butadiene substituted monomers 
(Mogilevich & Pliss, 1990)), >C(OH)O2• (alcohols (Kharitonov & Denisov, 1967)), and >CH–
CH(OO•)N< (aliphatic amines (Aleksandrov, 1987)). Dual reactivity of these radicals results 
in multiple >NO• participation in chain termination processes (Denisov, 1996). So for 
hydroperoxide radical this process can be described with the following reactions (Denisov, 
1996): 

 HO2• + >NO•  >NOH + O2 (5.1) 

 HO2• + >NOH  >NO• + H2O2 (5.2) 

Let’s perform the analysis of oxidation mechanism with >NO• regeneration and one without it. 

3.1. Analysis of oxidation mechanism without nitroxide radical regeneration 

In accordance with Scheme 1 initial rate process (W) without >NO• regeneration would be 
described by the following equation (W = W0 when [>NO•]0 = 0): 

 
•

0 4 0 0

0 1 2

[>NO ]
[O ]i

W k WWW
W W k

 
   

 
 (1) 
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If k4[>NO•]0 >> k3[RO2•] then 

 1 2
•

4 0

[O ]
[>NO ] i
k

W W
k

  (2) 

So the rate process in linear termination mode (high [>NO•]0) is directly proportional to the 
partial oxygen pressure (Po2). Therefore if oxygen is substituted by air the oxidation rate is 
to decrease 5 times. Such results were gained in (Browlie & Ingold, 1967; Pliss & 
Aleksandrov, 1977). But here is one important circumstance. From literature data 
(Aleksandrov, 1987) it’s known that the reduction of nitroxide to corresponding 
hydroxylamine (>NOH) occurs via the reaction of aminoalkyl radical >N–C•H–CH< with 
nitroxide radical as >NO• attack to -C–H bond of alkyl radical. 

>N–C•H–CH< + NO•  >NOH + >N–CH=C< 

The hydroxylamines being formed are thermally stable under experimental conditions 
(Aleksandrov, 1987). If we assume that >NOH is able to react with R• 

>N–C•H–CH< + >NOH  >N–CH2–CH< + >NO•, 

then >NO• stoichiometric coefficient must be more than 1. 

Let’s consider the probability of >NO• cross-dispropotionation with other alkyl radicals. 
Such a consideration is quite useful cause at physiological Po2 values in body tissues of 
higher animals and humans (5 – 50 torus) oxygen concentration is less than 1∙10–4 M (Porter 
& Wujek, 1984). In this case inequality [RO2•] >> [R•] is not satisfied and it’s necessary to 
take into account alkyl radicals’ participation contribution. This can be done by modifying 
Scheme 1 for vinyl monomers’ oxidation (Scheme 2). 
 

(i) Initiator  2O ,M  M• Wi 

(1) M• + O2  MO2• k1 

(2) MO2• + M  M• k2 

(3) MO2• + MO2•  molecular products k3 

(4.1) M• + >NO•  >NOR k4.1 

(4.2) M• + >NO•  M–H + >NOH k4.2 

(4.3) M• + >NOH  >NOR + >NO• k4.3 

Scheme 2. Mechanism of organic compounds oxidation inhibited by nitroxide radicals taking into 
account M• with >NO• disproportionation  

Let’s estimate >NO• recombination and disproportionation shares ratio according to 
reactions (4.1) and (4.2). There’s almost no any experimental data for such estimation, so we 
have to use the results of quantum-chemical calculations. 
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Table 3 represents the values of quantum energies of >NO• reactions1 with peroxyalkyl 
radicals ~OOM• (DFT B3LYP/6-31G* calculation similar to one in (Becke, 1993)). As a 
structural unit we’ve used –OOCH3 fragment. As can be seen from the table, such operation 
is quite acceptable: substitution of –OOCH3 to –CH2CH3 or to –CH2CH2CH3 doesn’t result in 
significant changes in energy values calculated. 

It should be noted that in accordance with calculated results recombination’s probability is 
significantly greater as compared with disproportionation’s one: mean difference in energies 
is greater or equal of 30 kJ/mol. However, cross-disproportionation in liquid phase also can 
not be excluded: polar effects may have a significant effect especially if there are polar 
groups in conjugation with -C–H bond (Roginskii, 1987). Recombination and 
disproportionation energies lowering during methyl group addition to -position of radical 
center ~OOM• also seem to be a logical cause as a steric effects appear in this case. 
 

M• 
Reaction type 

M• + >NO•  MON< M• + >NO•  M–H + >NOH 

C6H5CH•CH2OOCH3 –121 –77 
C6H5CH•CH2CH3 –136 –69 

C6H5CH•CH2CH2CH3 –125 –70 
C6H5C•(CH3)CH2OOCH3 –79 –70 

C6H5C•(CH3)CH2CH3 –94 –68 
C6H5C•(CH3)CH2CH2CH3 –69 –67 

CH3OC(=O)CH•CH2OOCH3 –127 –111 
CH3OC(=O)CH•CH2CH3 –172 –145 

CH3OC(=O)CH•CH2CH2CH3 –144 –93 
CH3OC(=O)C•(CH3)CH2OOCH3 –79 –61 

CH3OC(=O)C•(CH3)CH2CH3 –93 –75 
CH3OC(=O)C•(CH3)CH2CH2CH3 –88 –79 

Mean value –111 –82 

Table 3. Reaction energies of alkyl radicals with >NO• (I) (kJ/mol) 

Reactions (4.2) and (4.3) rates ratio can be estimated on the basis of experimental kinetic data 
of >NO• (I) consumption in cumene, styrene, or methyl methacrylate in inert atmosphere. 
Experiment conditions: 323 K, atmosphere of argon, [>NO• (I)]0 = 5∙10–3 M, initiator – 
azobisisobutyronitrile, Wi = 1∙10–7 M∙s–1. The dynamic equilibrium is to set over time in case 
of reactions (4.2) and (4.3) and observed residual ESR signal value is to increase along with 
[>NO•]0 growth since the following equalities are valid during that equilibrium: 
                                                                 
1 In chemical thermodynamics quantum-chemically calculated reaction energy is used. It is a difference between full 
energies of reaction’s products and reagents. This value often correlates with experimental value – enthalpy of reaction 
(http://cccbdb.nist.gov/). 
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After completely >NO• consumption the residual ESR signal amplitude doesn’t exceed a 
noise level under experimental conditions. This corresponds to potential stationary >NO• 
concentration of less than 10–7 M (ESR spectrometer Adani CMS 8400). In this case 
[>NOH]  [>NO•]0 and at [>NO•]0 = 5∙10–4 M we have the following value of k4.2/k4.3 ratio: 

k4.2/k4.3 = (5∙10–4/1∙10–7) – 1  5∙104 

And now the ratio of (4.3) to (4.2) reaction rates can be estimated: 

54.3 4.3
• •4.2 4.2

[ NOH] [ NOH]2 10
[ NO ] [ NO ]

W k
W k

 
  

 
. 

Therefore in range of up to 99% of >NO• consumption reaction’s (4.3) share is less than 1% 
of reaction (4.2), so practically there’s no any >NO• regeneration at all. That is f = 1 in inert 
atmosphere and in these substrates’ medium. It’s obvious that reaction (4.2) would be 
completely suppressed by reaction of >NOH with RO2• at [O2] > 1∙10–4 M. 

3.2. Analysis of oxidation mechanism with nitroxide radical regeneration 

In case of >NO• regeneration the oxidation’s mechanism describes by Scheme 3. 
 

(i) Initiator  2O ,RH  R• Wi 

(1) R• + O2  RO2• k1 

(2) RO2• + RH  ROOH + R• k2 

(3) RO2• + RO2•  molecular products k3 

(4) R• + >NO•  >NOR k4 

(5.1) RO2• + >NO•  product + >NOH k5.1 

(5.2) RO2• + >NOH  ROOH + >NO• k5.2 

where RO2• = HO2•, >C(OH)O2•, or >CH–CH(OO•)N< 

Scheme 3. Mechanism of organic compounds oxidation inhibited by nitroxide radicals taking into 
account >NO• regeneration 

The following equation is valid for this scheme: 
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 (3) 

where k5 = (k5.1[>NO•] + k5.2[>NOH])/2[>NO•]0. 

Kinetic analysis shows that at [O2] ~ 1∙10–2 M and [>NO•]0 < 10–4 M the contribution of 
reaction (4) to chain termination process is negligible, and then 

 
 

•
0 5 0

0.5
0 3

2 [>NO ]

i

W kW
W W W k

   (4) 

With the drop of Po2 and small share of quadratic chain termination the oxidation rate will 
decrease not linearly, but slower. Such facts were found for instance in (Pliss & 
Aleksandrov, 1977; Ruban et al., 1967). 

Reaction (5.1) proceeds as disproportionation of nitroxide and peroxide radicals (Denisov, 
1996): 

HO2• + >NO•  >NOH + O2 

>C(OH)O2• + >NO•  >NOH + >C=O +O2 

>CH–CH(OO•)N< + >NO•  >NOH + >C=CH–N< + O2 

>NO• regeneration and multiple chain termination processes are caused just by subsequent 
reaction (5.2). Measured kinetic inhibiting factors2 for different nitroxide radicals and 
substrates presented for example in review (Denisov, 1996). The most of f values greater 
than ten and reflects just a lower bound of this value. 

4. Specific features of nitroxide and peroxide radicals reactions in 
biological systems and in liquid phase organic substrates 

Like transition metals, nitroxide radicals can easily transform both to oxidized 
(oxoammonium cation) and to reduced (hydroxylamine) forms (Berliner, 1998; Sen' & 
Golubev, 2009; Zhdanov, 1992). This fact, along with >NO• ability to penetrate through cell 
membranes and with its paramagnetic properties, suggests that nitroxide radicals poses a 
number of unique features unlike the compounds of any other class. Like antioxidants and 
mimetics of superoxide dismutase enzyme, >NO• are able to supply an effective protection 
for cells and tissues (Denisov & Afanas'ev, 2005; Soule et al., 2007; Wilcox, 2010). Nitroxide 
radicals inhibit oxidation of lipids in fatty acids’ micelles (Damiani et al., 2002; Noguchi et 
al., 1999), liposome membranes (Damiani et al., 2002; Wilcox, 2010), lipoproteins (Damiani et 
al., 1994), and in low density microsomes (Antosiewicz et al., 1995; Nilsson et al., 1990). At 
the moment there’s not enough information concerning >NO• reactions with redox peroxide 
                                                                 
2 Inhibiting factor is ratio of real induction period (t) to theoretical period of inhibitor conversion (), i.e. finh = t/, 
where  = f[>NO•]/Wi (f – stoichiometric inhibiting factor). 
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radicals to understand such reactions’ mechanisms. In fact, there is no any certain 
agreement on this reaction, so some authors consider it as unlikely one (Blough, 1988; 
Browlie & Ingold, 1967; Damiani et al., 2002; Denisov, 1996). 

Our recent results concerning reactions of >NO•(I) – (VII) with MO2• radicals of 1,1- 
substituted ethylenes allows suggestion that such reaction’s probability is quite high. 

Let’s review some experimental data in this field to understand the situation. 

4.1. Nitroxide and peroxide radicals reaction under conditions modeling 
biological systems 

Barton et al. assumed that in reaction of >NO• (I) with (CH3)3COO• the formation of quite 
stable intermediate should take place (Barton et al., 1998): 

>NO• + (CH3)3COO•  (CH3)3COOON< 

Further this intermediate should decompose to a number of products with concomitant 
formation of molecular oxygen and >NO• regeneration according to the following very 
speculative scheme (Scheme 4) with no any kinetic evidence (Barton et al., 1998). 

N O + 2 t-BuOO N O O O t-Bu2

N O O O O

t-BuOO

+ t-BuOt-Bu

N O + O2 + t-BuO

N O O2 + 2 t-BuO

N O O O NO N O + O22

CH3 + (CH3)2CO

N O CH3

 
Scheme 4. Mechanism of nitroxide with tert-butyl peroxide radicals reaction according to (Barton et al, 
1998) 

Stipa attempted to prove this scheme with ab initio quantum-chemical calculations (Stipa, 
2001). The calculations were performed using Gaussian 98 Hartree-Fock method and 
complete basis set CBS-QB3. H2NO• Radical was used as a model of >NO• (I) in view of 
available computer resources limitations (work was submitted in April 2001). The 
calculations’ results indicate the possibility of Scheme 4. 

This conclusion seems to be quite controversial since radical H2NO• can not provide an 
adequate >NO• (I) model. For example, standard enthalpy calculated for the first reaction 
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stage was –1.794 kcal/mol (tabelle 2 in (Stipa, 2001)), i.e. this value is not very different from 
zero within the quantum-chemical calculations accuracy. This suggests that the studied 
trioxide apparently must be thermodynamically unstable structure. At the same time, 
radical H2NO• is much more active than simulated >NO• (I). It’s easy to show with Density 
Functional Theory (DFT) calculations (Becke, 1993). Quantum energy values of radicals 
H2NO• and >NO• (I) recombination with CH3O• and CH3OO• were calculated by DFT 
B3LYP/6-31G* (similar calculation is shown in Table 3). The results are shown below. 
 

Radical 
Recombination energy, kJ/mol 

>NO•(I) H2NO•

HO• –28.3 –98.4
HOO• 48.1 –20.4 
CH3• –150.6 –232.8

CH3O• 11.5 –58.2 
CH3OO• 60.3 9.92 

Table 4.  

Even this simple example shows that stable nitroxide radical >NO• (I) is significantly less 
active than H2NO•. 

Offer and Samuni also suggest that stable trioxide formation proceeds in reaction of tert-
amidinopropyl radicals with >NO• (I) and (III) in phosphate buffer at pH 7.4 and 310 K 
(Offer & Samuni, 2002): 

(H2N)2+CC(CH3)OO• + >NO•  (H2N)2+CC(CH3)OOON 

This reaction was studied with combination of ESR-spectroscopy method and cyclic 
voltammetry, but no any kinetic evidences of product formation and its subsequent 
transformation were provided. 

Brede et al. studied the reaction of n-C17N35OO• with >NO• (I) with pulse radiolysis at room 
temperature (Brede et al., 1998). The rate constant value k < 105 M–1∙s–1 was specified but the 
reaction’s mechanism wasn’t discussed. 

Goldstein S. and Samuni also determined the rate constants of reactions of CH3OO•, 
(CH3)3COO•, CH2(OH)OO•, and HO2• with >NO• (I) – (IV), (X) – (XII) with pulse radiolysis 
at room temperature (Goldstein & Samuni, 2007). The values obtained are shown in Table 4. 
The mechanism of RO2• + >NO• reaction was discussed; therefore let’s consider this paper in 
more detail. 

It was shown that nitroxide with peroxide radicals’ reaction mainly results in formation of 
corresponding oxoammonium cations. In case of (CH3)3COO• the formation of stable cation 
radical >NO• (I) and decay products of relatively unstable cation radical >NO• (II) was 
spectrophotometrically detected. In case of HOO• the reaction with piperidine nitroxide 
radicals is catalyzed by anion H2PO4– as noted in (Goldstein & Samuni, 2007). Therefore 
under physiological conditions (pH 7.4 and 5∙10–2 M phosphate) observed rate constants for 
piperidine nitroxide radicals are slightly greater than those shown in Table 4. Moreover, 
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catalysis by H2PO4– anions implies that nitroxide with peroxide radicals’ reaction proceeds 
according to inner-sphere electron transfer mechanism when >NOOOR adduct’s 
decomposition can undergo general acid catalysis: 

  
• •NO  ROO NOOOR   

   
–NOOOR N O  ROO   

     
– 2–

2 4 4NOOOR  H PO N O  ROOH  HPO   

It’s obvious that in absence of catalysis the adduct’s formation may also occur, but inner-
sphere electron transfer mechanism still can not be excluded: 

• • –NO  ROO N O  ROO       

Known rate constants of reaction HO2• (>C(OH)O2•) + >NO• (I) and (III) in organic solvents 
are in the range of 1.1∙104 – 2.1∙105 M–1∙s–1 at 323 K (Aleksandrov, 1987; Wilcox, 2010), which 
is two-three orders of magnitude lower than values shown in Table 5. Such a huge 
difference may hardly be explained only by the reaction’s specificity in phosphate buffer. 
Further reaction of radicals HO2• and CH2(OH)OO• with >NO• proceeds, as is well known, 
as disproportionation rather than recombination (Denisov, 1996; Denisov & Afanas'ev, 2005; 
Mogilevich & Pliss, 1990). 
 

>NO• CH3OO• (CH3)3COO• CH2(OH)OO• *) HO2• 
I 2.8∙107 5.1∙107 1.0∙108 1.1∙108 
II 2.8∙105 5.4∙105 — <6∙106 
III 3.3∙106 5.4∙106 4.4∙107 2.7∙107 
IV 1.0∙106 1.5∙106 — <1∙107 
X 8.1∙105 1.1∙105 9.0∙106 1.1∙106 
XI 9.6∙105 1.5∙106 — 1.1∙106 
XII 5.0∙104 6.7∙104 — 1.6∙105 

*) Calculated on the base of (Goldstein et al., 2003; Goldstein & Samuni, 2007). 

Table 5. Rate constants (M–1∙s–1) of ROO• + >NO• reaction (Goldstein & Samuni, 2007). 

It’s important that authors (Goldstein & Samuni, 2007) on the base of experimental data 
suggested that rate constant of reaction RO2• + >NOH doesn’t exceed 1∙105 M–1∙s–1, i.e. this 
reaction is much slower as compared with RO2• + >NO• (Table 4). Thereby we note that, as it 
well known (Denisov, 1996; Denisov & Afanas'ev, 2005; Mogilevich & Pliss, 1990), upon a 
competition of reactions (5.1) and (5.2) (see Scheme 2) the rate-limiting reaction is just the 
first one. 

As can be seen from the results above, the mechanism of nitroxide with peroxide radicals’ 
reactions in biological systems isn’t elucidated at all. The authors of works analyzed are 
inclined to possibility of >NO• reaction not only with peroxide radicals poses redox 
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properties: HO2•, >C(OH)O2•, but with RO2• which are oxidants only: (CH3)3COO•, 
n-C17H35OO• (Barton et al., 1998; Brede et al., 1998; Goldstein et al., 2003; Goldstein & 
Samuni, 2007; Offer & Samuni, 2002 ; Stipa, 2001). It is assumed that such a reaction occurs 
as recombination with formation of trioxide. According to the authors of papers cited, 
nitroxide radicals are able to provide protection against oxidation at extremely low 
concentrations due to the regeneration process resulting from the reaction of corresponding 
oxoammonium cations with common biological reducing agents. 

Hereby it’s interesting to consider the reaction of >NO• with RO2• which are only oxidants 
under conditions when oxoammonium cations’ formation is improbable, i.e. during an 
oxidation in organic phase. 

4.2. Nitroxide radicals reactions with peroxide radicals of 1- and 1,1- ethylene 
substituted monomers 

As it has already been mentioned above, reactions of >NO• with peroxide radicals of 1- and 
1,1- ethylene substituted monomers were discovered recently (Pliss et al., 2010a, 2010b, 
2012). Authors (Pliss et al., 2010a, 2010b) on the basis of kinetic data of styrene’s and 
(meth)acrylates’ oxidation in presence of piperidine, pyrroline, and imidazoline >NO• 
suggested that nitroxide radicals inhibit the oxidation process via >NO• reaction with 
substrate’s both alkyl and peroxide radicals, and moreover >NO• regeneration occurs 
during chain termination process in accordance with reactions: 

 MO2• + >NO•  product + >NOH (5.1) 

 MO2• + >NOH  MOOH + >NO• (5.2) 

The following results served grounds for these assumptions: oxygen consumes linearly in 
presence of >NO• for all monomers for a long period of time. That period is greater than the 
theoretical induction period, and if Po2 reduces to five times (from 1∙105 to 0.2∙105 Pa) the 
oxidation rate decreases to less than two times (Pliss et al., 2010a, 2010b). But of course it is 
unacceptable to make any definite conclusions about detailed mechanism just on the basis of 
the oxygen consumption kinetic data only. 

In (Pliss et al., 2012) >NO• antioxidant activity was studied during styrene’s oxidation using 
a complex of kinetic methods in combination with quantum-chemical calculations and 
kinetic modeling. The choice of styrene is caused by the following circumstances. Firstly, the 
reaction of styrene’s inhibited oxidation is not complicated by complexation process as it is 
in case of many other vinyl compounds (acrylic monomers for example). Secondly, high 
reactivity of styrene’s double bond makes it possible to study this process under long chains 
conditions even if oxidation is quite strongly inhibited. Thirdly, in case of styrene the rate 
constants of elementary stages are known for many key reactions, and this knowledge 
makes kinetic modeling significantly easer to carry out. 

Let’s consider the results of this work and some of our new data. 
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makes kinetic modeling significantly easer to carry out. 
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Oxidation kinetics was studied in area of initial O2 consumption rates in temperature range of 
310 – 343 K with highly sensitive capillary microvolumometer according to technique 
(Loshadkin et al., 2002). Initial >NO• concentrations were in range of 10–7 – 10–3 M. Experiments 
were carried out at Po2 = 20 or 100 kPa. In special cases oxygen-argon mixes were prepared to 
obtain the oxidation rates dependences on [O2]. Initiation rate Wi was determined with 
inhibition method by detection of induction period ending time ind and application of known 
equation Wi = 2[InH]0/ind. 6-Hydroxy-2,2,5,7,8-pentamethylbenzochroman was used as 
inhibitor (InH). Kinetic modeling was performed as described in (Loshadkin et al., 2002). 

Values of styrene’s oxidation rates inhibited by different >NO• under oxygen and air 
saturation conditions and when quadratic termination share is no more than 25% are 
presented in Table 6. As seen from the table, the oxidation’s rate for different >NO• from 
oxygen to air decreases substantially less than five times. This fact according to 
(Aleksandrov, 1987; Denisov & Afanas'ev, 2005; Kharitonov & Denisov, 1967; Kovtun et al., 
1974; Mogilevich & Pliss, 1990; Pliss & Aleksandrov, 1977; Denisov, 1996) suggests that 
nitroxide radicals react with both M• and MO2•. 

Kinetics of >NO•(III) consumption at its different initial concentrations are presented in 
Figure 2. From this data it follows that according to inhibition by reaction (4) >NO• should 
consume much faster than it happens in fact. With special experiments it was shown that 
value of inhibiting factor e.g. for >NO• (III) and >NO• (IV) is more than 7 (Pliss et al., 2012), 
so it suggests that >NO• regeneration process occurs upon chain termination. We note that 
this effect doesn’t depend on styrene’s concentration. 
 

[>NO•]0∙105, M W∙106, M∙s–1 Wo2 / Wair 
Po2 = 1∙105 Pa (oxygen) Po2 = 0.2∙105 Pa (air) 

0 11.0 11.0 1.00 
>NO• (I) 

2.8 4.75 2.58 1.84 
4.1 4.37 2.84 1.54 

>NO• (II) 
4.2 3.76 2.12 1.78 
14 2.88 1.17 2.45 

>NO• (III) 
5.7 4.34 2.19 1.98 
18 3.13 1.30 2.40 

>NO• (IV) 
4.0 5.67 4.09 1.38 
8.0 5.07 2.20 2.30 

>NO• (V) 
5.9 4.90 3.21 1.53 
17 2.38 0.78 3.06 

Table 6. Kinetic parameters of styrene’s oxidation inhibited with >NO•; Wi = 1.0∙10–8 M∙s–1 (Pliss et al., 
2012) 
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Figure 2. Kinetics of >NO• (III) consumption during styrene oxidation (in relative coordinates); points: 
experimental data, curves: a result of simulation. Po2 = 20 kPa; Wi = 1.0∙10–8 M∙s–1; [>NO•]0, M: 1 – 2.3∙10–

6, 2 – 5.9∙10–6, 3 – 1.2∙10–5, 4 – 2.8∙10–5 (Pliss et al., 2012). 

Styrene’s oxidation can be effectively inhibited by hydroxylamines. This assertion confirms 
with distinct induction period on oxygen consumption’s kinetic curve (typical one 
represented at Figure 3 (Pliss et al., 2012)). Rate constants of such antioxidants’ reactions 
with peroxide radicals can be determined from inhibited oxidation’s rate dependence on 
time according to the following equation (Loshadkin et al., 2002): 

 0 0 5.2 0

0 2
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F t const
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 (5) 

But the problem is that oxidation rate remains significantly lower than W0 after the 
inhibiting period (see Figure 3) since >NO• being formed is an inhibitor of oxidation itself. 
However the kinetic modeling shows that in this case in equation (5) we can substitute W0 
value to the value of oxidation’s rate at after-induction period. Herewith k5.2 determination 
error is less than 10%. Calculated k5.2 mean value at 323 K for >NOH (III), equal to 4∙106  
M–1∙s–1 (Pliss et al., 2012), was later used in mechanism’s kinetic modeling. 

Dependences of >NO• consumption and its accumulation from corresponding >NOH on 
time during styrene’s oxidation at Po2 = 20 kPa presented at Fig. 4 (ESR-spectroscopy 
method). It’s seen that hydroxylamine being injected quickly transforms to >NO• and its 
maximum concentration differs from [>NO•]0 by less than 10%. It’s important that hereafter 
consumption rates of injected >NO• and one being formed from hydroxylamine are almost 
the same (see curves 1 and 2 at Fig. 4). 

As already been mentioned (see Section 3), if chains propagates by HO2•, >C(OH)O2•, or 
>CH–CH(OO•)N< radicals then inhibition proceeds as disproportionation of these radicals 
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with >NO•. Herewith hydroxylamine being injected quickly transforms to >NO• which 
almost doesn’t consume but effectively inhibits an oxidation of corresponding substrates. So 
in this case the inhibiting factor values are more than 100 (Kovtun et al., 1974). Therefore it 
should be considered that in case of styrene’s oxidation the way of irreversible >NO• 
consumption is reaction (4). 

 
Figure 3. Kinetics of O2 consumption during styrene’s oxidation: 1 – without inhibitor;  
2 – [>NOH (III)] = 2∙10–5 M; 3 – anamorphous of curve 2 in coordinates of equation (5); Po2 = 20 kPa; 
Wi = 1.0∙10–8 M∙s–1 (Pliss et al., 2012) 

 
Figure 4. Kinetics of >NO• (III) consumption (1) and its accumulation from corresponding 
hydroxylamine (2) during styrene’s oxidation: dots – experimental data, curves – modeling results; 
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As it was mentioned above (see section 3.1), reaction (4) may proceed both as recombination 
and as disproportionation. Target experiment’s results presented at Figure 5. Rate of 
>NO• (III) consumption in styrene (atmosphere of argon) during initiated oxidation was 
equal to initiation rate, and this >NO• consumption was proceeded up to detection limit of 
ESR-spectrometer ( 1∙10–7 M). After that argon was substituted to oxygen and, as can be 
seen at Figure 5, >NO• signal was appeared again. 

These cycles were repeatedly detected several times until we reached the spectrometer’s 
detection limit. Each time >NO• was recrudesced in share about 25–30% of its initial 
concentration. This fact confirms the assumption that reaction (4) also may proceed as 
disproportionation due to β-C–H bond of styrene’s alkyl radical (~CH2C•HC6H5) with 
olefin’s formation ~CH=CHC6H5 (M–H): 

 M• + >NO•  >NOR (4.1) 

 M• + >NO•  M–H + >NOH (4.2) 

Thus >NO• signal may appear due to the reaction (5.2) upon oxygen blow (see Scheme 5 
below). 

 
Figure 5. Kinetics of >NO• (III) consumption in styrene: [>NO• (III)]0 = 2.8∙10–5 M; Wi = 1∙10–8 M∙s–1 (Pliss 
et al., 2012) 

Another one probable reason of this effect (Figure 5) is reaction 
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regeneration source, this reaction was studied in detail for reactions of some alkoxyamines 
>NO• (I) with peroxide radicals of cumene and cyclohexylmethyl ether at 338 K (Kovtun et 
al., 1974). Obtained k5.3 values (1 – 26 M–1∙s–1) suggest that >NOR being studied in (Kovtun et 
al., 1974) are weak inhibitors. This conclusion also is confirmed with the dependences of 
styrene’s oxidation rates on >NOR (I) and >NO• (III) concentrations (Pliss et al., 2012). 
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All of the experimental data and our previous results (Pliss et al., 2010a, 2010b, 2012) allow 
us to provide the following formal kinetic scheme of styrene’s oxidation inhibited by 
aliphatic stable nitroxide radicals: 

(i) Initiator 2O ,RH  M• Wi = 1∙10–8 M∙s–1 

(1) M• + O2   MO2• k1 = 3∙108  (Aleksandrov, 1979) 

(2) MO2• + M  MOOM• (M•) k2 = 100  (Mogilevich & Pliss, 1990) 

(3.1) M• + M•  products 2k3.1 = 7∙107  (Mogilevich & Pliss, 1990) 

(3.2) M• + MO2•  products k3.2 = 1∙108  (Mogilevich & Pliss, 1990) 

(3.3) MO2• + MO2•  products 2k3.3 = 5.4∙107  (Mogilevich & Pliss, 1990) 
(4.1) M• + >NO•  >NOR k4.1 = 6∙106  (Aleksandrov, 1979) 
(4.2) M• + >NO•  M–H + >NOH k4.2 = 2∙106 
(4.3) M• + >NOH  MH + >NO• k4.3 < 10  (He et al., 2000) 
(5.1) MO2• + >NO•  product + >NOH k5.1 = 2.5∙104 
(5.2) MO2• + >NOH  MOOH + >NO• k5.2 = 4∙106  (estimated above) 
(5.3) MO2• + >NOR  product + >NO• k5.3 = 20  (Kovtun et al., 1974) 

Scheme 5. Detailed mechanism of vinyl monomers oxidation inhibited by nitroxide radicals 

We’ve used this scheme for kinetic modeling (Pliss et al., 2012). Values of k1 – k4.1, k4.3, k5.3 (M–

1∙s–1) were taken from the literature and values of k4.2 and k5.1 were obtained from modeling. 
Figures 2 and 4 shows that calculated curves are of satisfactorily consistent with 
experimental data. This indirectly confirms the reliability of Scheme 5. 
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where k5 = (k5.1[>NO•] + k5.2[>NOH])/2[>NO•]0. If [>NO•] < 10–4 M then chain termination by 
reaction (4) can be neglected, therefore that scheme can be described by equation: 
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Previously (Pliss et al., 2010a, 2010b) we’ve analyzed a simplified scheme including reaction 
(i), (1), (2), (3.3), (5.1), and (5.2). We’ve calculated the values of k5 = (5 ± 3)∙104 M–1∙s–1 for 
>NO• (I) – (V) in oxidizing vinyl monomers at 323 K and Po2 = 1∙105 Pa. These values are 
close enough to estimated in this present work value k5.1 = 2.5∙104 M–1∙s–1. 
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A fundamental question about the detailed mechanism of the reaction (5.1) remains open. 
By analogy with the oxidation of 1,2-substituted ethylenes and 1,4-substituted butadienes 
(Mogilevich & Pliss, 1990) we can assume that hydroxylamine’s formation is facilitated by 
conjugation of β-C–H bond with peroxide bridge of styrene’s polyperoxide radical: 

~OO–CH2–CH(C6H5)–OO• + >NO•  ~OO–CH2=CH–C6H5 + >NOH + O2 

Peroxide bridge is an important structural unit of ~MO2• radical. It alters the reaction 
center’s electronic characteristics and increases the electrostatic term’s contribution to the 
transition state’s total energy (Denisov, 1996; Denisov & Afanas'ev, 2005; Mogilevich & Pliss, 
1990). Probable reason of this effect is the difference in the triplet repulsion, which is close to 
zero in transition state of disproportionation reaction of MO2• with >NO• and is sufficiently 
large for the reaction of >NO• with nonconjugated C–H bond of hydrocarbon (Denisov, 
1996). The latter probably explains the fact that aliphatic nitroxide radicals inhibit the 
hydrocarbon’s oxidation via reaction with alkyl radicals only. 

The results obtained in the present study draws attention to the results gained for biological 
systems where it is assumed that reaction of aliphatic >NO• with peroxide radicals proceeds 
via >NOOOR adduct formation decomposing to corresponding oxoammonium cations 
(Barton et al., 1998; Goldstein & Samuni, 2007; Offer & Samuni, 2002). The probability of 
such intermediate’s existence is also considered in quantum-chemical analysis (Hodgson & 
Coote, 2010; Stipa, 2001). Further regeneration of nitroxide radicals may be due to reaction 
of oxoammonium cations with common biological reducing agents (Goldstein & Samuni, 
2007; Offer & Samuni, 2002). 

Direct reaction MO2• + >NO•  MOOON< that results to stable trioxide’s formation is 
seems quite doubtful for aliphatic >NO• in organic phase at moderate temperatures 
( 373 K). First, it’s easy to reject on the base of kinetic reasons cause in this case the kinetics 
of >NO• consumption and stoichiometry of chain termination would have a different nature 
than those observed in numerous studies (Browlie & Ingold, 1967; Kovtun et al., 1974; Pliss 
et al., 2010a, 2010b, 2012; Pliss & Aleksandrov, 1977). Second, it’s easy to refute by direct 
quantum-chemical calculations (DFT B3LYP/6-31G*, Table 7). It’s easy to see that peroxide 
radicals’ addition to >NO• is thermodynamically unfavorable. 
 

Radical H• HO• HOO• •CH3 CH3O• CH3OO• 

Energy –243.4 –28.3 48.1 –150.6 11.5 60.3 

Table 7. Energy of some radicals’ addition to >NO• (I), kJ/mol 

5. Conclusions 

Thus, we must conclude that reaction of nitroxide with peroxide radicals plays an important 
role during styrene’s oxidation in presence of aliphatic stable >NO•. This reaction proceeds 
probably as disproportionation and results to a partial >NO• regeneration. 
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At the same time we emphasize that detailed mechanism of chemical and biological 
oxidation processes inhibited by stable nitroxide radicals is still far from being established. 
Therefore kinetic experiments on the key reactions involving nitroxide radicals and its 
conversion products (hydroxylamines, alkoxyamines, oxoammonium cations) in solutions 
of organic substrates and in biological systems must be carried out to solve this problem. 
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1. Introduction 

Spin labeling method crossed its 47-th anniversary. It was invented in 1965 by Harden 
McConnel. He was the first who reported EPR spectra of bovine serum albumin and poly-
(L-lysine) with stable nitroxide radicals chemically bound, and attempted to interpret them 
(Stone et al., 1965). As it stands today, we must conclude that there is little consensus 
between different scientists on the problem of such EPR spectra interpretation. When 
stepped into area of studying much more sophisticated biological objects comparing to these 
McConnel used, spin labeling methods this problem appeared to be very difficult. Its 
difficulty arises not only from the objects complexity, but also from method limitations, 
which relies on the solution of EPR reverse problem. Even with all of extensive 
developments done since 1965, such as availability of new microwave frequencies and 
pulsed EPR techniques, which, in fact, grew into separate method, the problem remains. It 
originates from large discrepancy between the information content of EPR spectrum and 
underlying object's behavior. Systems studies modern life science is interested in displays 
such a large degree of versatility that simply does not fit into single spectrum. This work 
summarizes our attempts to address this issue during the past 30 years. 

The key for interpreting EPR spectra uniquely is to use as much of experimental data as 
possible. The most of informational content is found in spectra containing broad outer peaks 
(BOPs), as otherwise strongly narrowed spectra are highly degenerate, and attempting to 
solve reverse problem from them with underlying model which is slightly more complex 
than trivial is prone to non-uniqueness. Our method is primarily based on spectra with 
BOPs, to extract the most of useful information. In spectra of liquid solutions, their position 
is strongly affected by the mobility of nitroxide, and it is modulated by nitroxide 
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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environment and macromolecule Brownian motion. These are two main contributions into 
EPR lineshape the method is capable to resolve with most objects being studied. 

We have previously suggested that monitoring the position of the broad outer peaks (BOPs) 
in EPR spectra of spin-labeled macromolecules unravels the system dynamics to the 
maximum extent conventional EPR can deliver. This may be achieved by studying of so-
called temperature and viscosity dependencies, or TVDs, for short. In many cases, they 
provide a key to the interpretation of EPR spectra of spin-labeled macromolecules, by 
eliminating the large degree of non-uniqueness arising from different kinds of molecular 
motion. Similar approach is applicable to the non-covalent spin probe EPR studies of 
membranes. From these dependencies one can experimentally determine two very 
important quantities: the rotational correlation time (τ) of the protein molecule, and 
McConnell's order parameter (S) of rapid spin-label motion. Possibility of immediate use of 
these parameters for computational simulation of the EPR spectra significantly contributes 
to unique interpretation. 

McConnell pioneered the use of the BOPs position in EPR spectra depending on the value of 
correlation time of a nitroxide radical motion. He conducted theoretical (McCalley et al., 
1972), using Bloch equation, and experimental (Shimshick & McConnell, 1972) studies of the 
spin labeled alpha-chymotrypsin. Kuznetsov (Kuznetsov et al., 1971) theoretically showed 
the dependence of low-field BOP shift on the value of nitroxide molecular motion 
correlation time. J. Freed (Goldman et al., 1972) theoretically derived the expression for 
separation between BOPs depending on the value of τ for nitroxide radical. 

We in parallel worked with the same problem, but for some reasons our first work has been 
published only in 1977 (Dudich et al., 1977). In this work it was emphasized for the first time 
that it is necessary to consider partial averaging of nitroxide magnetic tensors due to the fast 
reorientation of spin label relative to the macromolecule. This fast motion effectively 
changes the values of nitroxide magnetic tensors components. Most of the studies 
mentioned above were focusing on influence of polarity of an immediate NO• moiety 
environment. Although this influence is not challenged, the polarity effects from nearby 
amino acid residues are very object-specific, as the surface charge of protein is. It is also pH-
dependent, making it very difficult to follow. Additionally, in many practical cases the 
nitroxide moiety of attached label is significantly exposed to solvent, reducing polarity 
change effects. The fast motion is still ubiquitous, as neither label-to-protein linkage, nor the 
local protein structure at labeling site is perfectly rigid. In J. Freed's work (Mason and Freed, 
1974) this fast motion relative to the carrier (molecular unit label is bound to) was considered 
as very rapid motion with respect to one of the molecular axes, while setting the diffusion 
tensor components in perpendicular plane to very slow motion, with an artificial introduction 
of tilt between the diffusion tensor principal axes relative to magnetic tensors ones. 

The method based on averaging and is similar to known Model Free (MF) approach widely 
accepted in NMR (Lipari and Szabo, 1982). In this method, fast motion is considered to be 
independent of overall tumbling. The complicated Slowly Relaxing Local Structure (SRLS) 
model developed by Freed (Meirovitch et al., 2007) is claimed to benefit from including the 
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coupling between these motions. It is achieved by substitution of composite diffusion 
operator into stochastic Liouville equation. This point was recently shown to be 
challengeable (Halle B., 2009). With simplified two-dimensional SRLS model Halle showed 
that attempting to exploit an advantage over MF it takes from motions coupling, lead to 
rather unphysical conditions. The contention was that complication introduced in SRLS 
probably does not worth its theoretical benefits. 

Here we will present a clear algorithm suitable for correct and unequivocal interpretation of 
EPR spectra according to two independent motions (TwIM) model. As an example we will 
present an EPR study of spin-labeled Barstar in solution as well as attached to sepharose 
adsorbent to eliminate slow tumbling. Parameters measured from temperature and viscosity 
dependencies will be fed into the EPR spectra simulation program, and resulting spectra 
compared to experimental ones. We also show how the given approach may be naturally 
extended to membrane structures. Joint use of this method, together with Molecular 
Dynamics simulations, allows deeper investigation of the object's nature. 

2. The temperature and viscosity dependence of EPR spectra of spin-
labeled macromolecules 

As it was noted in Introduction, an informational content of single EPR spectrum is rather 
limited. A case when both slow tumbling and fast label motions are indistinguishable from 
single lineshape is frequently encountered. The method of temperature and viscosity 
dependences (TVD) is found extremely helpful here, although other approaches also exist 
(e.g., mutifrequency EPR, where the relative sensitivity to motions on different time scales at 
various radiofrequency bands is utilized to resolve them). The TVD method developed 
throughout many years in a close connection with progress in computer hardware and 
software technologies. At present time, it can be utilized for unambiguous simulation of 
EPR spectra of spin-labeled macromolecules (Dudich et al., 1977; Timofeev, 1986, 1993, 1995) 
with easily available equipment (X-band spectrometer and personal computer) and 
minimum effort. The main idea this method is based on is pretty straightforward, once the 
TwIM model is assumed. In this model, the overall motion of spin label is composed of two 
independent components, one related to rapid motion of nitroxide-containing molecular 
fragment, and another to entire macromolecule tumbling. The former usually have 
correlation times in order of 100 ps or less, and, therefore, is fast on timescale of EPR method 
at X-Band. If this motion would be perfectly isotropic, its main effect is limited to some 
Lorentzian line broadening. In spin labeling applications, however, this is not usually the 
case, as the object (typically protein) spin label is attached to, significantly hinders nitroxide 
mobility. This is regarded as motion anisotropy in TwIM model, and it is quantified by order 
parameters. Its effect is much stronger: it changes the position of resonances, and this shift 
has severe impact on EPR spectrum. Effective spin Hamiltonian partial averaging is an 
efficient method to account for these changes. In fact, the only change in simple nitroxide 
spin Hamiltonian is different values of magnetic tensor g and hyperfine tensor A. This 
partial tensor averaging technique was utilized for studying anisotropic phases since early 
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history of the spin labeling. Macromolecule tumbling correlation times lie typically in 
nanosecond range. The anisotropy of this motion is generally determined by the shape of 
macromolecule in liquid solution, and for most globular proteins the single isotropic 
“effective” correlation time (τ) is sufficient to describe the lineshape change induced by it. 
At X-Band, presumed here if no otherwise stated, and nitroxide spin labels, the τ values in 
range of 1-100 ns leads to significant changes in lineshape, which may be calculated by 
means of stochastic Liouville equation (SLE). 

Henceforth we assume that the main EPR-observable effect of fast nitroxide fragment 
motion is changes in its anisotropy, quantified by order parameter S. For the slow tumbling, 
the corresponding quantity is its correlation time τ. This anisotropy-correlation time 
splitting presumed in TwIM model allows to eliminate much of the ambiguity from EPR 
spectra interpretation. But even in this case it may be very difficult to distinguishingly 
quantify the effects of both contributions from single lineshape. This is where temperature-
viscosity dependence comes into play. Varying sample temperature, one can modulate both 
kinds of motion: τ decreases with temperature, and order parameter S typically do so due to 
increasing of molecular motion amplitudes. The viscosity of solution (which is also 
dependent on temperature), can be independently varied by addition of sucrose, glycerol or 
some polymer media. It mainly affects the correlation time τ, while interference with small-
scale fast molecular motions is typically observed only at very high viscosity, where it is, 
strictly speaking, not “fast” anymore. In the TVD experiment, the set of EPR spectra is 
recorded, at different temperatures and solution viscosities. The processing of resulting 
dependence starts with analysis of separation between broad outer peaks in spectrum, 
according to the procedure described below. 

2.1. The theory of temperature-viscosity dependences 

The method of temperature and viscosity dependence was originally proposed (Timofeev & 
Samarianov, 1995) to determine the correlation time τ of slow isotropic rotational diffusion 
of a macromolecule, and McConnell’s order parameter S in axially symmetric case. This 
method was further developed and modified (Tkachev, 2010) to be suitable for smooth 
joining into spectra interpretation and simulation framework based on TwIM model. The 
primary quantity measured experimentally in this method is the separation between the 
broad outer peaks (BOPs) in X-Band conventional EPR spectra (absorption spectra 
derivative). Independence of slow Brownian diffusion of entire macromolecule treated as 
rigid entity, and fast anisotropic reorientations of spin label, as the basic concept of TwIM, is 
the fundamental proposition in TVD method. Both motion types narrow the lineshape, 
shrinking the separation between BOPs (referenced as 2A' here). If one considers fast motion 
by anisotropic (partial) averaging of effective spin Hamiltonian, the amount 2A'  decreases 
will depend on motion ordering, or, speaking other way, its degree of anisotropy. The slow 
tumbling, which in many cases of globular proteins can be thought isotropic, lead to the same 
effect but now it is dependent on the correlation time. This means one can express an effective 
shift of BOPs as the sum of the shifts originating from these two motion components: 
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where 2AZZ – the separation between BOPs in rigid-limit EPR (“powder”) spectrum. It was 
originally found from experiment, that plotting the 2A' value versus the temperature and 
viscosity ratio .., yields linear dependencies at constant temperature. The point where the 
extrapolated line crosses the ordinate axis yields the 2A value. In approximation of axial 
symmetry of the fast motion, it is possible to derive dependence of the first term 1Δ , on 
McConell’s order parameter S: 

 0

0

2 2a2 2
2A 2A 2A 2a

||

zz zz

AA A
S = =


 

 (2) 

where  0 3XX YY ZZa = A + A + A /  is the isotropic hyperfine splitting constant of nitroxide 
radical. Therefore, the value of 1Δ  is represented as: 

   1 02A 2 2A 2a 1ZZ ZZΔ = A = S    (3) 

The second term 2Δ  gives the shift of BOPs in relative to the 2A  value. The value of 

2 2 2A'Δ = A   can be evaluated in the following way. Spectral lineshape narrowing due to 
an exchange (Slichter, 1981), caused by slow rotation of a macromolecule with correlation 
time τ, is defined by the following expression (γ is a magnetogyric ratio): 
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In the model of an exchange between two states we assume them to be parallel and 
perpendicular orientations relative to magnetic field (Z axis). Corresponding values of ΔH  
and 'ΔH  will be 
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where  0 02 ZZΔ = A a . 
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Hence, the dependence between the BOP shift, correlation time τ of a macromolecule tumbling, 
and order parameter S of fast spin label motion, should be found in the following form: 

 2

0

b
Δ

τS = a
Δ S


 
  
 

 (9) 

Empirical parameters a and b can be found from a set of simulated EPR spectra at various 
values of S and τ . The formula (9) is deduced in the dimensionless form, therefore 
parameter a has the dimension of nanoseconds. Parameters a and b are dependent on 
changes of initial magnetic tensors and individual line width. But their mutual dependence 
(they always derived simultaneously, and are not independent) makes splitting (1) weakly 
affected by these changes. For the most of experiments with spin-labeled samples the value 
of a is close to 1.1 ns, and parameter b ≈ 1.3. 

To establish a link with experimentally measurable values – temperature Т and viscosity of 
a solution η , the straightforward way is to call for Stokes-Einstein relation (describing 
rotational motion of a sphere in a viscous media): 

 Vητ =
kT

 (10) 

In this case expression (9) takes a form: 
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The overall result here is that the separation between BOPs is a linear function of  
1

T / η b . 
Experimental measurement of this dependence by varying the temperature and the 
viscosity, it is possible to find 2A , and corresponding order parameter S, and, according to 
the formula (9), rotational correlation time of a macromolecule tumbling in solution. It’s 
important to remember, however, that derived expressions are valid only when motions differ 
significantly on time scale. This may not be the case at very high viscosities where shear forces 
may interfere with the fast motion, which is believed to be affected solely by temperature 
changes. At these conditions motion of nitroxide cannot be regarded as ‘fast’ anymore. 

2.2. The uniform method for resolving an EPR spectroscopy reverse problem 

Combining the EPR spectra simulation using TwIM model for motion of spin label, and 
experimental approach of TVD, the following scheme can be used for uniform spectra 
interpretation. It allows unequivocally treat the line shape modulated by different dynamic 
effects. It calls for stochastic Liouville equation approach for calculation of slow motional 
EPR spectra. The flowchart is shown on Fig. 1, and individual steps are described in the 
following sub-sections. It contains two feed-back optimization cycles: one on the right relies 
on TVD data (experimental), but it corresponds to axially symmetrical case. The one on the 
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interpretation. It allows unequivocally treat the line shape modulated by different dynamic 
effects. It calls for stochastic Liouville equation approach for calculation of slow motional 
EPR spectra. The flowchart is shown on Fig. 1, and individual steps are described in the 
following sub-sections. It contains two feed-back optimization cycles: one on the right relies 
on TVD data (experimental), but it corresponds to axially symmetrical case. The one on the 

 
Uniform EPR Spectra Analysis of Spin-Labeled Macromolecules by Temperature and Viscosity Dependences 291 

left is more general, and deals with rhombic components of magnetic tensors (more than 
one order parameter is possible to describe fast motion). Right cycle 1 is responsible for 
locking the BOP separation in simulated spectra to experimental values, and for 
distinguishing between fast and slow motional contribution to BOP shift (ca. expression (1)). 
The generalized cycle 2 allows obtaining finer details of the motion (additional order 
parameters) from fitting the XY manifold (central region of EPR spectrum). The procedure is 
considered complete when both cycles are consistent. 

 
Figure 1. The scheme of uniform EPR spectra interpretation based on TwIM model and TVD 
experiment. SLE states for stochastic Liouville equation-based procedure for calculation of slow 
motional spectra.  

2.2.1. Determination of magnetic tensors components 

The entire procedure was designed to eliminate as many degrees of freedom as possible 
while retaining physical sense. The lineshape changes induced by molecular motions are 
controlled via τ  and S. To set up spectra simulation, magnetic parameters have to be 
determined in some way. Blind fitting of them would scramble all the averaging effects, and 
therefore is not suitable here. The most correct way is using diluted crystal, but is 
production in many cases is not feasible. The compromise is to use values of 02a from free 
label solution EPR spectrum at room temperature and 2AZZ  from spectrum of frozen 
labeled sample at 77K. The rhombic component still remains unknown, and has to be fitted. 
For hyperfine A tensor, it is small, and the values of XA  and YA  are almost equal. This 
mostly eliminates the A-tensor problem, which is mostly significant as it determines the 
distance between BOPs used to quantify molecular motion from in TVD experiment. The 
components of g tensor are still subject to fitting, at least its rhombic component which is not 
negligible as it is in case of hyperfine tensor. 

2.2.2. Empirical parameters in temperature and viscosity dependences 

Once the magnetic tensor components were determined, it is possible to calculate EPR 
spectra. The spectra simulation procedure based on tensor averaging for accounting of fast 
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motion, and SLE for slow rotational diffusion is used for calculation of empirical parameters 
a and b in the equation (9). For this purpose, a set of EPR spectra is calculated axially 
symmetrical case (that is, no rhombic component in hyperfine tensor). The shift of 
separation between BOPs in theoretical EPR spectra measured with different values of 
correlation time τ and order parameter S, if plotted in logarithmic scale versus τS according 
to the formula (9), allows to calculate the parameter b from the slope of linear 
approximation, and parameter a from its intersection with ordinate axis (Tkachev, 2010). 

 
Figure 2. Theoretical dependence of BOP shift vs. global tumbling correlation time τ and fast label 
motion order parameter S. It is used to find a and b parameters in eqation (9). This particular 
dependence was calculated for gxx = 2.0088, gyy = 2.0058, gzz = 2.0023, Axx = Ayy = 6,0 G Azz = 35.3 G, and 
individual line width of 1.1 G. Every black point corresponds to simulated spectrum, and the gray line 
is least-square approximation. 

Values of empirical TVD parameters determined from simulation of set of spectra according 
to the method described above are dependent on magnetic tensors and line widths used for 
calculation. High performance in spectra simulation which may be routinely achieved on 
modern workstations and personal computers makes possible to obtain these parameters 
interactively, upon changing line width or magnetic tensor components. This is important 
part of the EPR spectra interpretation method described here, as it may require multiple 
processing of experimental TVD data with different a and b values to achieve good 
coincidence of simulated spectra with experimental ones. 

2.2.3. Experimental determination of τ and S values 

When empirical parameters are known, it is possible to use equation (11) for experimental 

data processing. According to equation (11), the dependence of 2A' on  
1

T / η b  should be 
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linear. Therefore, an intersection of linear approximation of experimental results will give the 
value of 2A which encodes the order parameter according to expression (2). Then, from 
equation (9) it is possible to find the correlation time of slow global tumbling of the 
macromolecule. 

 

 
 

Figure 3. Typical plot of temperature and viscosity dependences of BOP separation. This data 
corresponds to bovine serum albumin (BSA) labeled with 4-(2-chloromercurophenyl)-2,2,5,5-
tetramethyl-3-imidazoline- 3Δ -1-oxyl (on inset). It was used as model system for procedure test 
purposes. For every temperature the linear data approximation crosses ordinate axis on 2A , and order 
parameter value may be derived from it. 

2.2.4. Simulation of EPR spectra of spin-labeled macromolecules 

The simulation of EPR spectra of spin-labeled macromolecules used here is also based on 
the two independent motions (TwIM) model (Dudich et al., 1977; Timofeev 1986; Timofeev 
& Samaryanov 1993, 1995; Tkachev 2009, 2010). Therefore, fast motion of the spin label 
relative to the macromolecule is taken into account by effective spin Hamiltonian partial 
averaging, and the slow motion of the macromolecule is determined by the rotational 
correlation time of isotropic diffusion. 

By means of the generalized model of fast nitroxide oscillations the partially averaged 
magnetic tensor components can be calculated (Tkachev, 2009, 2010) in such a way that 
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order parameter obtained from TVD experiment can be employed. This is possible because 
axially symmetrical model presumed in TVD is a special case of the generalized model 
mentioned. Substitution of averaged tensors into the SLE-based procedure for slow 
motional nitroxide spectra simulations (Schneider & Freed, 1989) gives the final EPR 
lineshape with contributions of both fast and slow motions. 

On the above basis the simulation program (S_imult6) was developed. The model of fast 
limited oscillations (Timofeev and Samaryanov, 1995) gives formulas in analytical form by 
which components of partially averaged magnetic tensors can be calculated. According to 
model nitroxide fluctuates around some fixed axis n  defined in polar coordinates by θ ,   
angles. Fluctuations are limited by an angular amplitude of oscillation α , and all 
orientations are equally probable in range from – α to α . However, it was shown (Tkachev 
2009, 2010), that partially averaged magnetic tensors aren't diagonal in general case. This 
implies that tensors have to be diagonalized after averaging, resulting in tilt between 
principal axes of both partially averaged magnetic tensors to appear. Two parameters 
defining an axis of oscillation n ,  23cos 1 2S = θ / ,  21 2cosκ =    can be shown to play 
role of order parameters. The meaning of S defined this way is exactly the same as in 
axially-symmetrical case which arises if one let 0180α = . In this case it is equal to 
experimental McConnell’s order parameter. This allows using axially symmetrical case with 
experimentally determined order parameter as the starting point in scheme shown on Fig. 1, 
when calculating theoretical EPR spectra. 

The general scheme for the resolution of the EPR spectroscopy inverse problem for spin-
labeled macromolecules presented as follows. Experimentally determined magnetic tensor 
components, the correlation time τ  together with the order parameter S, found from 
temperature-viscosity dependences, are fed into the simulation procedure based on SLE 
(cycle 1 on Fig. 1). In axially symmetrical case one obtains a theoretical spectrum similar to 
experimental one only on its wings (position of BOPs). In order to fit calculated spectra to 
experiment in the central region of magnetic fields, it is necessary to deviate from initial θ ,
  and α  values, breaking axial symmetry (switch to cycle 2 on Fig.1). Additionally, the 
linewidth and initial tensor rhombic parts may be adjusted as well, to achieve the best fit of 
a theoretical spectrum to the experimental one. If these are modified, it may be necessary to 
recalculate empirical TVD parameters (a and b), and repeat the procedure from cycle 1. Once 
it is possible to obtain consistent results from both cycles, process is complete. It utilizes the 
maximum of information from experimental TVD dependence, and yields the set of 
simulated spectra with the only difference in order parameters and macromolecular 
tumbling correlation time. The starting conditions are provided by axially symmetrical data 
obtained directly from experiment. This eliminates most of non-uniqueness which the usual 
multidimensional fitting procedures is prone to. 

An ensemble may be inhomogeneous in sense of averaging parameters. One of the reasons 
for this is existence of macromolecule’s structure fluctuations, or set of different structural 
conformations of the labelling site. This leads to concept of sub-ensembles of nitroxides, 
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called clusters (Timofeev & Samarianov, 1995). They are clustered according to averaging 
order parameters (all kinds of equivalent dynamical behaviors, producing identical 
averaged tensors), and these may be assumed to be normally distributed. The spectrum 
depends on 0α(α ,σ) , where 0α  is an average, and σ  is a standard deviation of the 
Gaussian distribution (Tkachev, 2010, Timofeev & Samarianov, 1995). The resulting 
spectrum is calculated as Gaussian-weighted sum of spectra of individual clusters. This 
adds single fitting parameter, but in many real-world cases helps to dramatically improve 
fits quality. 

3. The temperature and viscosity dependences for spin-labeled Barstar in 
solution 

Spin labeling, EPR and all the method described above, based on the temperature-viscosity 
dependence experiment, was used to study the protein-protein interaction between the 
enzyme barnase (Bn) and its inhibitor barstar (Bs) (Timofeev et al., 2008). A mutant of 
barstar (C40A), containing only one cysteine residue, C82 was selectively modified by spin 
label (SL) 4-(2-chloromercurophenyl)-2,2,5,5-tetramethyl-3-imidazoline- 3Δ -1-oxyl (Shapiro 
et. al., 1979). We used spin label which ensured higher ability of his reporter group to access 
different protein microenvironments. To estimate the mobility of the spin labeled C82 side 
group and the whole globular protein quantitatively, the temperature-viscosity approach 
was used. 

To extract unambiguous information from experimental EPR spectra of spin-labeled 
macromolecules, it is necessary to have maximum possible control over the degrees of 
freedom (DOFs) an EPR line shape depends on. This effectively reduces linehape 
‘degeneracy’ with respect to the set of parameters used to interpret these spectra. Generally, 
for complex objects like mutually interacting proteins, unequivocal interpretation of EPR 
spectra is possible only when BOPs are present. For small molecules undergoing relatively 
rapid rotations narrowing the spectrum at ambient temperatures, decreasing the 
temperature and increasing solvent viscosity increase order parameters, as well as 
macromolecule tumbling correlation time. This leads to broad outer peaks (BOPs) of 
increasing amplitude to appear in low and high field regions of EPR spectra. By processing a 
series of EPR spectra of spin-labeled samples and measuring the separation between the 
BOPs, one can estimate the effective rotational correlation time τ of the protein molecule and 
the order parameter S of the spin label attached to the side chain. EPR spectra of Bs-SL in 
solution with changing viscosity are shown on Fig. 1 and Fig. 2. Viscosity was controlled by 
addition of sucrose. 

As can be seen from Fig. 4 and Fig. 5, BOPs shifts considerably towards field range end 
points with increasing viscosity, and this is an effect one expects to be able of studying 
temperature-viscosity dependence. According to formulas (11) for parameter 2A' , this 
dependence is shown on Fig. 6. 
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Figure 4. EPR spectra of Bs-SL at 1º C, with viscosity altered by addition of (1) 0%, (2) 6%, (3) 16%, and 
(4) 19.5 % sucrose (w/w). 

 
Figure 5. EPR spectra of Bs-SL at 1º C, with viscosity controlled by addition of (5) 27 %, (6) 33 %, (7) 40 
% sucrose (w/w). The experimental spectrum is plotted with heavy line and the simulation - with fine 
line. The theoretical calculation of spectra shown is discussed in the text. 
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Figure 6. Temperature-viscosity dependences of separations between BOPs ( 2A' ) in the EPR spectra of 
Bs-SL (line 2), and complex Bs-SL with Bn (line l) at 1º C. The data were fitted using the linear least 
squares method. Line 1 crosses the ordinate axis yielding the extrapolated value 2A  = 63.9 G, whereas 
line 2 yields 2A  = 57.8 G. Units are T for K, and cP (centipoises) for η . The value of TVD parameter

1 0.74β = / b = . 

It is clearly observable from EPR spectra presented in Fig. 4 and Fig. 5, that at lower 
viscosity values (6%, 16%, and 19.5% w/w sucrose in solution) BOPs are considerably 
asymmetrical. In fact, there are two poorly resolved BOP pairs, what is clearly seen in 
spectra at higher viscosities (27%, 33%, and 40% w/w sucrose in solution). Therefore, it is 
clear that spectra are composed of two components, first broad, and second, narrower. The 
separations between BOPs from narrow component (three points) 2A'  are shown on the 
Fig. 6 (line 2). The first spectrum on Fig. 4 lacks of low-field BOP, thus there is no point for 
0% sucrose on the line 2 (Fig. 6). At higher viscosity values (27%, 33%, and 40% sucrose in 
solution) BOPs from broad and narrow spectrum components were separated. Hence we 
define the separations between BOPs near to the center of the spectrum as 2A' (narrow) and 
farther from the center of the spectrum as 2A' (broad). As for the three points to 2A' (broad) 
they are visible on the line 2 (Fig. 7). In Fig. 7 for clarity, a line 1 is repeated as line 1 in Fig. 6.  

For these double-component spectra, two explanations are possible. This is either due to 
the Bs-Bs interaction of two macromolecules (Timofeev, et al., 2008), or a spin label SL 
have two dynamic states with strongly different order parameters. To clarify this 
alternative, an experiment on the binding of macromolecules Bs-SL with adsorbent has 
been undertaken. 
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Figure 7. Temperature and viscosity dependences for BOPs separation ( 2A' /G)  in EPR spectra of spin-
labeled Barstar in solution, and on adsorbent. Solution: 6 points for BOPs from narrower component 
(line 1): (1) 6%, (2) 16%, (3) 19.5 %, (4) 27%, (5) 33%, and (6) 40 % sucrose (w/w), and 3 points for broad 
component BOPs (line 2): (1) 27%, (2) 33%, and (3) 40 % sucrose (w/w), at 1ºC. With adsorbent: 1A line 
at 1ºC and 1B line at 20ºC for narrow component BOPs; 2A line at 1ºC and 2B line at 20ºC for broad 
component BOPs. The data were fitted using the linear least squares method. Line 1 crosses the ordinate 
axis yielding the extrapolated value 2Ā = 57.8 G, and line 2 yields 2Ā = 66.1 G. The value of 1 0.74β = / b = . 

4. The temperature and viscosity dependences for immobilized Barstar 

If macromolecule with spin label attached to it can be immobilized, rendering effective 
correlation time to be large enough to mimic ridgid-limit spectrum. In case with spin labeled 
Barstar we used QFF sepharose to achieve this goal. The sample was prepared by addition 
of SL to Barstar solution in HEPES buffer, then added 6 mg SL corresponding concentration 
to have molar excess of protein. Then 200 ml of QFF sepharose suspension was added and 
sample washed to remove unbound protein by spinning on microcentrifuge. Spin-labeled 
protein-charged sepharose was used for recording of EPR spectra. Temperature dependence 
of these spectra (1, 10, 20, 30, 40C) without sucrose is shown on Fig. 8. 

It is clear that all five EPR spectra display "quasi-powder" pattern (broad due to strong 
immobilization) as spin-labeled macromolecules are now attached to an adsorbent (cf. 
Fig.1). Over entire temperature range (1-40ºC) two components are clearly observable, with 
corresponding BOP separations of 2A' (narrow) and 2A' (broad). 

Rotational Brownian motion of medium-sized macromolecules in solution is on the 
nanosecond range. Linking macromolecules to an adsorbent shifts it to the microsecond 
range, which, in fact, is not distinguishable from rigid-limit (“powder spectrum”) at  
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Figure 8. EPR spectra of the QFF-Bs-SL1 complex at 1ºC (1), 10ºC (2), 20ºC (3), 30ºC (4), and 40ºC (5). 
The spectral width is 100 G. 

experimental conditions used. Therefore, the shape of "quasi-powder" EPR spectrum is 
exclusively determined by the fast reorientation of the spin label in a limited 
configuration/conformation space. This makes it easy to measure the order parameter of 
nitroxide (see expression (2)). 

On the other hand, once the protein is adsorbed on the sepharose, the arising "quasi-
powder" EPR spectrum should not depend on oligomeric state of the protein, to an extent 
local structure of the protein close to labeling site is disturbed by weak inter-macromolecule 
interactions. Strong Barstar interaction with an heavily charged adsorbent is expected to 
significantly impair its ability to form dimer, and is expected to shift equilibrium to 
monomeric form. Therefore, we conclude that the order parameter S in the dimeric form of the 
protein (if any) and its monomeric form should be the same. Consequently, there are two 
conformational states of the spin label attached to the thiol group of the protein, corresponding 
to two spectral components with BOP separations of 2A' (narrow) , and 2A' (broad). 

In further experiments EPR spectra of Bs-SL on the adsorbent at different viscosities have 
been recorded, for the full temperature-viscosity dependence to be obtained. Corresponding 
spectra, for different temperatures, are shown on Figure 9 (A, B). Two components found 
(two BOP pairs) were processed independently to get order parameters for both spin label 
conformational states. Fig. 7 displays TVD for sepharose-bound Barstar overlaid on these for 
free protein in solution at 1ºC (lines 1A and 2A) and 20ºC (lines 1B and 2B). As seen in Fig. 7, 
four lines (1A, 1B, 2A, 2B) are parallel to the x-axis. This behavior is expected, as both types 
of BOPs (from narrow and broad spectrum components) do not shift with increasing 
viscosity of the medium in the "quasi-powder" EPR spectra, given the value of τ  for protein 



 
Nitroxides – Theory, Experiment and Applications 300 

is virtually infinite. Consequently, the separations between BOPs not change and, thus, in 
the case with adsorbent: 2A' (narrow) = 2A (narrow) and 2A' (broad) = 2A (broad). It also 
means that the second term in equation (1), for both spectrum components is zero. 
 

 

 

Figure 9. EPR spectra of spin labeled Barstar immobilized on QFF sepharose (QFF•Bs-SL system) at 1ºC 
(A) and 20ºC (B) with viscosity altered by addition of (1) 0%, (2) 15%, (3) 30%, (4) 37%, (5) 48%, and (6) 
56% sucrose (w/w). 
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It is now straightforward, knowing ZZ2A  and 02a , to calculate order parameters S1 (for 
narrow component) and S2 (for broad component) according to the formula (2) for both 
states of the spin label. Dependences of the order parameters S1 and S2 on the temperature 
are shown in Fig. 7, in this case S2 > S1. 

Thus the ensemble of spin-labeled molecules barstar Bs-SL is divided into two sub-
ensembles. In one sub-ensemble spin label is found in 1st state with corresponding order 
parameter S1, and another – in 2nd state with order parameter S2. 

 
Figure 10. Values of the order parameters S2 (to 2nd state of SL, farther BOPs) – line 1; and S1 (to 1st 
state of SL, near BOPs) – line 2; in depend on the ambient temperatures.  

Interestingly, the fast motion activation by temperature in each of the SL states in a local 
protein site (Cys82) is negligible. As seen in Fig. 7, parameters S1 or S2 drift only slightly 
over entire temperature range from 1 to 40ºC. This suggests that the rigid spin label samples 
almost the same amount of configuration space provided by rigid protein frame in this 
range of temperatures. 

Addition of the Barnase (Bn) to Bs-SL solution results in a temperature-viscosity 
dependence, as shown in Fig. 3 by line 1. In this case, the spin label in the complex of BnBs-
SL has a single state with a value of the order parameter (S = 0.86). Line 1 slope is two times 
less than that of line 2 (Fig. 3). Very strong affinity of Barstar to Barnase explains this, since 
the molecular weight of BnBs complex (22.7 kD) is about twice larger than the molecular 
weight of Barstar (10.3 kD). 

When introduced to the system QFF•Bs-SL, Barnase had no significant effect on EPR 
spectrum (see Fig. 8). In case of stable Bn•Bs-SL complex formation, the EPR spectrum was 
expected to be substantially changed, which is the case in solution. The capacity of the QFF 
sepharose which is abundant in the sample mixture and its charge make Bn easier to bind to  
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Figure 11. The spectra EPR of QFF-Bs-SL (light line with sharp peaks of free SL) and the same at adding 
Bn in a bit large excess (dark line without sharp peaks) at 1ºC (1) and 20ºC (2). 

the adsorbent, while bound Barstar may have its Bn binding interface unreachable. This  
leads to disruption of Bn•Bs-SL complex formation equilibrium. No change in EPR spectra 
at two temperatures, 1ºC and 20ºC indicate that there is apparently no significant amount of 
complex present. Smaller amount of free label (three narrow lines on Fig. 8) after Bn 
addition was due to centrifugation, and, therefore, better washing. 

5. Spin-labeled Barstar EPR spectra simulation 

The procedure for simulating EPR spectra using the proposed model of the two motional 
nitroxide radical was described in section 2.3. Here we want to give some examples of EPR 
spectra simulation, paying an attention to the similarity of theoretical spectra to 
experimental ones. 

5.1. Barstar and formation of complex with Barnase 

On the Fig. 5 (A, B, C) fitted simulation EPR spectra superimposed onto experimental ones. 
As it appears, they can be described by two dynamical states of spin label rapid motion 
relative to Barstar molecule. If one assumed these states uncoupled, each of them 
corresponds to its own EPR spectrum, and experimental one corresponds to their weighted 
sum. On Figures 12 - 14 individual simulated spectra are shown for each state of spin label 
(1st and 2nd); their superposition results a final spectrum. Using Gaussian distribution on α  
averaging parameter helps to obtain better fit due to states dynamical coupling (exchange), 
and the spectra shown on these figures actually account for it this way (see legends). 
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We used following initial components of nitroxide magnetic tensors: g(X,Y,Z)= 2.00732; 
2.0063; 2.0022; A(X,Y,Z)=6.55 G; 5.00 G; 35.40 G. In legends to figures, the rotational 
correlation times and linewidth, parameters used for calculation of partially averaged 
tensors components along with themselves, are given. 

 
Figure 12. Simulated EPR spectra (fine line) for of 1st state SL and 2nd state of SL in comparison with an 
experimental spectrum of Bs-SL at 1º C and 27 % sucrose in solution (heavy line). 

Spectrum for of 1st state contains BOPs close to the center (narrow). It is described by three 
parameters which, according to section 2.3, determine partial averaging of tensors in 1st state 
by the values of α = 77(15)º, θ = 46º, φ = 5º. Each spectrum was calculated as the average by 
αwith Gaussian distribution, as 77(15), where the value in brackets is the standard 
deviation. Magnetic tensors diagonal components: g (X,Y,Z) = 2.00696, 2.00562, 2.00323; A
(X,Y,Z) = 6.66246 G, 11.9003 G, 28.3872 G. BOPs in simulated EPR spectrum (fine line) for 2nd 
state located farther from the center. This second state is described by parameters α = 30(44)º, 
θ =30º, φ =5º. Magnetic tensors diagonal components: g (X,Y,Z) = 2.00723, 2.00628, 2.0029; 
A (X,Y,Z) = 6.46487 G, 5.74586 G, 34.7363 G. Rotational correlation time for macromolecule 

was τ = 25 ns. Linewidth used was 1.7 G. The simulated spectra in both states were summed 
with the ratio of 28:72, which gives the resulting spectrum shown in Fig. 5(5). 

All partial averaging parameters are the same as in the legend to Fig. 12. The protein 
rotational correlation time is τ = 38 ns. The simulated spectra in both states were summed 
with the ratio of 45:55, which gives the resulting spectrum shown in Fig. 5(6). 
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Figure 13. Simulated EPR spectra (fine line) for 1st and 2nd states of SL and 2 state SL in comparison to 
experimental one of Bs-SL at 1º C and 33 % sucrose in solution (heavy line). 

 
Figure 14. Simulated EPR spectra (fine line) for 1st and 2nd states of SL and 2 state SL in comparison to 
experimental one of Bs-SL at 1º C and 40 % sucrose in solution (heavy line). 
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All partial averaging parameters are the same as in the legend to Fig. 12. The protein 
rotational correlation time is τ = 60 ns. The simulated spectra in both states were summed 
with the ratio of 40:60, which gives the resulting spectrum shown on Fig. 5 (7). 

 
Figure 15. EPR spectrum of QFF-sepharose-Bs-SL at 1º C and 0 % sucrose (heavy line) and the simulated 
spectrum of 1st or 2nd states (thin line). (A) The 1st state is described (see Fig. 9A) is described by three 
parameters which, according to section 2.3, determine partial averaging of tensors in 1st state by the 
values of α = 77(14)º, θ = 46º, φ = 5º. Components of averaged tensors: g (X,Y,Z) = 2.00696, 2.00562, 
2.00323; A (X,Y,Z) = 6.66246 G, 11.9003 G, 28.3872 G. Each spectrum was calculated as the average by α
with Gaussian distribution, as 77(15), where the value in brackets is the standard deviation. The 
rotational diffusion tensor components (expressed as correlation times) for macromolecule are Xτ = 100 
ns, Yτ = 1000 ns, Zτ = 1000 ns. Anisotropic linewidth components are Xδ = 1.3 G, Yδ = 1.5 G, Zδ = 1.5 G. 
(B) The 2nd state is described (see Fig. 9) by three parameter values of α = 27(32)º, θ = 27º, φ = 5º. 
Components of averaged tensors: g (X,Y,Z) = 2.00724, 2.00629, 2.00226; A (X,Y,Z) = 6.66246 G, 11.9003 G, 
28.3872 G. The rotational diffusion tensor components (expressed as correlation times) for macromolecule 
are Xτ = 100 ns, Yτ = 1000 ns, Zτ = 1000 ns. Anisotropic linewidth components are Xδ = 1.4 G, Yδ = 1.9 G, 

Zδ = 1.9 G. 
(C) Spectrum of QFF-sepharose-Bs-SL at 1º C and 0 % sucrose in solution, (heavy line) and the simulated 
spectrum (fine line) obtained by summation of ones for 1st and 2nd states (Fig. 15 A, B), with ratio of 30:70. 

The results obtained by fitting of simulated spectra to experimental ones for spin-labeled Bs-
SL, are listed in legends to Figures 12, 13, 14. Thus, three points (27, 33 and 40% sucrose) on 
temperature-viscosity dependence (Fig. 6 line2; or Fig. 7 line1) correspond to simulated EPR 
spectra on Fig. 5 and Fig. 12, 13, 14. It is important to note that simulated EPR spectra differ 
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solely in the rotational correlation time of macromolecule! This is highly consistent with 
proposed TVD advantage of separating BOPs shift contributions regarding to slow 
rotational dynamics of macromolecule, and rapid motion of spin label. The partial averaging 
of magnetic tensors conserve when temperature is held at constant level. 

5.2. Sepharose-immobilized spin-labeled Barstar EPR spectra 

The EPR spectra of Bs-SL in solution in the presence of QFF sepharose on Fig. 8 and Fig. 9 
are shown. This entire set of spectra can be simulated using the same principle described 
here. However, for an example we have selected only two experimental spectra to show 
procedure of simulation (see section 2.2.4). We will discuss already shown simulated EPR 
spectra of Bs-SL in solution. 

 
Figure 16. A. EPR spectrum of QFF-sepharose-Bs-SL at 1º C and 35% sucrose in solution (heavy line), 
and the simulated spectrum of 1st (fine line). Partial averaging parameters are the same as given in 
legend to Fig. 15A. The rotational diffusion tensor components (expressed as correlation times) for 
macromolecule are Xτ =200 ns, Yτ =1000 ns, Zτ =1000 ns. Anisotropic linewidth components are Xδ =1.5 
G, Yδ =2.4 G, Zδ =2.4 G. 
B. Spectrum of QFF-sepharose-Bs-SL at 1º C and 35% sucrose in solution (heavy line) and the simulated 
spectrum of 2nd state (fine line). Partial averaging parameters are the same as given in legend to Fig. 
15A. The rotational diffusion tensor components (expressed as correlation times) for macromolecule are 

Xτ = 200 ns, Yτ = 1000 ns, Zτ = 1000 ns. Anisotropic linewidth components are Xδ =2.0 G, Yδ =3.0 G, Zδ
=2.0 G. 
C. EPR spectrum of QFF-sepharose-Bs-SL at 1º C and 35 % sucrose in solution, (heavy line) and the 
simulated spectrum calculated as weighted sum of the above with ratio of 30:70. 
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On the Fig. 16, experimental spectra of QFF-sepharose-Bs-SL at 1º C and 35 % sucrose in 
solution, (heavy line), are shown along with simulated ones, demonstrating individual 
contributions from two SL states. The final spectrum (weighted sum of two states) is shown 
on Fig.15 

5.3. Fast motion analysis by Molecular Dynamics 

Method of Molecular Dynamics (MD) has become a very powerful and versatile tool for 
research connected with protein dynamics. Significant growth of hardware computational 
capabilities recently makes it possible to incorporate MD simulations into many analysis 
workflows involving experimental data collected using modern physical methods. It is 
successfully used in conjunction with nuclear magnetic resonance (NMR) for elucidation of 
protein structure and dynamics. The spin labelling and EPR may provide similar type of 
information, in form of order parameters (although on different time scale). Conventional 
MD method itself is completely theoretical (that is, pure calculation with no use of 
experimental data regarding particular system), but it is attractive as it provides detailed 
information on the system (macromolecule) dynamics. As a result of MD run, one obtains a 
trajectory with the time course of all atomic coordinates of the system. Modern software and 
visualization hardware allows viewing the resulted trajectory, and one can see a visual 
representation of the molecular system in time, which makes this technique a powerful tool 
for analyzing the dynamic properties of macromolecules. The trajectory obtained from MD 
enables one to calculate virtually any property of the system. We suggest it is very attractive 
to join the MD method with EPR techniques, once the latter provide experimental data to be 
guidance for designing MD runs, and/or verifying its results. On the other side, MD 
calculations may help in interpretation of EPR spectra. 

MD method was used here to study the internal structural and dynamical properties of 
spin-labeled Barstar and its complex with Barnase. It was already mentioned in section 2, 
that EPR spectrum gives ‘digest’ type of information about the system dynamics. Most 
efforts to bridge MD and EPR techniques are now focused on attempt to simulate EPR 
spectrum from MD trajectory. We adopt different approach, similar to one used in NMR, 
based on order parameters. As a quantitative estimate for comparing the results of the two 
methods we used parameter S, which characterizes the angular reorientations of the 
attached spin label and the spatial constraints of the immediate protein environment. This 
order parameter, easily and unambiguously determined from the temperature and viscosity 
dependencies, can be calculated from the MD trajectory. The order parameter was 
calculated in two ways from the MD trajectories: the McConnell's method (axially 
symmetrical case), and the method of Model Free approach. 

The initial structure of barstar molecules with a resolution of 2.8 A (PDB id 1A19) was 
obtained from the database Protein Data Bank. The structure was prepared for MD, Cys82 
residue was mutated to spin-labeled cystein. New residue SLHG was added to parameter 
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files used for simulation; the parameters were combined from (Stendardo E et al, 2010), 
CHARMM-cgenff and UFF, and optimized to reproduce average geometry of spin label 
known from X-Ray (Shapiro A. B. et al., 1979)). Explicit solvent model was used, with TIP3 
water. After equilibration (NPT ensemble with Langevin method for temperature control), a 
series of annealing steps has been performed. Annealing ended up in clearly observable two 
kinds of distinct dynamical behavior of spin label, more and less ordered. For them, the 
production runs of lengths of 20 ns at 330 K, and 10 ns at 300 K, were performed. 

The initial structure of the complex barnase-barstar (PDB id 1AY7) was also obtained from 
the Protein Data Bank. Spin-labeled complex was reconstructed by Targeted MD using 
already built model of labeled Barstar. Both dynamical states of spin label attached to 
Barstar, discovered by annealing, upon virtual Barnase ‘binding’, yielded trajectory with 
disordered motional state absent. Trajectories of length of 20 ns at 330 K and 10 ns at 300 K 
were calculated, and used for determination of order parameters. 

All calculations were performed using the software packages NAMD & VMD (Phillips J.C., 
et al, 2005; Humphrey W., et al, 1996). 

 
Figure 17. Autocorrelation function calculated from MD trajectories (squares) of Barstar (gray) and its 
complex with Barnase (black), and corresponding two-exponential model fits (line). 

It is straightforward to compute coordinate autocorrelation function from MD trajectory. Its 
long time asymptotic limit is referred as generalized order parameter, as it does not rely on 
azimuthal motion symmetry, which is the case of McConnel’s parameter S. This method of 
order parameter definition is commonly used in NMR and referred to as Model Free 
approach (Lipari, G.; Szabo, 1982; K.K. Frederick, K. A. Sharp., 2008). Two-exponential 
decomposition of autocorrelation function obtained for free Barstar yielded fast-component 
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order parameter (apparent correlation time 3.2 ns for Bs, or 5.4 for complex) to be significantly 
different from one for Barstar-Barnase complex (0.89 vs 0.97). McConnel’s azimuthal order 
parameters calculated along entire trajectories were lower, S = 0.67 for the Bs, and S = 0.93 for 
the BnBs complex, which is consistent with motion anisotropy (azimuthal and generalized 
order parameters coincide when motion is axially symmetrical). The exact calculation by 
averaging along the trajectory shown S = 0.67 for the free Barstar, and S = 0.93 for the 
complex. This is expected, as all the EPR spectra for Barstar and its complex with Barnase 
presented above were simulated using non-axial model (but with several order parameters). 
On the other hand, the value of azimuthal order parameter S is in good agreement, as 
expected, with the experimental value obtained from the temperature-viscosity dependence 
of EPR spectra. The detailed trajectory analysis for free Barstar showed that it is non-
uniform in sense of spin label motion. Namely, some parts of trajectory demonstrated much 
less disorder in this motion, and order parameter computed from them appeared to be 0.91, 
which is in good agreement with McConnel’s order parameter determined experimentally 
by TVD for 2nd state EPR spectra component. 

 

 

 
Figure 18. A. Experimental EPR spectrum of TEMPO radical in DPPC at 37.6°C (heavy line) and 
simulated spectrum (fine line) at X band (microwave frequency 9.15 GHz). All necessary parameters for 
simulation are summarized in Table 1. Center field B0 = 3260 G, and scan range is 49 G. 
B. The simulated EPR spectrum (fine line) of TEMPO radical in lipid phase. Parameters are in Table 1. 
C. The simulated EPR spectrum  (fine line) of TEMPO radical in aqueous phase. Parameters are in 
Table 1. 
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6. Two motion model for EPR spectra simulation of TEMPO radical in 
membranes 

The given approach can naturally be extended to membrane structures. On the Fig. 18, 19 
calculated EPR spectra of TEMPO radical in DPPC in X- and W-bands, correspondingly, are 
shown. The experimental spectrum is taken from the excellent Smirnov’s work (Smirnov et. 
al., 1995). The experimental part of this work is highly valuable, but the interpretation of 
EPR spectra, from our point of view, should be conducted differently. We propose model, 
according to which, TEMPO radical, being in lipid phase, subjects to fast anisotropic 
reorientation, simultaneously experiencing the slow dynamic process motion due to lateral 
heterogeneity of domain structure in lipid bilayer. 

Figures 18 and 19 represent the first example when simulated EPR spectra precisely 
reproduce experimental EPR spectra both in X and W bands, with exactly the same 
magnetic and dynamic parameters. The only simulation parameter changed was the 
frequency of EPR device. This consistency of our approach with multifrequency EPR data 
strongly argues for approach described here for uniform interpretation of dynamical effects 
in EPR spectra of spin-labeled samples. 

 
 

 
Figure 19. A. Experimental EPR spectrum of TEMPO radical in DPPC at 37.6°C (heavy line) and simulated 
spectrum (fine line) at W-band (microwave frequency 94.3 GHz), B0 = 33584 G, scan range is 60 G. 
B. The simulated EPR spectrum of TEMPO radical in lipid phase. Parameters are in Table 1. 
C. The simulated EPR spectrum of TEMPO radical in aqueous phase. Parameters are in Table 1. 
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Parametrs Water phase Lipid phase 

gx 2.0093 2.0098 

gy 2.0063 2.0068 

gz 2.0022 2.00245 

Ax 8.0 G 6.5 G 

Ay 6.0 G 5.0 G 

Az 37.3 G 35.6 G 

α  1 173° 

θ  0 53° 

φ  0 45° 

Xg   2.006477 

Yg   2.006307 

Zg   2.006066 

XA   15.650 G 

YA   14.707 G 

ZA   16.743 G 

τ  0.007 ns 30 ns 

Line Width 0.8 G 1.0 G 

Fraction 0.55 0.45 

Table 1. Parameters for simulation of EPR spectra (Fig. 18, 19) of TEMPO radical in DPPC to X and W bands. 

7. Conclusion 

In the conclusion, we presented a uniform approach to EPR spectra analysis based on two-
motion model and temperature and viscosity dependence experiment. It was shown to be 
consistent with molecular dynamics simulations and multifrequency EPR. The present 
approach is, in principle, applicable to all kinds of spin-labeled macromolecules and 
polymers. Although TVD is not limited to X-band, this type of spectrometers is most 
common and especially easy to maintain. At X-band this method may be utilized to full 
power, as it allows separating rapid motion of spin label and slow Brownian tumbling of 
macromolecule in solution by simply changing the temperature and viscosity of solvent by 
adding sucrose. Where it is impossible to carry out such experiment, for example, in 
membrane structures with embedded spin probe, the two-motion model still remains 
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applicable, and it is possible to follow the same spectra simulation approach as used in 
conjunction with temperature and viscosity dependence. The two-motion model for 
nitroxide spin label dynamics can applied successfully to interpretation EPR spectra of most 
systems involving covalently bound as well as non-bound spin probes (eg, TEMPO radical 
embedded in membrane). It should be noted, there is one weakness in the proposed method 
– relatively small (1-4 G) shifts of rather broad peaks has to be measured with sufficient 
degree of accuracy. Sometimes series of EPR spectra obtained at different conditions may 
appear very similar, but still they are distinguished by the position of broad outer peaks. 
With proposed method, it is possible to carry out purposefully the interpretation of EPR 
spectra of any spin-labeled biological object. Elucidation microscale dynamical features from 
its EPR spectra represents extremely difficult problem. This inverse problem of EPR 
spectroscopy still has no unequivocal solution. This is partially due to method limitations, 
but they may be partially overcome by using TVD approach, which extracts additional 
information from set of EPR spectra at different conditions. The detailed system dynamics 
may be obtained from MD simulations and verified against experimental EPR data by using 
order parameters, as it was shown here on example of Barstar-Barnase complex formation. 
The uniform method as described here is, therefore, considered to be a very big step 
forward for the resolution of inverse EPR problem for spin-labeled macromolecules and 
other biological nanoscale objects. 
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order parameters, as it was shown here on example of Barstar-Barnase complex formation. 
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1. Introduction 

Magnetic resonance spectroscopic and imaging techniques are methods of choice for in vivo 
applications in animals and humans due to sufficient depth of microwave penetration in 
living tissues. Nuclear magnetic resonance, NMR, and its imaging modality, MRI, have 
found numerous biomedical and clinical applications but still suffer from limited functional 
resolution. Low intrinsic NMR sensitivity and overlap of the various endogenous NMR 
signals limit functional in vivo NMR and MRI applications beyond anatomical resolution. 
Electron paramagnetic resonance, EPR, has the advantage over NMR in functional 
specificity due to the absence of endogenous EPR signals but requires stable in vivo 
exogenous paramagnetic probes. Nitroxyl radicals, NRs, represent the most diverse class of 
stable organic radicals varying in stability, spectral properties and functionality which have 
been successfully used in numerous EPR spectroscopic and imaging applications. Synthesis 
of stable organic NRs (Lebedev & Kayanovskii, 1959; Neiman et al., 1962), with an unpaired 
electron localized at a sterically protected NO group ( 0 0.6;  0.4N

  ), revolutionized 
numerous areas of EPR applications. Half a century of continuous progress in nitroxide 
chemistry has resulted in the design of specific NRs for spin labeling (Berliner, 1998), site-
directed spin labeling (Hubbell et al., 2000), EPR oximetry (Halpern et al., 1994; Swartz, 
2004), pH (Khramtsov et al., 1982, 2005), thiols (Khramtsov et al., 1989, 1997), redox (Swartz 
et al., 2007) and NO measurements (Akaike et al., 1993; Joseph et al., 1993; Woldman et al., 
1994). Over the past decade low-field L-band (1.2 GHz) EPR spectrometers and imagers 
have become commercially available allowing for functional EPR measurements in isolated 
organs (Komarov et al., 2012) and small animals such as mice (Kuppusamy et al., 2002; 
Bobko et al., 2012). Moreover, continuous waves (CW) EPR (Halpern et al., 1994; He et al., 
2002) and pulsed EPR (Yasui et al., 2010) instruments with lower radio frequencies (RF) 
down to 250 MHz have been constructed allowing for spectral-spatial functional imaging in 

© 2012 Khramtsov, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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larger animals, and potentially in humans. Recently, a functional proton-electron double-
resonance imaging (PEDRI) approach (Khramtsov et al., 2010; Efimova et al., 2011) based on 
MRI detection with EPR excitation of paramagnetic probes at pre-selected EPR 
fields/frequencies, has been developed. The latter approach inherits high resolution, fast 
image acquisition and the availability of anatomical information from MRI techniques. This 
chapter overviews the recent applications of nitroxide probes for functional spectroscopy 
and imaging of living tissues.  

2. Nitroxides as functional EPR probes  

2.1. EPR-based oximetric applications of the nitroxides  

EPR oximetry is one of the most promising and rapidly developing techniques for 
measurement of oxygen in living tissues (Swartz, 2004). An advantage of EPR oximetry is 
that it is based on pure physical interaction, Heisenberg spin exchange, between 
paramagnetic molecules of probe and oxygen, and does not interfere with oxygen 
metabolism, therefore providing a basis for noninvasive oxygen measurements in 
biological systems.  Initially, the paramagnetic probes for EPR oximetry were almost 
exclusively nitroxides (Backer et al., 1977; Lai et al., 1982; Froncisz et al., 1985; Bacic et al., 
1989; Chan et al., 1989; Hyde & Subszynski, 1989). Both the longitudinal (T1) and 
transverse (T2) relaxation times of the NRs can be affected by collisions of the nitroxide 
with dissolved oxygen. The first observation of oxygen-induced NR broadening in 
various solvents was reported by Povich (Povich, 1975). Two years later the T2 oximetry 
method was proposed and applied to follow mitochondrial respiration in samples 
containing about 100 liver cells (Backer et al., 1977).  T1-sensitive EPR oximetry was 
developed by Hyde et al (Froncisz et al., 1985; Hyde et al., 1990). T2 oximetric applications 
using NRs are preferred for biological applications in low viscosity solutions because T2 is 
close to the collision rate resulting in optimal EPR sensitivity. On the other hand, T1 
oximetry may have an advantage for applications in highly viscous environments and for 
nitroxide-labeled macromolecules due to the fact that the nitroxide T1 >> T2. T1 oximetric 
methods include pulsed saturation-recovery, continuous wave saturation and rapid 
passage displays (Hyde & Subszynski, 1989).  

The typical effect of oxygen on the low-field component of the EPR spectrum of NRs  
is shown in Figure 1 for the five-membered ring pyrroline CTPO nitroxide. In the absence  
of oxygen each spectral component of the triplet spectrum shows additional superhyperfine 
splittings with 12 protons of four methyl groups and proton at carbon C-4 of the heterocycle. 
An increase in oxygen concentration results first in the broadening of the lines of  
the superhyperfine structure followed by the increase of the enveloped EPR linewidth, 
Hpp. 

Note that most six- and five-membered ring NRs with larger numbers of protons in the 
radical heterocycle do not reveal superhyperfine structure even in the absence of oxygen,  
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Figure 1. Chemical structure of the CTPO nitroxide and the EPR spectra of its low-field spectral 
component measured in aqueous solutions at various oxygen concentrations at 37 ºC.  

e.g. TEMPO radical of the piperidine type (see Fig. 2). The oxygen-induced line-broadening 
effects vary slightly with the NR structure and are about Hpp/[O2]500 mG/100% oxygen 
or 450 mG/mM of oxygen (see Fig. 1 and 2).  

 
Figure 2. Chemical structure of TEMPO NR and oxygen-induced broadening of its low-field spectral 
line measured at 24 ºC. Linewidth at 100% oxygen is equal to 1.70 G (not shown).  

The well-developed chemistry of the NRs (Volodarsky et al., 1994; Hideg et al., 2005; 
Karoui et al., 2010) allows manipulation of their structure and properties, including 
charge, presence of hydrophilic or hydrophobic groups, and ability to be targeted. Small 
neutral NRs normally easily penetrate cellular membranes and are equally distributed 
throughout the intracellular and extracellular environments. Conversely, charged NRs 
will not cross the plasma membrane and thus can be used to measure oxygen 
concentrations in the extracellular compartment (Glockner et al., 1993; Baker et al., 1997). 
NRs encapsulated in liposomes or linked to carrier molecules  can be used to achieve 
organ or tissue selectivity (Gallez et al., 1993). In general, NRs have low toxicity and can 
be administered to an animal by infusion or by intraperitoneal, intravenous or intratissue 
injection. To protect NRs against reduction and enhance their oxygen sensitivity Liu et al. 
(Liu et al., 1994) encapsulated NRs in proteinaceous microspheres filled with an organic 
liquid. The authors used encapsulated NR to measure the changes in oxygen 
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concentration in vivo for 70 min after intravenous injection of the microspheres into a 
mouse. Potential concern of this approach is the leakage, as well as release of the organic 
liquid from the microspheres when they are eventually metabolized, resulting in possible 
toxicity to the tissue.  

Figure 3 demonstrates an example of the L-band EPR oximetry application using TEMPO 
nitroxide (see Fig.2 for the structure) for monitoring ischemia-induced oxygen depletion in 
isolated rat hearts (Zweier & Kuppusamy, 1988; Kuppusamy et al., 1994). The spectra 
showed a gradual decrease in the linewidth over the duration of ischemia approaching the 
linewidth observed in the absence of oxygen. Oxygen consumption observed in 
cardiopleged hearts subjected to global ischemia (Kuppusamy et al., 1994) was significantly 
slower than in noncardiopleged hearts (Zweier & Kuppusamy, 1988). This would be 
expected since contractile function of cardiopleged hearts is arrested. The oxygen 
consumption data for cardiopleged heart were obtained from spectral-spatial EPRI which 
allowed for spatially resolved oxygen mapping but required long acquisition times (16 min 
in Fig. 3a). PEDRI provides a faster alternative for oxygen mapping. Application of PEDRI 
for myocardium oxygen mapping was first demonstrated in perfused sheep heart using a 
high concentration, 4 mM, of Fremy’s salt nitroxide (Grucker & Chambron, 1993). 

 
Figure 3. (a). Cross-sectional transverse 2D-spatial L-band EPR image of the isolated rat heart 
preloaded with 1 mM TEMPO (field of view, 22×22 mm2; acquisition time, 16 min). The structure of the 
left ventricle (LV) and right ventricle (RV) are observed. (b). Changes in L-band EPR linewidth of 
TEMPO spin label induced by oxygen depletion during ischemia in cardiopleged (●) and 
noncardiopleged (■) hearts. Adapted from (Zweier & Kuppusamy, 1988; Kuppusamy et al., 1994), 
copyright National Academy of Sciences, U.S.A. 

Low sensitivity of the NRs to oxygen tensions below 40 mmHg and concentration-induced 
line broadening complicate quantitative oximetric applications of the NRs. Typically, the 
self-broadening effect is about 100-200 mG/mM of NRs, and may interfere with accurate 
oxygen measurements at NR concentrations above 100 M. Application of deuterated NRs 
provides significant enhancement in sensitivity to low oxygen concentrations due to the 
narrowing linewidth, Hpp (Kuppusamy et al., 1994; Gallez et al., 1996a; Velan et al., 2000). 
Alternatively, measurement of “the depth of resolution” of the NRs superhyperfine 
structure (e.g. parameter a/A for the CTPO shown in the Fig.1) provides similar or even 
better sensitivity to oxygen than perdeuterated NRs, and has been used for oxygen 
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measurements in cellular and enzymatic systems (Backer et al., 1977; Sarna et al., 1980; Lai et 
al., 1982). However, both approaches still suffer from concentration-induced line broadening 
which is difficult to disentangle from oxygen-induced broadening. To overcome this 
problem, Halpern et al. proposed selectively deuterated nitroxide with only one hydrogen 
hyperfine splitting, mHCTPO (see Scheme 1) (Halpern et al., 1994). Increasing NR 
concentration but not oxygen results in narrowing of hydrogen hyperfine splitting. This 
allows for discrimination between oxygen- and concentration-induced line broadening, and 
therefore, for quantitative oxygen detection in living tissues with sensitivity about 10 
mmHg.  The authors demonstrated an efficiency of low-field 250 MHz EPR oximetry in 
combination with a mHCTPO probe to report oxygen concentration in murine FSa and 
NFSa fibrosarcomas 7 cm deep in tissues of a living animal. An oximetric 2D (1spectral/1 
spatial) spectral image of the tumor was also obtained allowing, in principle, direct 
assessment of tumor hypoxia to determine the usefulness of radiation and chemotherapy 
adjuvants directed to hypoxic cell compartments. In another application, cell-permeable 
perdeuterated NR, PDT (see Scheme 1), was applied to measure oxygenation level in 
radiation-induced fibrosarcoma (RIF-1) in mice (Kuppusamy et al., 1998). The data showed a 
3-fold lower level of oxygenation of the tumor tissue compared with that of the normal 
muscle.  

 
                                                  mHCTPO                    PDT      
Scheme 1. Chemical structures of the NRs referred to in the text: 4-protio-3-carbamoyl-2,2,5,5-
tetraperdeuteromethyl-3-pyrrolinyl-1-15N-oxy (mHCTPO) and 4-oxo-2,2,6,6-tetramethylpiperidine-d16-
1-15N-oxyl (perdeuterated tempone, PDT).  

Distribution of the NRs in living tissue can be measured using EPRI techniques as 
demonstrated in Fig. 3a. Moreover, spectral–spatial imaging can be performed which 
contains a complete spectral profile, as a function of field, at each spatial voxel element. 
Because the spatial and spectral dimensions are fully separable, information about local 
linewidth, and hence local oxygen concentration, can be derived independently from local 
spin density (Velan et al., 2000; Kuppusamy & Zweier, 2004). To date most NRs imaging 
applications have been performed using CW EPRI. Nitroxide imaging by time-domain 
pulsed EPR had not been attempted until recently because of the short spin-spin relaxation 
times, typically under 1 microsecond. Nevertheles, recent advances in RF electronics have 
enabled the pulses on the order of 10-50 ns (Murugesan et al., 1997) and improved 
spectrometer recovery times, therefore providing an opportunity for in vivo pulsed EPR 
imaging of the nitroxides. Figure 4 shows oxygen mapping of a tumor-bearing anesthetized 
mouse obtained by pulsed EPRI using PDT nitroxide (Scheme 1) (Hyodo et al., 2009). Strong 
heterogeneity of tumor oxygenation and significant hypoxic regions (<10 mmHg) 
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characteristic of tumor pathogenesis were observed demonstrating the capability of in vivo 
functional nitroxide imaging using time-domain pulsed EPR.  

 
Figure 4. 3D-pulsed EPR imaging of tumor oxygenation using PDT nitroxide. (a) Schematic illustration 
of tumor-implanted mouse setting in the smaller parallel coil resonator. (b) Coronal slice views selected 
from 3D-spin density map of the nitroxide in tumor bearing leg, and (c) corresponding oxygen image 
calculated from line width distribution of PDT. Adapted from (Hyodo et al., 2009), copyright 2009, 
Elsevier Inc. 

EPR applications of other oxygen-sensitive paramagnetic materials include soluble trityl 
radicals (Krishna et al., 2002; Bobko et al., 2009) and particulate probes such as lithium 
phthalocyanine particles (Liu et al., 1993; Presley et al., 2006) and carbonaceous materials 
(chars, coals, carbon blacks) (Clarkson et al., 1998). It should be noted that particulate probes 
such as lithium phthalocyanine and synthetic char are suitable for measurements of oxygen 
partial pressure in place of implantation whereas soluble probes such as nitroxides and trityl 
compounds more suitable for imaging experiments.  

2.2. In vivo evaluation of redox state using nitroxide probes 

Regulation of tissue redox status is important for maintenance of normal physiological 
conditions in the living body. Disruption of redox homoeostasis may lead to oxidative stress 
and can induce many pathological conditions such as cancer, neurological disorders and 
ageing. The intracellular thiols, and particularly the redox couple of glutathione, GSH, and 
its disulfide form, GSSG, are considered the major regulators of the intracellular redox state 
(Schafer & Buettner, 2001). Therefore, noninvasive spectroscopic evaluation and imaging of 
tissue redox status and, in particularly, GSH redox status, could have clinical applications 
(Kuppusamy & Krishna, 2002; He et al., 2004; Swartz et al., 2007; Hyodo et al., 2008; Ojha et 
al., 2008; Roshchupkina et al., 2008; Bobko et al., 2012).  

2.2.1. Nitroxides as redox-sensitive paramagnetic probes 

NRs introduced into biologically relevant systems are predominantly observed in the radical 
and hydroxylamine forms and exist in redox equilibrium as shown in Scheme 2. The reduction 
of NRs to EPR-silent hydroxylamines in many cases is an unfavorable factor that limits their 
applications. On the other hand, the EPR-measured rates of NR reduction depend on overall 
tissue redox status allowing for the differentiation of normal and pathological states 
(Kuppusamy et al., 2002; Ojha et al., 2008; Bobko et al., 2012). The reduction of cell-permeable 
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NRs to hydroxylamines is primarily intracellular and, therefore to a great extent is determined 
by intracellular redox status. On the other hand, cell-impermeable nitroxides allow for 
detection of reducing capacity of extracellular microenvironment. 
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Scheme 2. Illustration of the nitroxide/hydroxylamine redox couple. In general, for most biologically 
relevant samples one-electron reduction of the nitroxides prevails and the equilibrium is strongly 
shifted towards the hydroxylamine (Kocherginsky & Swartz, 1995).  

Cancer and ischemic heart disease, two leading causes of mortality in the United States, 
represent pathologic conditions with compromised redox state. Figure 5 demonstrates the 
application of cell-permeable CP nitroxide (see Scheme 3) for EPR in vivo assessment of 
myocardial tissue redox status in a mouse model of regional ischemia (Zhu et al., 2007). 
Authors observed about two-fold ischemia-induced increase of the overall myocardial 
reducing capacity in the area at risk. Conversely, the CP reduction rates in reperfused hearts 
were about 30% lower than in pre-ischemic hearts. The latter correlated with oxygen 
overshoot in post-ischemic hearts. Both lower redox potential and higher oxygen may result 
in elevated production of reactive oxygen species and myocardial damage. Authors 
observed that ischemic preconditioning normalizes post-ischemic myocardial oxygenation 
and tissue redox status which may contribute to the mechanisms of myocardial protection. 

 
Figure 5. (a). In vivo EPR measurements of myocardial tissue redox status in a mouse model of 30 min 
regional ischemia and 60 min reperfusion (I/R).  5 l of a 10 mM solution of CP probe was injected in the 
area at risk. EPR signal intensity decays are shown for the control (○) and preconditioned () groups 
measured during reperfusion. (b) Reduction rate constants of the CP nitroxide before, during, and after 
ischemia in control I/R and preconditioned I/R mice. Adapted from (Zhu et al., 2007), copyright 2007, 
the American Physiological Society. 

Tumor cells are known to generate significant alterations in the redox status. This status is 
an important determinant in the response of the tumor to certain chemotherapeutic agents, 
radiation, and bioreductive hypoxic cell cytotoxins (Cook et al., 2004). Figure 6 illustrates  
the application of cell-impermeable RSG nitroxide (see Scheme 3) designed to access both  
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Scheme 3. Representative structures of the NRs used for in vivo evaluation of tissue redox status, cell-
permeable pyrrolidine NRs, CP and CMP, and cell-impermeable imidazoline nitroxide, RSG, bound to 
hydrophilic tripeptide, glutathione (GSH). 

 
Figure 6. (a) EPR signal decay of the NR probe RSG measured in vivo after probe injection (10 µL, 10 
mM) in mammary gland (o) and mammary tumor (■) of PyMT mouse. (b) The reduction rates of RSG 
nitroxide, kred, in extracellular media of normal mammary glands and variously-treated tumors (GM-
CSF: Granulocyte Macrophage Colony-Stimulating Factor; *p<0.02). From ref. (Bobko et al., 2012) with 
permission from John Wiley & Sons, Ltd. 

extracellular tumor redox and pH (Bobko et al., 2012), latter measurements being discussed 
in the Section 2.3. The extracellular reducing capacity of tumor tissue was found to be about 
four-fold higher compared with that of the normal mammary gland (Fig. 6). Inhibition of 
tumor angiogenesis with granulocyte-macrophage colony-stimulating factor (GM-CSF)  
resulted in significant “normalization” of the tumor redox status (Fig. 6b) as well as 
correlating with a decrease in tumor growth and metastases (Eubank et al., 2009).  

EPR studies using cell-permeable nitroxides support significantly higher reducing capacity 
of the tumor tissues. Figure 7 demonstrates L-band EPRI application for redox mapping of 
the tumor in living mice (Kuppusamy & Krishna, 2002; Kuppusamy et al., 2002) using CMP 
nitroxide. A significant decrease in CMP reduction rates after treatment with a GSH 
depleting agent clearly demonstrates a central role of GSH in tissue redox homeostasis. Note 
that in general, appreciable chemical reduction of the NRs by GSH is not observed 
(Finkelstein et al., 1984; Glebska et al., 2003; Bobko et al., 2007b). However GSH significantly 
contributes to the reduction of the NRs indirectly by acting as a secondary source of 
reducing equivalents (Takeshita et al., 1999; Kuppusamy et al., 2002; Bobko et al., 2007b).  

Application of the NRs as redox-sensitive contrast agent for EPRI, MRI and PEDRI (also 
termed as Overhauser magnetic resonance imaging, OMRI) was recently discussed (Hyodo 
et al., 2008). In summary, NRs provide a useful tool for quantitative assessment and 
mapping of the redox environment in living tissues.  
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Figure 7. Redox mapping of untreated (a) and BSO-treated (b) mice tumors. 2-D spatial map of pseudo-
first order rate constants of the CMP reduction in RIF-1 tumor implanted in the upper leg of a mouse 
was obtained using in vivo L-band EPRI. The rate of reduction was significantly slower in tumor of 
mouse treated for 6 hours with 2.25 mmol/kg of L-buthionine-S,R-sulfoximine (BSO), a GSH depleting 
agent. Adapted from (Kuppusamy et al., 2002), copyright 2002, American Association for Cancer 
Research. 

2.2.2. Nitroxides as glutathione-sensitive paramagnetic probes 

The redox couple of glutathione, GSH, and its disulfide form, GSSG, is considered the major 
regulator of the intracellular redox state (Schafer & Buettner, 2001). Therefore, GSH redox 
status in vivo might be a useful indicator of disease risk in humans. The use of fluorometric, 
photometric, and chromatographic assays for GSH measurements is mostly limited to in 
vitro or ex vivo systems due to the invasiveness involved and the limited depth of 
penetration of light (Ellman, 1959; Tietze, 1969; Yamashita & Rabenstein, 1989; Patsoukis & 
Georgiou, 2005). NMR based approaches normally detect endogenous GSH but have 
somewhat low sensitivity and the spectral assignment is complicated due to the overlapping 
of numerous resonances (Livesey et al., 1992; Willis & Schleich, 1995; Terpstra et al., 2003; 
Potapenko et al., 2005). 

EPR spectroscopy in combination with thiol-specific nitroxides allows for determination of 
the accessible thiol groups in various biological macromolecules, such as human plasma 
low-density lipoproteins (Kveder et al., 2003) and erythrocyte membranes (Soszynski & 
Bartosz, 1997). This approach normally requires purification of the sample from the 
unbound label and can not be used in vivo. Moreover, application of thiol-specific 
mononitroxides for EPR measurement of glutathione or cysteine is hardly possible due to 
insignificant EPR spectral changes of the label upon binding to low-molecular-weight 
compounds. The latter limitation was overcome by the development of paramagnetic 
analogs of Ellman’s reagent, namely disulfide nitroxyl biradicals, RSSR, shown in Scheme 4 
(Khramtsov et al., 1989; 1997; Roshchupkina et al., 2008).  

 
Scheme 4. Structures of the disulfide nitroxyl biradicals, R1SSR1, R2SSR2 and 15N-R2SSR2.  
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EPR spectra of the RSSR labels are significantly affected by intra-molecular spin exchange 
between two radical fragments resulting in appearance of “biradical” spectral components 
in addition to the conventional triplet spectral pattern of the mononitroxide. Figure 8a 
demonstrates the typical changes of the EPR spectra of R2SSR2 upon GSH addition 
consistent with splitting of the biradical disulfide bond and formation of two monoradicals 
due to the reaction of thiol-disulfide exchange, RSSR + GSH → RSSG + RSH. Figure 8b 
shows the corresponding kinetics of the monoradical component increase allowing for the 
calculation of the rate constant. The RSSR labels being lipophilic compounds diffuse easily 
across cellular membranes where they reacts with intracellular GSH providing a reliable 
EPR approach for determination of GSH in vitro (Weiner, 1995) and in vivo (Roshchupkina et 
al., 2008; Bobko et al., 2012). The approach is based on a dominant contribution of the GSH 
in the intracellular pool of fast-reacting thiols.  

 
Figure 8. (a). The EPR spectra of 100 µM R2SSR2 measured at various time points after incubation with 
2.5 mM GSH in 0.1 M Na-phosphate buffer, pH 7.2, at 34°C. (b). The kinetics of the increase of 
amplitude of low-field monoradical component of the EPR spectrum after addition of GSH: 0.625 mM 
(Δ), 1.25 mM (○) and 2.5 mM (□). Lines represent the best fit of the experimental kinetics to the 
monoexponents. Insert: the dependence of inverse time constant of the exponential kinetics, 1/τ, on 
[GSH]. The linear regression (1/τ = kobs × [GSH]) provides the observed rate constant value of the 
reaction between GSH and R2SSR2, kobs(pH 7.2, 34°C) = 2.8 ± 0.2 M-1 s-1. From the ref. (Bobko et al., 2012) 
with permission from John Wiley & Sons, Ltd. 

The convenient time window of the reaction of the imidazolidine RSSR labels, R2SSR2 

(Khramtsov et al., 1997) and 15N-R2SSR2 (Roshchupkina et al., 2008) allows for quantitative 
measurement of GSH content by the analysis of their EPR spectral change kinetics. The 
kinetics approach looses the attractive simplicity of the static EPR measurements performed 
in vitro using fast-reacting R1SSR1 label but gains a decisive advantage by using low 
concentrations of the label compared to the GSH content. This important advantage makes 
the approach less invasive and, therefore, applicable in vivo. Recently we demonstrated their 
applicability for in vivo GSH detection in ovarian tumor allograft (Roshchupkina et al., 2008) 
and breast cancer tumors (Bobko et al., 2012) in mice using L-band EPR spectroscopy.  

Figure 9a shows typical in vivo L-band EPR spectra measured immediately after R2SSR2 probe 
intratumoral injection and 150 s after injection at the time point of maximal monoradical signal 
amplitude. Comparison of the integral intensities of the spectra shows less than 10% loss of  
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Figure 9. (a) L-band EPR spectra of the R2SSR2 probe measured in vivo in mammary tumor of female 
FVB/N mice 10 s and 150 s after probe injection. (b) Kinetics of the monoradical peak intensity change 
measured in tumor (●) and normal mammary gland (o). The solid lines are the ts of the initial part of 
the kinetics by the monoexponent  max max 0( ) ( )exp( [ ] )t

m m m m obsI t I I I k GSH t     supposing kobs=2.8 M-1 s-1 
(see Fig. 8b) and yielding [GSH] =10.7 mM and 3.3 mM for the tumor and mammary gland, 
correspondingly. (c) Intracellular [GSH] measured using R2SSR2 probe in vivo, and tissue GSH contents 
measured in vitro in normal mammary glands and mammary tumors of female FVB/N mice (*p<0.01, 
**p<0.002). From (Bobko et al., 2012) with permission from John Wiley & Sons, Ltd. 

the total EPR signal, supporting an insignificant contribution of the reduction and justifying 
approximation of the initial exponential signal increase by the reaction of R2SSR2 with GSH. 
Figure 9b shows the typical kinetics of the monoradical spectral peak intensity change 
measured in mammary tumor and normal mammary gland of female FVB/N mice. The 
analysis of the kinetics calculates the GSH concentration to be three-fold higher in tumor 
compared with that in mammary gland. Figure 9c compares GSH contents measured in vivo 
with those measured in tissue homogenates from the sacrificed animals. While quantitative 
comparison of in vitro and in vivo data is difficult and requires knowledge of the relative 
intracellular aqueous volume of the total tissue volume (Vaupel, 2009), qualitatively in vitro 
measurements confirm significantly higher GSH levels in tumors. The observed decrease of 
intracellular GSH measured in vivo upon treatment with GM-CSF correlates with decrease of 
extracellular reducing capacity (cf. figs. 6b and 9c) therefore supporting interrelationship 
between extracellular and intracellular tumor redox states.  

Intracellular GSH has been shown to be one of the major factors modulating tumor response 
to a variety of commonly used anti-neoplastic agents, such as cisplatin (Rabik & Dolan, 
2007). The 15N-R2SSR2 probe has been used to compare in vivo concentrations of GSH in 
cisplatin-resistant and cisplatin-sensitive tumors in ovarian tumor-bearing mice 
(Roshchupkina et al., 2008).  The use of 15N-substituted probe resulted in decreasing the 
number of EPR spectral lines and about a two-fold increase in the signal-to-noise ratio 
compared with nonsubstituted R2SSR2 label which is important for in vivo applications. The 
obtained two-fold higher levels of GSH in cysplatin-resistant tumors are in agreement with 
previously reported data (Lee et al., 1989). GSH depletion was supposed to re-sensitize 
drug-resistant ovarian cancer cells to cisplatin. Figure 10 shows EPR imaging of the R2SSR2 

probe in cisplatin-resistant ovarian xenograft tumors confirming a significantly lower 
reducing capacity of the tumors in NCX-4040-treated mice compared with untreated 
animals, apparently due to GSH depletion by NCX-4040 drug (Bratasz et al., 2008).   
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Figure 10. In vivo L-band EPR redox images of cisplatin-resistant ovarian xenograft tumors in mice 
obtained after intrarumoral injection of R2SSR2 probe. The images show the probe distribution in the 
tumor, while the tumor itself is not visible. Tumor treated with a NCX-4040 drug shows a significantly 
lower capacity to reduce the R2SSR2 probe when compared with untreated tumors. Adapted from 
(Bratasz et al., 2008) with permission. 

As can be concluded from figures 9b and 10, the EPR signal changes of the R2SSR2 probe 
show biphasic character: (i) comparatively fast monoradical signal increase due to the 
reaction with GSH, and (ii) slow signal decay due to bioreduction. A comparatively long 
EPRI acquisition time of about 5 min did not allow us to resolve the first phase of the 
kinetics from images given in Figure 10. With the development of faster imaging techniques, 
e.g. functional PEDRI discussed in the section 2.3.3, paramagnetic disulfide RSSR nitroxides 
can be used as dual function intracellular GSH and redox imaging probes.  

In summary, it seems likely that EPR and EPR-based imaging approaches to visualize redox 
processes in living tissues, and in particular to assess intracellular GSH, will become 
increasingly utilized and valuable tools.  

2.3. In vivo spectroscopy and imaging of pH using nitroxide probes 

Spatially and temporarily addressed pH measurements in vivo are of considerable clinical 
relevance due to the critical role pH status plays in physiology and pathophysiology of 
living organisms. In vivo pH assessment using 31P-NMR and inorganic phosphate, Pi, suffers 
from low intrinsic NMR sensitivity and lack of functional resolution (about 0.2-0.3 pH units) 
(Gillies et al., 1982; Pietri et al., 2001). It is assumed that the chemical shift of endogenous Pi 
reflects intracellular pHi because of the generally higher fraction of intracellular volume, and 
2-3-fold higher intracellular Pi concentrations over extracellular ones (2-3 mM and ca. 1 mM, 
respectively). Because of these problems, exogenous pH probes are being designed for NMR 
spectroscopy to improve detection of myocardial acidosis (Pietri et al., 2001) and 
extracellular pH in tumors (Gillies et al., 1994; 2004). Upon application of exogenous probes, 
low-field EPR spectroscopy has higher sensitivity compared with NMR for the same probe 
concentration, and reasonable depth of penetration in living tissues.  
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2.3.1. pH effect on the EPR spectra of stable nitroxides  

The first pH effect on EPR spectra of stable NRs was observed in strong acids and was 
related to protonation of the nitroxyl fragment itself (Hoffman & Eames, 1969; Malatesta & 
Ingold, 1973). Imino nitroxyl radicals (Ullman & Osiecki, 1970) were apparently the first 
reported stable NRs with spectral sensitivity in physiological range but did not find 
applications as pH probes due to the complexity of their EPR spectra and rapid reduction to 
EPR silent products in biological fluids (Woldman et al., 1994; Haseloff et al., 1997; Bobko et 
al., 2004). The observed pH effects on the NRs of piperidine and pyrrolidine types with 
ionizable functional groups were impractically small (Hsia & Boggs, 1972; Quintanilha & 
Mehlhorn, 1978; Nakaie et al., 1981; Mathew & Dodd, 1985; Khramtsov & Weiner, 1988; 
Saracino et al., 2002) due to the long distance between radical center and ionizable group.  

Stable imidazoline and imidazolidine NRs have been proven to be the most useful spin 
probes for EPR spectroscopy and imaging of pH (Khramtsov et al., 2000, Khramtsov, 2005) 
due to the large effect of pH on their EPR spectra and large number of structures 
synthesized. Scheme 5 illustrates the chemical origin of the pH effect on EPR spectra of these 
types of NR.  Protonation results in an EPR-detected difference in hyperfine splitting, aN, 
and g-factor (aN≈ 1 G and g≈0.0002) between R and RH+ forms (Khramtsov et al., 1982). 
For NR with an equilibrium constant Ka, the ratio of concentrations of these two forms is 
described by the Henderson-Hasselbalch equation, [H+]=Ka[RH+]/[R], providing the basis for 
EPR measurements of pH. One of the great strengths of the technique is that it is ratiometric, 
the pH measurement being independent of the NR concentration but dependent on the 
ratio, [RH+]/[R]. In general, spectral simulation is required for accurate [RH+]/[R] 
determination. In practice, two convenient spectral parameters can be used as pH markers: 
(i) the ratio of peak intensities of RH+ and R spectral components resolved upon detection by 
high-frequency EPR and partly resolved in X-band EPR (9.5 GHz) spectra, and (ii) nitrogen 
hyperfine splitting, aN, measured as a distance between unresolved spectral components, 
and being used almost exclusively as a highly sensitive pH marker in numerous 
applications. Note that sensitivity of the hyperfine splitting to pH values depends both on 
EPR frequency and spectrometer settings (e.g., modulation amplitude) and can be optimized 
(Khramtsov et al., 2004).  
 

 
Scheme 5. Reversible protonation of the nitrogen atom N-3 of the imidazoline and imidazolidine NRs, 
and chemical structures of the IR1-IR5 referred in the Figure 11. Two main resonance structures are 
shown illustrating higher unpaired electron density on nitrogen atom N-1 in the unprotonated form.   

Up to the present a wide variety of pH-sensitive NRs have been developed with different 
ranges of pH sensitivity, labeling groups, lipophilicity and stability towards bioreduction 
(Khramtsov & Weiner, 1988; Khramtsov & Volodarsky, 1998; Kirilyuk et al., 2004; 2005; 
Voinov et al., 2005; Bobko et al., 2012). These spin pH probes, together with low-field EPR-
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based techniques, offer unique opportunities for non-invasive pH assessments in living 
animals in compartments with widely varying pH ranges. Figure 11 exemplifies a set of 
nitroxide pH probes that cover all pH ranges from acidic values observed in stomach and 
ischemic tissues to alkaline values characteristic of mitochondria. The potential applications 
are enormous, as tumors and ischemic areas may have acidic pH values compared to 
surrounding tissues, local areas of infection or inflammation can exhibit specific localized 
pH reductions allowing infection to be imaged and localized.  

 
Figure 11. Nitroxides as molecular pH sensors. pH dependencies of nitrogen hyperfine splitting, aN, 
obtained using X-band EPR for the imidazoline and imidazolidine nitroxides IR1-IR5 (Scheme 5) and 
RSG (Scheme 3).   

2.3.2. In vivo pH monitoring using pH-sensitive nitroxides  

Low-field EPR spectroscopy using spin pH probes has been shown to be a valuable tool for 
in vivo pH monitoring in organs and small animals such as rodents (Gallez et al., 1996b; 
Mader et al., 1996; Khramtsov et al., 2000; Foster et al., 2003; Potapenko et al., 2006; Bobko et 
al., 2012; Komarov et al., 2012). Figure 12a shows the structure of the nitroxide IR6 with  

 
Figure 12. In vivo EPR monitoring of stomach acidity. (a) Chemical structure of imidazoline nitroxide 
IR6. Two protonatable nitrogen atoms are shown in red. (b) The pH dependence of hyperfine splitting, 
aN, measured from 300 MHz EPR spectra of IR6. The solid line was calculated according to the standard 
titration equation for the compound with two ionizable groups. The extended pH sensitivity range from 
pH 1.8 to pH 6 is ideally optimized for monitoring stomach acidity. (c) Changes in the stomach acidity 
of living rat measured by longitudinally detected EPR spectrometer operated at 304 MHz excitation 
frequency, after giving 3 ml of gavage containing 5 mM IR6 probe alone (□) or with 50 mM bicarbonate 
(●). From (Potapenko et al., 2006) with permission, copyright 2006, Elsevier Inc. 
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Low-field EPR spectroscopy using spin pH probes has been shown to be a valuable tool for 
in vivo pH monitoring in organs and small animals such as rodents (Gallez et al., 1996b; 
Mader et al., 1996; Khramtsov et al., 2000; Foster et al., 2003; Potapenko et al., 2006; Bobko et 
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Figure 12. In vivo EPR monitoring of stomach acidity. (a) Chemical structure of imidazoline nitroxide 
IR6. Two protonatable nitrogen atoms are shown in red. (b) The pH dependence of hyperfine splitting, 
aN, measured from 300 MHz EPR spectra of IR6. The solid line was calculated according to the standard 
titration equation for the compound with two ionizable groups. The extended pH sensitivity range from 
pH 1.8 to pH 6 is ideally optimized for monitoring stomach acidity. (c) Changes in the stomach acidity 
of living rat measured by longitudinally detected EPR spectrometer operated at 304 MHz excitation 
frequency, after giving 3 ml of gavage containing 5 mM IR6 probe alone (□) or with 50 mM bicarbonate 
(●). From (Potapenko et al., 2006) with permission, copyright 2006, Elsevier Inc. 

 
In vivo Spectroscopy and Imaging of Nitroxide Probes 331 

properties optimized for monitoring stomach acidity (Potapenko et al., 2006). The presence 
of bulky groups in the vicinity of the NO fragment enhanced IR6 stability towards 
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of the IR6 probe prevents its penetration through biomembranes and probe redistribution 
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its normalization afterwards for periods of 1 h or longer, therefore supporting applicability 
of pH sensitive NRs to the studies of drug pharmacology and disease in living animals. 

The acidic extracellular pH (pHe) in tumors has a number of important consequences, 
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for monitoring of tumor extracellular tissue acidosis, the nitroxide pH probe has to (i) 
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tissue in agreement with microelectrode data (see Table 1). Note that RSG nitroxide can be 
used as a dual function pH and redox probe allowing for concurrent in vivo monitoring of 
both parameters (see section 2.2.1, Fig. 6). 
 

 pH values measured in tumors and mammary glands 
 L-band EPR pH microelectrode PEDRI 

Tumor 6.60±0.07 (n=3) 6.70±0.05 (n=3) 6.7±0.1 
Gland 6.98±0.05 (n=3) 7.01±0.05 (n=3) 7.1±0.1 

Table 1. Average pH values measured in tumor and mammary gland tissues in wild type C57Bl/6 mice 
using different techniques (Bobko et al., 2012).  

The enhanced stability of the RSG probe allowed for development of an EPR approach for 
monitoring ischemia-induced acidosis in isolated perfused rat hearts (Komarov et al., 2012). 
RSG probe demonstrated excellent EPR signal stability in the heart while 90% of the 
previously used IR2 probe (Khramtsov, 2005) was reduced in myocardial tissue within 5 
minutes. As seen in Figure 13 ischemic preconditioning improved pH homeostasis during 
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the global no-flow ischemia. Similar kinetics of myocardial acidification observed by the 
cell-impermeable RSG and cell-permeable IR2 probes support fast pH equilibration between 
intracellular and extracellular spaces in agreement with data obtained previously using 
glass microelectrodes and 31P-NMR (Asimakis et al., 1992; Lundmark et al., 1999). 

 
Figure 13. Ischemia-induced myocardial acidosis measured during global no-flow ischemia in control 
(○) and ischemic preconditioned perfused rat hearts (●) using L-band EPR and nitroxide pH probes. 
The data obtained during first five minutes of ischemia using IR2 probe are denoted by (×) symbols. 
Preconditioned hearts were subjected to two episodes of five minutes ischemia followed by five 
minutes of reperfusion. The probes (1.5 mM) were infused into the hearts through side arm of the 
perfusate line upon onset of global ischemia. Data are mean ± S.E.; n = 6. From (Komarov et al., 2012) 
with permission from John Wiley & Sons, Ltd. 

2.3.3. pH mapping of living tissues  

Spatially-resolved in vivo pH measurement is critically important to allow for identification 
of the area with compromised pH homeostasis. Low-field CW EPRI allows for pH mapping 
of living tissues in small animals such as rodents. However loss in EPR sensitivity at low 
frequency aggravated by necessity of acquisition of numerous spectral projections with a 
variable strength of field gradients significantly limits spatial and temporal resolution of the 
approach. Application of low-field EPR spectra detection at high modulation amplitude 
provides significant improvement in spectral intensity and functional sensitivity allowing 
easy conversion of  the ‘position’ image of the low- or high-field spectral component to ‘pH 
map’ with a good spatial (0.2 mm) and functional (0.2 pH units) resolution as was 
demonstrated for phantom samples (Khramtsov et al., 2004, 2005).  

Figure 14 demonstrates in vivo application of CW EPRI for tumor pH mapping. 3D EPR 
pH map was superimposed with co-registered MRI measured in right hind leg of C3H 
mouse bearing squamous cell carcinoma after i.v. injection of RSG probe (Goodwin et al., 
2012). EPR-measured pHe values show higher heterogeneity in tumor compared with 
normal tissue with mean pHe, 6.67, significantly lower than mean tissue pHe in healthy 
leg, 7.17.  
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Figure 14. Co-registered EPR pH map and MRI of right hind leg of C3H mouse bearing squamous cell 
carcinoma. A 4D (1×spectral, 3×spatial) CW EPRI (750 MHz) of low field and high field EPR peaks were 
performed using the following parameters: scan time, 0.3 s; modulation amplitude, 1.5 G; Gmax, 16 G/cm; 
FOV, 5.09 cm; projections, 576, total acquisition time, ≈6 min. EPR pH map was superimposed with 
Varian 7T MRI image. Adapted from (Goodwin et al., 2012).   

Recently we made significant progress towards pH mapping of living tissue using 
functional PEDRI approaches (Khramtsov et al., 2010; Efimova et al., 2011). Fig. 15 
demonstrates PEDRI pH mapping of a tumor-bearing mouse after injection of deuterated 
analog of the RSG radical in tumor and mammary gland. The deuterated probe (see  
Fig. 15) has a narrower linewidth (Hpp=1.2 G) than RSG (Hpp=2.1 G), and therefore higher  
spectral intensity. The EPR signal of the deuterated RSG probe is easily saturated by RF  
irradiation which is of critical importance for PEDRI experiments. In total, more than one  
order decrease in acquisition time was achieved for PEDRI pH mapping (24.8 s in Fig. 15)  

 
Figure 15. (a) Illustration of variable radio frequency PEDRI approach for the case of pH-mapping. 
Two PEDRI images of the phantom were acquired during EPR irradiation (8.4 s) at two pre-selected 
EPR frequencies, RF1=559.3 MHz and RF2=562.1 MHz which correspond to EPR resonances of RH+ and 
R forms of deuterated RSG probe. pH values of 1 mM solutions of RSG are indicated on the phantom 
picture. Calibration curve was calculated as pH dependence of the ratio of signal amplitudes, 
I(RF1)/I(RF2). (b) pHe mapping of living mouse by PEDRI. pH map (in color) was superimposed with 
low-field MRI (gray scale) showing the transvers view of the mouse. The pH probe was injected into the 
number 4 mammary gland containing tumor (left) and in the number 9 normal mammary gland (right) 
before PEDRI/MRI acquisitions. The pH map was calculated from two PEDRI images, acquired during 
EPR irradiation at two EPR frequencies, RF1 and RF2. Total acquisition, 24.8 s. From (Bobko et al., 2012) 
with permission from John Wiley & Sons, Ltd. 
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compared with CW EPRI. Two areas of probe localization correspond to tumor (Fig. 15b 
left) and mammary gland (Fig. 15b right) with higher pH heterogeneity in tumor. Mean pHe 
values in tumor and mammary gland were found to be in agreement with EPR spectroscopy 
and microelectrode data measured in the same mice (see Table 1). The PEDRI functional 
approach may find applications for pH mapping of other living tissues and has potential for 
applications to humans. 

2.4. In vivo assessment of nitric oxide using nitronyl nitroxides 

The measurement of nitric oxide in vivo is of paramount importance due to its key role as a 
signaling molecule in numerous physiological and pathophysiological processes. Methods 
for NO detection in biological systems are limited because of its short half-life and low 
concentration in living systems. Fe(II)-dithiocarbamate complexes (Mordvintcev et al., 1991), 
widely used for NO detection by EPR spectroscopy, have an important advantage of relative 
stability of the paramagnetic adduct with NO. However, disadvantages of the approach 
include the preparation of metal-chelator complexes from two components, which are 
accompanied by both iron and dithiocarbamate moiety toxicities. Application of simple low-
molecular weight nitronyl nitroxides (NNRs) as NO-sensitive probes seems to be very 
attractive. The scavenging of nitric oxide by NNRs has been used for NO detection by EPR 
spectroscopy and to antagonize biological actions of nitric oxide (Akaike et al., 1993; Joseph 
et al., 1993; Woldman et al., 1994; Blasig et al., 2002; Cao & Reith, 2002). The detection of NO 
using NNR is based on the specific radical-radical reaction (see Fig.16a) followed by EPR-
measured spectra changes.  

The physiological effects of NNR cannot be entirely explained by their specific radical-
radical reactions with nitric oxide due to the rapid reduction of NNR to its corresponding 
hydroxylamines. The performed mechanistic studies of the NNR reaction with NO in  
a reducing environment (Bobko et al., 2004) demonstrate an ability of the NNR to react 
with NO in the presence of the reducing agent, ascorbate, as shown in Figure 16b. It  
has been shown that equilibrium between radical, NNR, and its hydroxylamine is 
normally strongly shifted towards diamagnetic hydroxylamine, therefore no initial  
EPR spectra were observed in the presence of ascorbate (Fig. 16b). However NO 
generation and its consequent reaction with NNR results in accumulation of paramagnetic 
NNR and appearance of the corresponding EPR spectra (Fig. 16b, 3min). During the 
reaction, NNR is transformed to INR followed by characteristic changes of EPR spectral 
pattern (Fig. 16b, 6 and 9 min). After the reaction was complete, INR was reduced in its 
diamagnetic form by ascorbate (Fig. 16b, 20 min). The presence of fluorine atoms in the 
structure of fNNR allowed us to monitor accumulation of diamagnetic hydroxylamine 
product by 19F NMR spectroscopy providing additional proof of the redox-sensitive 
mechanism of the NNR reaction with NO. The corresponding scheme of the reactions 
provides a plausible mechanism explaining the antagonistic action of NNR against NO in 
a reducing environment, a phenomenon well documented in vivo (for details see ref. 
(Bobko et al., 2004)). 
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Figure 16. (a) The scheme of the reaction of nitronyl nitroxides, NNR, with NO forming 
iminonitroxides, INR. (b) NO-induced EPR spectral changes measured for fluorinated NNR derivative, 
fNNR, in the presence of reducing agent, ascorbate. Nitric oxide was generated upon photolysis of 
sodium nitroprusside (SNP). The spectra were measured in the mixture of 3.33 mМ fNNR, 3.33 mМ 
ascorbate and 33.3 mM SNP before and after SNP photolysis. From (Bobko et al., 2004) with permission, 
copyright 2003, Elsevier Inc. 

The application of NNR for NO detection by EPR in biological systems with physiologically 
low rates of NO generation is limited due to the very rapid reduction of NNR, and 
particularly of INR, into diamagnetic EPR-silent product (Woldman et al., 1994; Haseloff et 
al., 1997; Bobko et al., 2004), so equilibrium radical concentration is lower than threshold of 
EPR detection. An alternative approach for NO detection using NNR is based on application 
of fluorinated NNRs, such as fNNR, in combination with 19F NMR spectroscopy. An in vivo 
accumulation of the product of the reaction of fNNR with NO, hydroxylamine of fINR can 
be measured by 19F NMR. Low NO concentrations in living tissues and low intrinsic NMR 
sensitivity make this approach hardly applicable in vivo. Nevertheless, stability of the 
diamagnetic fINR product allows for its in vivo accumulation followed by ex vivo 19F NMR 
measurement. The ex vivo 19F NMR measurement of fluorinated hydroxylamine products in 
blood samples taken from normotensive and hypertensive rats 1 hr after intraperitoneal 
injection of fNNR  positively correlated with the levels of nitrite/nitrate evaluated by Griess 
method and negatively correlated with the blood pressure (Bobko et al., 2005). While 19F 
NMR spectroscopy allows ex vivo evaluation of NO production, the development of NNR 
structures with higher stability for EPR detection in vivo is desirable. Several attempts by our 
group and others to protect NNR against reduction via encapsulation in liposomal 
(Woldman et al., 1994; Bobko et al., 2010) or dendrimeric (Rosen et al., 2003) structures 
resulted in significant lifetime increase but further work has to be done to obtain NNR 
probes stable enough for in vivo applications.  
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3. Conclusion 

In recent decades functional EPR spectroscopy and imaging applications have moved 
closer to biomedical applicability. The bottleneck of in vivo EPR-based applications is the 
requirement of appropriate paramagnetic probes. NRs and triarylmethyl radicals, TAMs, 
represent two main classes of soluble paramagnetic materials used for EPR spectroscopy 
and imaging applications (Khramtsov & Zweier, 2010). TAMs have advantages over 
nitroxides in extraordinary stability toward tissue redox processes, longer relaxation time 
and narrower line width making them particularly attractive for imaging applications. 
Applications of TAM radicals as functional probes include EPR oximetry (Ardenkjaer-
Larsen et al., 1998; Golman et al., 2000; Krishna et al., 2002) and recently reported 
sensitivity to the superoxide anion (Kutala et al., 2004; Kutala et al., 2008) and pH (Bobko 
et al., 2007a; Dhimitruka et al., 2008; Driesschaert et al., 2012). On the other hand NRs 
have tremendous advantage over TAMs in well-developed chemistry. As a consequence, 
the nitroxides provide a wide range of available structures that vary in solubility and 
tissue redistribution, spectral and functional sensitivity, ability to be targeted and 
lifetimes in living tissues. Specific nitroxides provide EPR-based spectroscopy and 
imaging with the capacity for functional temporally and spatially resolved mapping of 
physiologically relevant parameters of living tissues, such as oxygen, redox status, 
glutathione content and pH. The nitroxides were the first compounds applied to EPR 
oximetry and are still a useful tool for in vivo tissue oxygen mapping. The most well 
known reaction of the nitroxides, their reduction to EPR-silent hydroxylamines, provides 
information on redox state in living tissues. The disulfide biradical nitroxides were 
developed for in vivo assessment of intracellular glutathione concentration. The 
imidazoline nitroxide spin pH probes allowed for EPR spectroscopy and imaging of tissue 
pH. NanoSized Particles with Incorporated Nitroxides, or nanoSPINs, may serve as a 
future platform for stabilized nitroxide-based biosensors (Woldman et al., 2009). In 
particular, encapsulation of NO-sensitive nitronyl nitroxides may protect the sensing 
probe from biological reductants while retaining sensitivity to a small analyte, molecule of 
nitric oxide. In summary, the area of nitroxide biomedical application as functional 
paramagnetic probes is truly emerging.  
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1. Introduction 
Reactive oxygen species (ROS) are the prize we are paying for an energy-efficient life under 
oxygen. They play a role in many diseases such as atherosclerosis, hypertension, ischemia-
reperfusion injury, inflammation, type-2 diabetes, certain neurodegenerative diseases, even 
cancer and, certainly, aging (Kohen & Nyska, 2002). Among these ROS are several radicals 
such as the hydroxyl, peroxy, alkoxy as well as the superoxide anion radical (Boveris, 1977). 
Direct measurement of the radicals is hampered by their short half lifes in the range of nano- 
to microseconds. They can, however, be trapped by addition to nitrones leading to relatively 
stable nitroxides with t½ of minutes (Janzen, 1971). Respiring mitochondria are a major 
source of ROS, particularly of the superoxide anion radical, which is formed in complexes I 
and III (Cadenas & Davies, 2000; Dröge, 2002; Inoue et al., 2003; Turrens, 2003).  

A couple of years ago we have described the synthesis and first application of a fluorescent 
nitrone composed of tert-butyl-nitrone and a p-nitro-stilbene moiety, which can be used for 
the detection of ROS with subcellular resolution. Short-lived radicals add to the nitrone 
under formation of a nitroxide radical which then quenches the fluorescence of the p-nitro-
stilbene (Hauck et al., 2009). 

Similar double labels have previously been synthesized or at least suggested, partially in 
collaboration with us. Likhtenshtein and Hideg suggested in the eighties to couple 
nitroxides to a fluorophore which will become fluorescent only after reduction of the 
nitroxide moiety in viable biological systems (Bystryak et al., 1986). Hideg used fluorescent 
pyrrolines which can be oxidized to nitroxides mainly by singlet oxygen (Kalai et al., 1998). 
Rosen and collaborators investigated a fluorescent nitrone much like ours composed of 
nitrobenzene instead of nitrostilbene. The authors did not observe a decrease in the 
fluorescence upon reaction of the nitrone with α-hydroxyethyl radicals which was probably 
due to an only very small concentration of the nitroxide formed in this reaction (Pou et al., 

© 2012 Trommer et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1995). To the best of our knowledge, this work has not been continued. Somewhat different 
approaches for the detection and trapping of ROS were taken by Bottle et al., 2003, Heyne et 
al., 2007 and Blough et al., 1988. 

Here we describe some extended studies with the p-nitrostilbene-tert-butyl-nitrone (1) under 
a variety of physiological conditions i.e., employing inhibitors of components of the 
respiratory chain, the F1-F0-ATP synthase and the membrane potential as well as similar 
studies with a corresponding coumaryl-styryl-tert-butyl-nitrone derivative (2) and finally, a 
third compound based on 4-pyrrolidine-1,8-naphthylimido-methylbenzene as fluorophore (3). 

2. Results and discussion 

2.1. p-Nitrostilbene-tert-butyl-nitrone, 1 

Fig. 1 shows the reaction of the previously employed fluorescent nitrone 1 with the 
hydroxyl radical under formation of the corresponding nitroxide. The hydroxyl radical was 
generated by the Fenton reaction and the product extracted from the aqueous phase with 
degassed ethyl acetate yielding an EPR spectrum composed of 6 lines typical for hydroxyl 
radical adducts (Hauck et al., 2009). 

When cultures of various cell lines, i.e., HeLa, COS 7 and CHO, were incubated with 1 and 
subsequently washed, it had almost exclusively accumulated in mitochondria as shown by 
co-staining with tetramethylrhodamine ethylester (TMRE, Farkas et al., 1989) and confocal 
laser spectroscopy (Fig. 2). Without any further addition the fluorescence slowly decreased 
to almost none within about 20 min. However, generation of hydroxyl radicals by the 
Fenton reaction (Walling, 1975)  reduced this time to 20 sec (Fig. 3, Hauck et al., 2009). 
Similar results were obtained in presence of the complex I and III inhibitors, rotenone and 
antimycin A, but within a timeframe of 40 to 60 sec. Under these conditions both complexes 
are known to produce substantial amounts of the superoxide anion radical (Dlaskova et al., 
2008; Han et al., 2001). In these early studies a quasi-confocal microscope was used 
(Axiovert 440, equipped with an ApoTome, Carl Zeiss, Jena) which has broad bandwidth 
filters, only. Thus, not allowing for monitoring small shifts in the emission spectra of 1 upon 
addition of the radical as had been observed in cell-free controls. 

  
Figure 1. Structural formula of the p-nitrostilbene-tert-butyl-nitrone 1 and its reaction with the hydroxyl 
radical 
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are known to produce substantial amounts of the superoxide anion radical (Dlaskova et al., 
2008; Han et al., 2001). In these early studies a quasi-confocal microscope was used 
(Axiovert 440, equipped with an ApoTome, Carl Zeiss, Jena) which has broad bandwidth 
filters, only. Thus, not allowing for monitoring small shifts in the emission spectra of 1 upon 
addition of the radical as had been observed in cell-free controls. 
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With kind permission from Springer Science + Business Media: Appl. Magn. Reson., p-Nitrostilbene-tert-butyl-nitrone: 
A novel fluorescent spin trap for the detection of ROS with subcellular resolution, vol.  36 (2009), p. 143, Stefan Hauck, 
Yvonne Lorat, Fabian Leinisch, Wolfgang E. Trommer, Fig. 8  

Figure 2. COS cells incubated with 1 (A) or with TMRE (B). The same cells were stained for DNA in the 
nuclei with DAPI (C, λabs = 340 nm, λem = 504 nm), and also with 1 (λabs = 388 nm, λem = 504 nm) 

The accumulation of 1 in mitochondria came unexpected but is possibly due to an effect 
previously observed with so-called Skulachev ions, derivatives of ubiquinone or plastoquinone 
with long hydrophobic side chains composed of up to 10 isoprene units and a positively 
charged triphenylphosphonium group at the end, e.g., SkQ1 as introduced by Vladimir 
Skulachev. The positive charge is not localized but spread over the aromatic rings, thus 
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allowing for membrane permeation due to the already negative potential of cells with respect to 
their outside and even more so of mitochondria, the only human organelle with a negative 
potential with respect to the cytoplasm. Once inside, they are trapped by the opposite potential 
outside (Severin et al., 2010). Similar effects have been observed with certain amphiphilic 
dipolar compounds to which 1 could belong (M.V. Skulachev, personal communication). 

 
With kind permission from Springer Science + Business Media: Appl. Magn. Reson., p-Nitrostilbene-tert-butyl-nitrone: 
A novel fluorescent spin trap for the detection of ROS with subcellular resolution, vol.  36 (2009), p. 145, Stefan Hauck, 
Yvonne Lorat, Fabian Leinisch, Wolfgang E. Trommer, Fig. 10 

Figure 3. Fluorescence decay of p-nitrostilbene-tert-butyl-nitrone 1 in CHO cells: A: 0 sec, B: 5 sec, C: 10 
sec, D: 20 sec after addition of 20 µl each of 10 mM Fe2+ and 10 mM H2O2 (Fenton reaction) 

The fluorescence half-life of 1 in mitochondria was studied under a variety of conditions. 
Data are summarized in Table I together with those from the coumaryl derivative 2. But 
why look for another double label? 1 has an absorption maximum at 383 nm which is well 
separated from the emission at 568 nm. However, only recently have confocal laser 
microscopes been equipped with lasers of 405 nm, most commercial instruments operate at 
480 nm and above, rather outside the absorption range of 1. Moreover, stilbenes as 
fluorophores pose yet another problem, cis-trans isomerization upon irradiation leading to a 
substantial shift in emission wavelength which is accompanied by photobleaching and also 
recovery rendering interpretation of data more complex (Fig. 6). 

2.2. Coumaryl-styryl-tert-butyl-nitrone, 2  

2-(4-Trifluoromethyl-2-oxo-2H-chromen-7-yl)-E-vinyl-1-(N-(1,1-dimethyl))-phenyl-4-nitrone 
2 was synthesized according to the scheme shown in Fig. 4. 
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Unexpectedly, the absorbance and fluorescence properties of 1 and 2 do not differ very 
much as shown in Fig. 5, A & B. 

 
Figure 4. Synthetic scheme for the synthesis of 2 

 
Figure 5. Absorption and emission spectra of A, p-nitrostilbene-tert-butyl-nitrone 1 and B, cumaryl-
styryl-tert-butyl-nitrone 2, excitation at 410 nm 

Whereas 1 undergoes substantial photobleaching upon irradiation at 310 nm for 1 min (Fig. 6 
B), the fluorescence of 2 is almost completely stable under these conditions (Fig. 6 A). However, 
1 recovers rather quickly reaching about 40 % of the initial fluorescence within 4 min (Fig. 6 C). 

Unfortunately, 2 turned out to be far more toxic to cells in comparison with 1. Growing 
adherent MCF-7 cells, a human breast adenocarcinoma cell line, were exposed to these 
compounds for three days. After fixation of viable cells with trichloroacetic acid, the 
damaged cells were removed by washing and cell proteins of the remaining cells were 
stained with sulforhodamine and measured photometrically at 570 nm (Skehan et al., 1990). 
In a rough estimate assuming sigmoidal behavior in a semi-logarithmic plot the half 
maximal dosis, IC50, of 1 was about 300 µM as compared to 40 µM for 2. Simultaneous 
irradiation at 366 nm for 3 min further reduced this value to 30 µM. The known toxicity of 
coumarin may play a role here (Fig. 7, A & B; Oodyke, 1974). Therefore spin-trapping 
experiments in the presence of inhibitors were primarily carried out with 1. However, 2 may 
be employed as well by using lower concentrations of 10 to 20 µM. 
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Figure 6. Photobleaching of 2 (CSN, A) und 1 (NSN, B) upon irradiation at 310 nm for 1 min. The 
recovery of 1 with time is shown in panel C. 

 

 
Figure 7. Cytotoxicity of 1 (A) and 2 (B) as determined in MCF-7 cells after a three days exposure. B, 
lower trace upon additional irradiation at 366 nm. 
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The effect of rotenone as inhibitor of complex I of the respiratory chain on the formation of 
the superoxide anion radical formation in HeLa cells (Hauck et al., 2009) was followed with 
2 (Fig. 8). The initial fluorescence and after 100 or 90 sec, respectively, is shown in the 
absence and presence of rotenone. The time course of this decay as measured in 0.5 sec 
intervals is shown as well. Clearly, inhibition of complex I significantly increases ROS 
formation. The figure also reveals that the intracellular distribution of 2 is not as enriched in 
mitochondria as had been found with 1. Evidence that quench did not result, or at least not 
largely, from photobleaching came from experiments in which the shutter was closed 
during measurements. However, some non-specific redox reactions cannot be excluded. 

 
Figure 8. False color representation of the fluorescence decay of 2 upon trapping of ROS in HeLa cells 
in the absence (upper panels) and presence of 10 µM rotenone (lower panels), 0 and 100 sec after 
addition of the inhibitor as well as the time course of these changes (bottom panel). 
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2.3. Detailed studies with p-nitrostilbene-tert-butyl-nitrone, 1 

Spin-trapping of mainly superoxide anion radicals formed in mitochondria under various 
conditions was followed in HeLa cells as previously (Hauck et al., 2009) and as well for 
better comparison with data employing 2. Fig. 9 shows the fluorescence decay after 100 sec 
in the absence of any inhibitor. All subsequent data are based on this control (Figs. 10 - 15). 
Results are summarized in Fig. 16.  

The inhibitors of complexes I, rotenone, and complex III, antimycin A, have the strongest 
effect, particularly in combination. KCN is known to inhibit complex IV (Leavesley et al., 
2010) and oligomycin blocks ATP synthesis by binding to the oligomycin sensitivity 
conferring protein, OSCP, of the F0 moiety of F1F0-ATP synthase (Xu et al., 2000). The latter 
leads to an increased membrane potential and drives the respiratory chain backwards. In the 
absence of sufficient substrates for NADH this is known to produce superoxide anion 
radicals in complex I as in complex III via reaction of oxygen with the coenzyme Q 
semiquinone radical (Muller et al., 2004). 

Rather interesting is the effect of the protonophore CCCP (carbonyl-cyanide m-chloro-
phenyl hydrazone) which reduces the membrane potential (Nieminen et al., 1994) and thus, 
apparently also reduces ROS formation. The half-life of the fluorescence in its presence is 
almost doubled as compared to the control corroborating the opposite effect of oligomycin. 

 

 
Figure 9. Fluorescence decay of 1 in HeLa cells within 100 sec in the absence of any inhibitor of 
respiration 

2.4. 4-Pyrrolidine-1,8-naphthylimido-methylphenyl-tert-butyl-nitrone, 3 

In order to allow for excitation at longer wavelengths a third compound was synthesized 
according to the scheme in Fig. 17, again a tert-butyl-nitrone, but with 4-pyrrolidine-1,8-
naphthylimido-benzylidene as fluorescent moiety. 4-(1,3-Dioxacyclopent-2-yl)benzonitrile B 
was synthesized according to Ouari et al., 1998 in good yield and in the last step the 
formation of the nitrone 3 was carried out according to Kim et al., 2007.  
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Figure 10. Fluorescence decay of 1 in HeLa cells within 90 sec after addition of rotenone with t½ = 32 
sec, control 176 sec assuming exponential decay (dotted lines) 

 
Figure 11. Fluorescence decay of 1 in HeLa cells within 90 sec after addition of antimycin A with t½ = 20 
sec, control 176 sec assuming exponential decay (dotted lines) 
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Figure 12. Fluorescence decay of 1 in HeLa cells within 90 sec after addition of rotenone and antimycin 
A with t½ = 16 sec, control 176 sec assuming exponential decay (dotted lines) 

 
Figure 13. Fluorescence decay of 1 in HeLa cells within 90 sec after addition KCN with t½ = 40 sec, 
control 176 sec assuming exponential decay (dotted lines) 
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Figure 14. Fluorescence decay of 1 in HeLa cells within 90 sec after addition of oligomycin with t½ = 23 
sec, control 176 sec assuming exponential decay (dotted lines) 

 
Figure 15. Fluorescence decay of 1 in HeLa cells within 90 sec in the presence of CCCP with t½ = 336 
sec, control 176 sec (red) assuming exponential decay (dotted lines) 
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Figure 16. Effect of inhibitors of mitochondrial respiration on ROS formation as monitored by 1 (A) and 
2 (B) 

 
Figure 17. Synthetic scheme for the synthesis of 4-pyrrolidine-1,8-naphthylimido-methylphenyl-tert-
butyl-nitrone, 3 
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Absorbance and fluorescence emission spectra are shown in Fig. 18. Fig. 18 A shows the 
fluorescence spectrum (red) with a maximum at 522 nm upon excitation at 488 nm and the 
UV/VIS spectrum with a maximum at 457 nm (black). Fig. 18 B illustrates the fluorescence 
spectrum (red) with a maximum at 514 nm upon excitation at 405 nm. Excitation at 488 nm 
is well in the range of standard confocal laser microscopes and certainly, not likely to lead to 
radiation damage in biological systems. Within the concentration range feasible due to 
limitations in solubility, 3 was non-toxic as studied so far in MCF-7 cells up to 5 µM (data 
not shown). 

 
Figure 18. Absorption and fluorescence emission spectra of 3. Excitation at 488 nm (A) or 405 nm (B), 
respectively  

A

B
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Preliminary spin trapping experiments with 3 were carried out with a regular confocal 
microscope with excitation at 488 nm. Fig. 19 shows the control in the absence of inhibitors. As 
found before, complete quench occurs in about half an hour. Although the dye may 
accumulate again in mitochondria, we have not yet looked for co-localization with TMRE. 
Strikingly different are the effects of inhibitors as shown for antimycin A in Fig. 20. 
Corresponding experiments employing rotenone or both, rotenone and antimycin A as well as 
the Fenton reaction gave very similar results (data not shown). Quench is almost instantaneous,  

 
Figure 19. Fluorescence decay of 3 (1 µM) at selected times in MCF-7 cells: A: 0 min, B: 5 min, C: 10 
min, D: 15 min, E: 20 min in the absence of inhibitors (control; laser intensity 80 % and exposure 800 ms) 

A B

C D

E 



 
Nitroxides – Theory, Experiment and Applications 360 

Preliminary spin trapping experiments with 3 were carried out with a regular confocal 
microscope with excitation at 488 nm. Fig. 19 shows the control in the absence of inhibitors. As 
found before, complete quench occurs in about half an hour. Although the dye may 
accumulate again in mitochondria, we have not yet looked for co-localization with TMRE. 
Strikingly different are the effects of inhibitors as shown for antimycin A in Fig. 20. 
Corresponding experiments employing rotenone or both, rotenone and antimycin A as well as 
the Fenton reaction gave very similar results (data not shown). Quench is almost instantaneous,  

 
Figure 19. Fluorescence decay of 3 (1 µM) at selected times in MCF-7 cells: A: 0 min, B: 5 min, C: 10 
min, D: 15 min, E: 20 min in the absence of inhibitors (control; laser intensity 80 % and exposure 800 ms) 
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but fluorescence recovered within four to five seconds and then decayed completely over the 
next 15 min. What could cause fluorescence recovery? The half-life of nitroxides as Tempone 
or Tempamine in viable systems is in the order of 30 min at most due to the reducing milieu 
in the cell (Berliner, 1991). Hence, the fluorescence being quenched by the radical could 
come back. There is however, also the possibility that differences are due to the 
experimental setup, i.e., a continuous flow device for the medium at the ApoTome to which 
the inhibitor was added, whereas in these experiments a concentrated solution of antimycin 
A etc. was manually injected directly into the medium surrounding the adherent cells. 

 
Figure 20. Fluorescence decay of 3 in MCF-7 cells at selected times after addition of 1 µl antimycin A (2 
mg/ml) A: 0 sec, B: 1 sec, C: 2 sec, D: 4 sec, E: 13 min (laser intensity 80 % and exposure 800 ms) 
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3. Materials and methods 

3.1. Synthesis of fluorescent nitrones 

3.1.1. p-Nitrostilbene-tert-butyl-nitrone was synthesized as previously described (Hauck et 
al., 2009). 

3.1.2. Coumaryl-styryl-tert-butyl-nitrone 

2-(4-Trifluoromethyl-2-oxo-2H-chromen-7-yl)-E-vinyl-1-(N-(1,1-dimethyl))-phenyl-4-nitrone 
was synthesized according to the scheme in Fig. 4. 

(Trifluoromethyl)-2-oxo-2H-chromene-7-diazoniumtetrafluoroborate 

To a solution of 2.62 mmol of commercially available 7-amino-4-(trifluoromethyl)-coumarin 
(coumarin 151, Sigma-Aldrich, Taufkirchen, Germany) in 18 ml of hydrochloric acid (18%), a 
solution of sodium nitrite (2.72 mmol) was added dropwise and stirred for 1 h at 0 °C. Then, 
41 mmol tetrafluoroboric acid was added dropwise over 1 h, with maintaining the reaction 
temperature lower than 0 °C. (Trifluoromethyl)-2-oxo-2H-chromene-7-diazonium-
tetrafluoroborate (1.52 mmol, yield: 58 %) was separated and rinsed with cold water, 
methanol and ethyl acetate. 1H-NMR: 6.45 (s, 1H), 6.51 (d, 1H, 2.4 Hz), 6.66 (dd, 1 H, 8.8 Hz 
and 2.0 Hz), 7.37 (dd, 1H, 8.8 Hz and 2.0 Hz). 

4-Bromobenzaldehyde-dimethyl-acetal 

4-Bromobenzaldehyde (94.9 mmol) was dissolved in 120 ml of dry methanol under an argon 
atmosphere, 96 µl titanium chloride was added and the solution stirred for 20 minutes. After 
addition of 240 µl trietylamine and 15 minutes of stirring, water was added and the product 
was extracted with diethyl ether. The organic phase was dried and the acetal isolated by 
evaporation of the solvent. 

[2-(4-Dimethoxymethylphenyl)-vinyl]-trimethyl-silane 

4-Bromobenzaldehyde-dimethyl-acetal (20.6 mmol) was dissolved in 20 ml of dry 
acetonitrile under an argon atmosphere. The solution was boiled under reflux for 24 h after 
addition of 51.6 mmol tetrabutylammonium acetate, 4 % (by mol) palladium(II) acetate and 
41.3 mmol trimetyl-vinyl-silane. Then, 50 ml PBS buffer (pH = 7.4) was added and the 
product was extracted with diethyl ether. The organic phase was dried and the solvent 
removed by evaporation. The product was formed in 86 % yield (17.8 mmol). 1H-NMR: 0.18 
(s, 9H), 3.34 (s, 1H), 5.42 (s, 1H), 6.53 (d, 1 H, 19.07 Hz), 6.91 (d, 1H, 19.41 Hz), 7.45 (m, 2H). 

(4-Trifluoromethyl-2-oxo-2H-chromen-7-yl)-E-2-vinyl]-benzaldehyde 

2 mmol (Trifluoromethyl)-2-oxo-2H-chromene-7-diazoniumtetrafluoroborate and 2 mmol [2-
(4-dimethoxymethylphenyl)-vinyl]-trimethyl-silane were dissolved in 40 ml of dry methanol 
and stirred for 5 h with 2 % (by mol) palladium(II) acetate (Hiyama reaction). Water was 
added and the product was extracted with diethyl ether. The solvent was removed under 
vacuum and the product was washed with ethyl acetate. 1H-NMR: 7.28 (s, 2H), 7.33 (s, 1H), 
7.72 (t, 2 H, 8.86 Hz), 7.94 (d, 2H, 8.51), 8.28 (d, 1H, 8.86), 8.45 (d, 1H, 8.51), 10.05 (s, 1H). 
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product was extracted with diethyl ether. The organic phase was dried and the solvent 
removed by evaporation. The product was formed in 86 % yield (17.8 mmol). 1H-NMR: 0.18 
(s, 9H), 3.34 (s, 1H), 5.42 (s, 1H), 6.53 (d, 1 H, 19.07 Hz), 6.91 (d, 1H, 19.41 Hz), 7.45 (m, 2H). 

(4-Trifluoromethyl-2-oxo-2H-chromen-7-yl)-E-2-vinyl]-benzaldehyde 

2 mmol (Trifluoromethyl)-2-oxo-2H-chromene-7-diazoniumtetrafluoroborate and 2 mmol [2-
(4-dimethoxymethylphenyl)-vinyl]-trimethyl-silane were dissolved in 40 ml of dry methanol 
and stirred for 5 h with 2 % (by mol) palladium(II) acetate (Hiyama reaction). Water was 
added and the product was extracted with diethyl ether. The solvent was removed under 
vacuum and the product was washed with ethyl acetate. 1H-NMR: 7.28 (s, 2H), 7.33 (s, 1H), 
7.72 (t, 2 H, 8.86 Hz), 7.94 (d, 2H, 8.51), 8.28 (d, 1H, 8.86), 8.45 (d, 1H, 8.51), 10.05 (s, 1H). 
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2-(4-Trifluoromethyl-2-oxo-2H-chromen-7-yl)-E-vinyl-1-(N-(1,1-dimethylethyl))-phenyl-4-nitrone 
(2, CSN) 

1.25 mmol 4-[(4-Trifluoromethyl-2-oxo-2H-chromen-7-yl)-E-2-vinyl]-benzaldehyde and 1.85 
mmol N-tert-butylhydroxylamine hydrochloride were dissolved in benzene and p-
toluenesulfonic acid was added as catalyst. The solution was boiled in a Dean-Stark 
apparatus (reflux and water removal) for 12 h. Water was added and the product was 
extracted with ethyl acetate. 1H-NMR: 1.66 (s, 1H), 6.78 (s, 1H), 7.22 (d,1H, 16.04 Hz), 7.28 (s, 
1H), 7.30 (d, 1H, 16.04 Hz), 7.63 (d, 3H, 8.61 Hz), 7.73 (t, 2 H, 8.61 Hz), 8.20 (d, 1H, 8.61 Hz), 
8.35 (d, 2H, 8.60 Hz). 

3.1.3. 4-Pyrrolidine-1,8-naphthylimido-methylphenyl-tert-butyl-nitrone, 3 

4-Pyrrolidine-1,8-naphthylimido-methylphenyl-tert-butyl-nitrone was synthesized 
according to the scheme in Fig. 17. 

6-(Pyrrolidin-1-yl)-benzo[de]isochromene-1,3-dione 

To a solution of 37.4 mmol of commercially available 6-bromo-benzo[de]isochromene-1,3-
dione (Sigma-Aldrich, Taufkirchen, Germany) in 50 ml of methyl glycol was added 56.7 
mmol pyrrolidine and a catalytic amount of p-toluenesulfonic acid and was boiled under 
reflux for 6 h. After cooling to 0 °C the precipitation was filtered off and washed with cold 
ethanol. The crude product was recrystallized from n-hexane and dried. 6-(Pyrrolidin-1-yl)-
benzo[de]isochromene-1,3-dione was formed in 90 % yield (33.7 mmol). C16H13NO3 (267.3 
g/mol) calc.: C, 71.90 %; H, 4.90 %; N, 5.24 %. found: C, 71.76 %; H, 4.88 %; N, 5.23 %. Mp.: 
284 °C. 1H-NMR (chloroform-d, 400 MHz): δ [ppm] = 2.07 – 2.19 (m, 4 H), 3.75 – 3.89 (m, 4 
H), 6.77 (d, 1 H, 8.81 Hz), 7.52 (t, 1 H, 7.30 Hz), 8.31 (d, 1 H, 8.81 Hz), 8.50 (d, 1 H, 7.30 Hz), 
8.64 (d, 1 H, 8.81 Hz). 13C{1H}-NMR (chloroform-d, 100 MHz): δ [ppm] = 160.9, 153.2, 135.4, 
134.0, 133.4, 133.0, 123.2, 122.3, 118.6, 108.8, 53.3, 26.1. 

4-(1,3-Dioxacyclopent-2-yl)-benzonitrile 

To a solution of 79.5 mmol of commercially available 4-cyanobenzaldehyde (Merck, 
Darmstadt, Germany) in 150 ml toluene, was added 0.32 mol of ethylene glycol and p-
toluenesulfonic acid was added as catalyst. The solution was boiled in a Dean-Stark 
apparatus for 20 h. After complete removal of water, the solution was stirred for 20 h at 
room temperature. Then, 60 ml of a 5 % sodium bicarbonate aqueous solution was added. 
The organic layer was washed three times with 25 ml bidest. water each and dried over 
magnesium sulfate. The solvent was removed under vacuum and the remaining colorless 
liquid was crystallized from n-hexane and dried under reduced pressure. The hygroscopic 
product was formed in 95 % yield (75.9 mmol). C10H9NO2 (175.2 g/mol) calc.: C, 68.56 %; H, 
5.18 %; N, 8.00 %. found: C, 68.58 %; H, 5.12 %; N, 8.09 %. Mp.: -. 1H-NMR (chloroform-d, 
400 MHz): δ [ppm] = 4.02 – 4.11 (m, 4 H), 5.83 (s, 1 H), 7.58 (d, 2 H, 8.56 Hz), 7.66 (d, 2 H, 8.06 
Hz). 13C{1H}-NMR (chloroform-d, 100 MHz): δ [ppm] = 143.1, 132.2, 127.2, 118.6, 112.9, 102.4, 
65.4. 
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4-(1,3-Dioxolan-2-yl)-phenylmethanamine 

4-(1,3-Dioxolan-2-yl)-benzonitrile (42.2 mmol) was dissolved in 50 ml of dry diethyl ether 
under an argon atmosphere and was added dropwise at 0 °C to a well-stirred suspension of 
LiAlH4 (84.5 mmol) in 100 ml of dry diethyl ether. The suspension was stirred at this 
temperature for 4 h, then the mixture was allowed to warm up to room temperature and 
was stirred for a further 18 h. Afterwards, the mixture was hydrolyzed by 35 ml of 95 % 
ethanol and then by 35 ml of 50 % ethanol. The ether layer was separated and the aqueous 
phase lyophilized. The resulting solid was extracted with 80 ml dichloromethane. The 
combined organic layers were dried over MgSO4 and the yellowish-white solid product was 
obtained by evaporation of the solvent and crystallized in the fridge in 94 % yield (39.5 
mmol). 1H-NMR (chloroform-d, 400 MHz): δ [ppm] = 1.49 (s, 2 H), 3.87 (s, 2 H), 3.99 – 4.15 
(m, 4 H), 5.80 (s, 1 H), 7.32 (d, 2 H, 8.19 Hz), 7.44 (d, 2 H, 8.19 Hz). 13C{1H}-NMR (chloroform-
d, 100 MHz): δ [ppm] = 144.4, 136.4, 127.1, 126.7, 103.6, 65.3, 46.3. 

2-(4-(1,3-Dioxolan-2-yl)-benzyl)-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

7.11 mmol of 6-pyrrolidin-1-yl)-benzo[de]isochromene-1,3-dione and 10.7 mmol of 4-(1,3-
dioxolan-2-yl)-phenylmethanamine were dissolved in 130 ml of ethanol. The mixture was 
boiled under reflux for 23 h and then cooled to 0 °C. The resulting orange solid was filtered 
off and washed four times with 20 ml of cold ethanol each. The crude product was 
recrystallized from toluene and dried over MgSO4. The product was obtained as an orange 
solid in 88 % yield (6.26 mmol). C26H24N2O4 (428.5 g/mol) calc.: C, 72.88 %; H, 5.65 %; N, 6.54 
%. found: C, 72.68 %; H, 5.70 %; N, 6.36 %. Mp.: 189 °C. 1H-NMR (chloroform-d, 400 MHz): δ 
[ppm] = 2.05 – 2.12 (m, 4 H), 3.74 – 3.80 (m, 4 H), 3.95 – 4.09 (m, 4 H), 5.37 (s, 2 H), 5.78 (s, 1 
H), 6.80 (d, 1 H, 8.61 Hz), 7.38 (d, 2 H, 7.83 Hz, 2 H), 7.51 (t, 1 H, 8.61 Hz), 7.56 (d, 2 H, 8.22 
Hz), 8.41 (d, 1 H, 8.86 Hz), 8.56 (t, 2 H, 5.09 Hz). 13C{1H}-NMR (chloroform-d, 100 MHz): δ 
[ppm] = 164.8, 164.0, 152.7, 138.9, 136.9, 133.6, 132.0, 131.2, 128.9, 126.4, 123.0, 122.6, 122.5, 
110.5, 108.5, 103.6, 65.2, 53.2, 43.0, 26.1. 

4-((1,3-Dioxo-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-yl)-methyl)-benzaldehyde 

To a solution of 2-(4-(1,3-dioxolan-2-yl)-benzyl)-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinoline-
1,3(2H)-dione (8.40 mmol) in 100 ml THF, was added 25 ml of 3 % hydrochloric acid. The 
solution was boiled under reflux for 4 h and then cooled to 0 °C. Afterwards, the solution 
was brought to pH 8 with triethylamine upon which an orange precipitate was formed. The 
crude product was filtered off, washed three times with 20 ml of water each. The orange 
aldehyde was obtained in 98 % yield (8.22 mmol) and was stored under argon unless used 
immediately. C24H20N2O3 (384.4 g/mol) calc.: C, 74.98 %; H, 5.24 %; N, 7.29 %. found: C, 74.60 
%; H, 5.27 %; N, 6.91 %. Mp.: 160 °C. 1H-NMR (chloroform-d, 400 MHz): δ [ppm] = 2.05 – 
2.14 (m, 4 H), 3.74 – 3.84 (m, 4 H), 5.43 (s, 2 H), 6.81 (d, 1 H, 8.61 Hz), 7.53 (t, 1 H, 7.43 Hz), 
7.65 (d, 2 H, 8.22 Hz), 7.80 (d, 2 H, 8.22 Hz), 8.43 (d, 1 H, 8.61 Hz), 8.60 (t, 2 H, 7.43 Hz), 9.95 
(s, 1 H). 13C{1H}-NMR (chloroform-d, 100 MHz): δ [ppm] = 192.0, 163.9, 152.9, 144.9, 135.4, 
133.8, 132.3, 131.4, 129.9, 129.1, 126.4, 123.1, 122.6, 122.2, 108.6, 53.2, 43.2, 26.1. 
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4-(1,3-Dioxolan-2-yl)-phenylmethanamine 

4-(1,3-Dioxolan-2-yl)-benzonitrile (42.2 mmol) was dissolved in 50 ml of dry diethyl ether 
under an argon atmosphere and was added dropwise at 0 °C to a well-stirred suspension of 
LiAlH4 (84.5 mmol) in 100 ml of dry diethyl ether. The suspension was stirred at this 
temperature for 4 h, then the mixture was allowed to warm up to room temperature and 
was stirred for a further 18 h. Afterwards, the mixture was hydrolyzed by 35 ml of 95 % 
ethanol and then by 35 ml of 50 % ethanol. The ether layer was separated and the aqueous 
phase lyophilized. The resulting solid was extracted with 80 ml dichloromethane. The 
combined organic layers were dried over MgSO4 and the yellowish-white solid product was 
obtained by evaporation of the solvent and crystallized in the fridge in 94 % yield (39.5 
mmol). 1H-NMR (chloroform-d, 400 MHz): δ [ppm] = 1.49 (s, 2 H), 3.87 (s, 2 H), 3.99 – 4.15 
(m, 4 H), 5.80 (s, 1 H), 7.32 (d, 2 H, 8.19 Hz), 7.44 (d, 2 H, 8.19 Hz). 13C{1H}-NMR (chloroform-
d, 100 MHz): δ [ppm] = 144.4, 136.4, 127.1, 126.7, 103.6, 65.3, 46.3. 

2-(4-(1,3-Dioxolan-2-yl)-benzyl)-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

7.11 mmol of 6-pyrrolidin-1-yl)-benzo[de]isochromene-1,3-dione and 10.7 mmol of 4-(1,3-
dioxolan-2-yl)-phenylmethanamine were dissolved in 130 ml of ethanol. The mixture was 
boiled under reflux for 23 h and then cooled to 0 °C. The resulting orange solid was filtered 
off and washed four times with 20 ml of cold ethanol each. The crude product was 
recrystallized from toluene and dried over MgSO4. The product was obtained as an orange 
solid in 88 % yield (6.26 mmol). C26H24N2O4 (428.5 g/mol) calc.: C, 72.88 %; H, 5.65 %; N, 6.54 
%. found: C, 72.68 %; H, 5.70 %; N, 6.36 %. Mp.: 189 °C. 1H-NMR (chloroform-d, 400 MHz): δ 
[ppm] = 2.05 – 2.12 (m, 4 H), 3.74 – 3.80 (m, 4 H), 3.95 – 4.09 (m, 4 H), 5.37 (s, 2 H), 5.78 (s, 1 
H), 6.80 (d, 1 H, 8.61 Hz), 7.38 (d, 2 H, 7.83 Hz, 2 H), 7.51 (t, 1 H, 8.61 Hz), 7.56 (d, 2 H, 8.22 
Hz), 8.41 (d, 1 H, 8.86 Hz), 8.56 (t, 2 H, 5.09 Hz). 13C{1H}-NMR (chloroform-d, 100 MHz): δ 
[ppm] = 164.8, 164.0, 152.7, 138.9, 136.9, 133.6, 132.0, 131.2, 128.9, 126.4, 123.0, 122.6, 122.5, 
110.5, 108.5, 103.6, 65.2, 53.2, 43.0, 26.1. 

4-((1,3-Dioxo-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-yl)-methyl)-benzaldehyde 

To a solution of 2-(4-(1,3-dioxolan-2-yl)-benzyl)-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinoline-
1,3(2H)-dione (8.40 mmol) in 100 ml THF, was added 25 ml of 3 % hydrochloric acid. The 
solution was boiled under reflux for 4 h and then cooled to 0 °C. Afterwards, the solution 
was brought to pH 8 with triethylamine upon which an orange precipitate was formed. The 
crude product was filtered off, washed three times with 20 ml of water each. The orange 
aldehyde was obtained in 98 % yield (8.22 mmol) and was stored under argon unless used 
immediately. C24H20N2O3 (384.4 g/mol) calc.: C, 74.98 %; H, 5.24 %; N, 7.29 %. found: C, 74.60 
%; H, 5.27 %; N, 6.91 %. Mp.: 160 °C. 1H-NMR (chloroform-d, 400 MHz): δ [ppm] = 2.05 – 
2.14 (m, 4 H), 3.74 – 3.84 (m, 4 H), 5.43 (s, 2 H), 6.81 (d, 1 H, 8.61 Hz), 7.53 (t, 1 H, 7.43 Hz), 
7.65 (d, 2 H, 8.22 Hz), 7.80 (d, 2 H, 8.22 Hz), 8.43 (d, 1 H, 8.61 Hz), 8.60 (t, 2 H, 7.43 Hz), 9.95 
(s, 1 H). 13C{1H}-NMR (chloroform-d, 100 MHz): δ [ppm] = 192.0, 163.9, 152.9, 144.9, 135.4, 
133.8, 132.3, 131.4, 129.9, 129.1, 126.4, 123.1, 122.6, 122.2, 108.6, 53.2, 43.2, 26.1. 
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(Z)-N-(4-((1,3-dioxo-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-yl-)methyl)-benzylidene)-2-
methylpropan-2-amine oxide 

A suspension of 4-((1,3-dioxo-6-(pyrrolidin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-yl)-
methyl)-benzaldehyde (3 mmol), N-(tert-butyl)hydroxylamine hydrochloride (6 mmol), 
triethylamine (6.6 mmol) and sodium sulfate (17.6 mmol) as desiccant in 50 ml CH2Cl2 was 
stirred for 9 days at room temperature under argon. Afterwards, the mixture was filtered off 
and the solid was washed three times with 20 ml CH2Cl2 each. The organic layer was dried 
and the crude product isolated by evaporation of the solvent. Then, the orange solid was 
recrystallized from ethanol and the nitrone was purified by column chromatography (200–
400 mesh chromagel; solvent: methylene chloride/acetone/triethylamine, 12:1:0.1) in 38 % 
yield (1.14 mmol). 1H-NMR (chloroform-d, 400 MHz): δ [ppm] = 1.57(s, 9 H), 2.07 – 2.10 (m, 4 
H), 3.75 – 3.79 (m, 4 H), 5.37 (s, 2 H), 6.80 (d, 1 H, 8.80 Hz), 7.47 (s, 1 H), 7.51 (dd, 1 H, 8.56 
Hz, 7.43 Hz), 7.56 (d, 2 H, 8.56 Hz, 2 H), 8.19 (d, 2 H, 8.56 Hz), 8.41 (d, 1 H, 8.80 Hz), 8.57 (m, 
2 H). 13C{1H}-NMR (chloroform-d, 100 MHz): δ [ppm] = 164.8, 164.0, 152.8, 140.0, 133.7, 132.1, 
131.3, 130.0, 129.6, 128.8, 128.7, 123.0, 122.6, 122.5, 110.5, 108.5, 70.6, 53.1, 43.2, 28.3, 26.1. 

3.2. UV/VIS and fluorescence spectroscopy 

500 µM stock solutions of the spin traps in dimethyl sulfoxide containing 1 % C12E9 were 
employed. For fluorescence spectra the solutions were added to 25 mM phosphate buffer, 
pH = 7.2, with 1 % Triton-X 100 to a final concentration of 1 µM. To simulate photobleaching 
in the fluorescence microscope, the solutions were irradiated for three minutes with a blue 
LED light source (λ = 366 nm) and compared to samples without prior irradiation. 

3.3. Cytotoxicity 

Cytotoxicity of the spin traps was determined by the sulforhodamine assay. 170 µl of a cell 
suspension of 8000 cells/ml of Hela or MCF-7 cells were added to 20 ml of RPMI medium 
and 1 ml each was pipetted into a 24 wells plate and incubated for 48 h at 37 °C under 5 % 
CO2. After this time, the cells were incubated for another 72 h with RPMI medium 
containing 0.5 % DMSO and the spin trap at six  concentrations varying from 0 to 200 µM. 
The reaction was stopped by addition of 100 µl of 50 % trichloroacetic acid for 1 h at 4 °C 
and subsequently washed four times with cold water and then dried for 24 h at room 
temperature followed by addition of 250 µl of sulforhodamine B solution (0.4 % in 1 % acetic 
acid; Sigma, Taufkirchen). After 30 min wells were washed three times with cold water and 
another three times with 1 % acetic acid, dried for 24 h at room temperature and extinction 
measured at 570 nm after addition of 1 ml of 10 mM Tris base solution, pH 10.0. 

In case of 3 concentrations were varied from 0 to 5 µM in RPMI medium containing 0.5 % 
DMSO and 0.5 % ethanol in addition. 

3.4. Fluorescence microscopy measurements 

These were carried out using a quasi-confocal microscope (Axiovert 440 equipped with an 
ApoTome, Carl Zeiss, Jena) as previously described (Hauck et al., 2009). For corresponding 
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measurements with 3 a Nikon Eclipse E 600 confocal microscope equipped with a 
Hamamatsu ORCA-ER camera was employed. After 20 minutes of incubation with 1 µM 
spin trap and 0.5 % DMSO the cells were washed three times with RPMI medium and the 
coverslip was mounted on a chamber and put under the microscope. Imaging was achieved 
by laser excitation at 488 nm. 

To determine the half-life of fluorescence, a representative cell was defined as region of 
interest (ROI) and the evolution of average intensity of the ROI was investigated in the 
presence and absence of various inhibitors of components of mitochondrial proteins. 

4. Conclusions 

At the moment, the p-nitrostilbene-tert-butyl-nitrone (1) seems to be best suited for 
investigations of ROS formation in mitochondria. Unfortunately, the cytotoxicity of the 
coumaryl derivative (2) limits it application potential. The third molecule, 4-pyrrolidine-1,8-
naphthylimido-methylphenyl-tert-butyl-nitrone (3) still requires further detailed evaluation. 
If confirmed that it distributes fairly evenly throughout the cell it would nicely complement 
data from 1. With respect to the bioreduction leading to fluorescence recovery and time-
dependent changes in fluorescence, although reproducible, we still have to make sure that 
this was not due to an experimental artifact employing different instrumentation.  

Author details 

Stefan Hauck, Yvonne Lorat, Fabian Leinisch, Christian Kopp, Jessica Abrossinow and 
Wolfgang E. Trommer 
Department of Chemistry, TU Kaiserslautern, Germany 

Acknowledgement 

The authors thank Anneken Grün and André Karbach, Kaiserslautern, for their help in the 
syntheses as well as Dr. Lars Kästner, University of the Saarland, Homburg, for assistance 
with confocal laser microscopy and Yvonne Schmitt, Kaiserslautern, with fluorescence 
spectroscopy. 

5. References 

Berliner, L.J. (1991). Applications of in vivo EPR. In: EPR Imaging and in vivo EPR. Eaton, 
G.R., Eaton, S.S. & Ohno, Keiichi, eds. pp. 291-310. CRC Press, Boca Raton, FL, USA  

Blough, N.V. & Simpson, D.J. (1988). Chemically mediated fluorescence yield switching in 
nitroxide-fluorophore adducts: optical sensors of radical/redox reactions. J. Amer. Chem. 
Soc. 110, 1915-1917 

Bottle, S.E., Hanson, G.R. & Micallef, A.S. (2003). Application of the new EPR spin trap 1,1,3-
trimethylisoindole N-oxide (TMINO) in trapping OH· and related biologically 
important radicals. Org. Biomol. Chem. 1, 2585-2589 



 
Nitroxides – Theory, Experiment and Applications 366 

measurements with 3 a Nikon Eclipse E 600 confocal microscope equipped with a 
Hamamatsu ORCA-ER camera was employed. After 20 minutes of incubation with 1 µM 
spin trap and 0.5 % DMSO the cells were washed three times with RPMI medium and the 
coverslip was mounted on a chamber and put under the microscope. Imaging was achieved 
by laser excitation at 488 nm. 

To determine the half-life of fluorescence, a representative cell was defined as region of 
interest (ROI) and the evolution of average intensity of the ROI was investigated in the 
presence and absence of various inhibitors of components of mitochondrial proteins. 

4. Conclusions 

At the moment, the p-nitrostilbene-tert-butyl-nitrone (1) seems to be best suited for 
investigations of ROS formation in mitochondria. Unfortunately, the cytotoxicity of the 
coumaryl derivative (2) limits it application potential. The third molecule, 4-pyrrolidine-1,8-
naphthylimido-methylphenyl-tert-butyl-nitrone (3) still requires further detailed evaluation. 
If confirmed that it distributes fairly evenly throughout the cell it would nicely complement 
data from 1. With respect to the bioreduction leading to fluorescence recovery and time-
dependent changes in fluorescence, although reproducible, we still have to make sure that 
this was not due to an experimental artifact employing different instrumentation.  

Author details 

Stefan Hauck, Yvonne Lorat, Fabian Leinisch, Christian Kopp, Jessica Abrossinow and 
Wolfgang E. Trommer 
Department of Chemistry, TU Kaiserslautern, Germany 

Acknowledgement 

The authors thank Anneken Grün and André Karbach, Kaiserslautern, for their help in the 
syntheses as well as Dr. Lars Kästner, University of the Saarland, Homburg, for assistance 
with confocal laser microscopy and Yvonne Schmitt, Kaiserslautern, with fluorescence 
spectroscopy. 

5. References 

Berliner, L.J. (1991). Applications of in vivo EPR. In: EPR Imaging and in vivo EPR. Eaton, 
G.R., Eaton, S.S. & Ohno, Keiichi, eds. pp. 291-310. CRC Press, Boca Raton, FL, USA  

Blough, N.V. & Simpson, D.J. (1988). Chemically mediated fluorescence yield switching in 
nitroxide-fluorophore adducts: optical sensors of radical/redox reactions. J. Amer. Chem. 
Soc. 110, 1915-1917 

Bottle, S.E., Hanson, G.R. & Micallef, A.S. (2003). Application of the new EPR spin trap 1,1,3-
trimethylisoindole N-oxide (TMINO) in trapping OH· and related biologically 
important radicals. Org. Biomol. Chem. 1, 2585-2589 

 
Fluorescent Nitrones for the Study of ROS Formation with Subcellular Resolution 367 

Boveris, A. (1977). Mitochondrial production o superoxide radical and hydrogen peroxide. 
Adv. Exp. Med. Biol. 78, 67-82 

Bystryak, I.M., Likhtenshtein, G.I., Kotel’nikov, A.I., Hankovsky, O. & Hideg, K. (1986). The 
influence of the molecular dynamics of the solvent on the photoreduction of nitroxy 
radicals. Russian J. Phys. Chem. 60, 1679-1683 

Cadenas, E. & Davies, K.J.A. (2000). Mitochondrial free radical generation, oxidative stress 
and aging. Free Radical Biol. Med. 29, 222-230 

Dlaskova, A., Hlavata, L. & Jezek, P. (2008). Oxidative stress caused by blocking of 
mitochondrial complex I H(+) pumping as link in aging/disease vicious cycle. Int. J. 
Biochem. & Cell Biol. 40, 1792-1805 

Dröge, W. (2002). Free radicals in the physiological control of cell function. Physiological Rev. 
82, 47-95 

Farkas, D.L., Wei, M.D., Febbroriello, P., Carson, J.H. & Loew, L.M. (1989). Simultaneous 
imaging of cell and mitochondrial membrane potentials .  Biophys. J. 56, 1053-1069  

Han, D., Williams, E. & Cadenas, E. (2001). Mitochondrial respiratory chain-dependent 
generation of superoxide anion and its release into the intermembrane space. Biochem. J. 
353, 411-416 

Hauck, S., Lorat, Y., Leinisch, F. & Trommer, W.E. (2009). p-Nitrostilbene-t-butyl-nitrone: a 
novel fluorescent spin trap for the detection of ROS with subcellular resolution. Appl. 
Magn. Reson. 36, 133-147 

Heyne, B., Beddie, C. & Scaiano, J.C. (2007). Synthesis and characterization of a new 
fluorescent probe for reactive oxygen species. Org. Biomol. Chem. 5, 1454-1458 

Inoue, M., Sato, E.F., Nishikawa, M., Park, A.-M., Kira, Y, Imada, I. & Utsumi, K. (2003). 
Mitochondrial generation of reactive oxygen species and its role in aerobic life. Current 
Med. Chem. 10, 2495-2505 

Janzen, E.G. (1971). Spin trapping. Acc. Chem. Res. 2, 279-288 
Kalai, T., Hideg, E., Vass, I. & Hideg, K. (1998). Double (fluorescent and spin sensors for 

detection of reactive oxygen species in the thylakoid membrane). Free Radical. Biol. Med. 
24, 649-652 

Kim, S., de A Vilela, G. V. M., Bouajila, J., Dias, A. G., Cyrino, F. Z. G. A., Bouskela, E., 
Costa, P. R. R. & Nepveu, F. (2007). Alpha-phenyl-N-tert-butyl nitrone (PBN) 
derivatives: synthesis and protective action against microvascular damages induced by 
ischemia/reperfusion. Bioorg. Med. Chem. 15, 3572-3578 

Kohen, R. & Nyska, A. (2002). Oxidation of biological systems: oxidative stress phenomena, 
antioxidants, redox reactions, and methods for their quantification. Toxicol. Pathol. 30, 
620-650 

Leavesley, H.B., Li, L., Mukhopadhyay, S., Borowitz, J.L. & Isom, G.E. (2010). Nitrite-
mediated antagonism of cyanide inhibition of cytochrome c oxidase in dopamine 
neurons. Toxicol. Sci. 115, 569-576 

Lozinsky, E., Shames, A.I. & Likhtenshtein, G. (2000). Dual fluorophore nitroxides: Models 
for investigation of intramolecular quenching and novel redox probes. Recent Res. Devel. 
Photochem. Photobiol. 2, 41-45 



 
Nitroxides – Theory, Experiment and Applications 368 

Muller, F.L., Liu, Y. & Van Remmen, H. (2004). Complex III releases superoxide to both 
sides of the inner mitochondrial membrane. J. Biol. Chem. 279, 49064-49073  

Nieminen, A.L., Saylor, A.K., Herman, B. & Lemasters, J.J. (1994). ATP depletion rather than 
mitochondrial depolarization mediates hepatocyte killing after metabolic inhibition. 
Am. J. Physiol. Cell Physiol. 267, C67-C74 

Oodyke, D.L. (1974). Monographs on fragrance raw materials. Food Cosmet. Toxicol. 12, 385-
405 

Ouari, O., Chalier, F., Bonaly, R., Pucci, B. & Tordo, P. (1998). Synthesis and spin-trapping 
behaviour of glycosylated nitrones. J. Chem. Soc., Perkin Trans. 2, 2299-2308 

Pou, S., Bhan, A., Bhadti, V.S., Wu, S.Y., Hosmane, R.S. & Rosen, G.M. (1995). The use of 
fluorophore-containing spin traps as potential probes to localize free radicals in cells 
with fluorescence imaging methods. FASEB J. 9, 1085-1090 

Severin, F.F., Severina, I.I., Antonenko, Y.N., Rokitskaya, T.I., Cherepanov, D.A., Mokhova, 
E.N., Vyssokikh, M.Y., Pustovidko, A.V., Markova, O.V., Yaguzhinsky, L.S., 
Korshunova, G.A., Sumbatyan, N.V., Skulachev, M.V. & Skulachev, V.P. (2010). 
Penetrating cation/fatty acid anion pair as a mitochondria-targeted protonophore. Proc. 
Natl. Acad. Sci. U S A. 107,163-168 

Skehan, P., Storeng, R., Scudiero, D., Monks, A., McMahon, J., Vistica, D., Warren, J.T., 
Bokesch, H., Kenney, S. & Boyd, M.R. (1990). New colorimeric cytotoxicity assay for 
anticancer-drug screening. J. Natl. Cancer Inst. 82, 1107-1112 

Turrens, J.F. (2003). Mitochondrial formation of reactive oxygen species. J. Physiol. 552, 335-
344 

Xu, T., Zanotti, F., Gaballo, A., Raho, G. & Papa,  S. (2000). F1 and F0 connections in the bovine 
mitochondrial ATP synthase. Eur. J. Biochem. 267, 4445-4455 

Walling, C. (1975). Fenton’s reagent revisited. Acc. Chem. Res. 8, 125-131 



 
Nitroxides – Theory, Experiment and Applications 368 

Muller, F.L., Liu, Y. & Van Remmen, H. (2004). Complex III releases superoxide to both 
sides of the inner mitochondrial membrane. J. Biol. Chem. 279, 49064-49073  

Nieminen, A.L., Saylor, A.K., Herman, B. & Lemasters, J.J. (1994). ATP depletion rather than 
mitochondrial depolarization mediates hepatocyte killing after metabolic inhibition. 
Am. J. Physiol. Cell Physiol. 267, C67-C74 

Oodyke, D.L. (1974). Monographs on fragrance raw materials. Food Cosmet. Toxicol. 12, 385-
405 

Ouari, O., Chalier, F., Bonaly, R., Pucci, B. & Tordo, P. (1998). Synthesis and spin-trapping 
behaviour of glycosylated nitrones. J. Chem. Soc., Perkin Trans. 2, 2299-2308 

Pou, S., Bhan, A., Bhadti, V.S., Wu, S.Y., Hosmane, R.S. & Rosen, G.M. (1995). The use of 
fluorophore-containing spin traps as potential probes to localize free radicals in cells 
with fluorescence imaging methods. FASEB J. 9, 1085-1090 

Severin, F.F., Severina, I.I., Antonenko, Y.N., Rokitskaya, T.I., Cherepanov, D.A., Mokhova, 
E.N., Vyssokikh, M.Y., Pustovidko, A.V., Markova, O.V., Yaguzhinsky, L.S., 
Korshunova, G.A., Sumbatyan, N.V., Skulachev, M.V. & Skulachev, V.P. (2010). 
Penetrating cation/fatty acid anion pair as a mitochondria-targeted protonophore. Proc. 
Natl. Acad. Sci. U S A. 107,163-168 

Skehan, P., Storeng, R., Scudiero, D., Monks, A., McMahon, J., Vistica, D., Warren, J.T., 
Bokesch, H., Kenney, S. & Boyd, M.R. (1990). New colorimeric cytotoxicity assay for 
anticancer-drug screening. J. Natl. Cancer Inst. 82, 1107-1112 

Turrens, J.F. (2003). Mitochondrial formation of reactive oxygen species. J. Physiol. 552, 335-
344 

Xu, T., Zanotti, F., Gaballo, A., Raho, G. & Papa,  S. (2000). F1 and F0 connections in the bovine 
mitochondrial ATP synthase. Eur. J. Biochem. 267, 4445-4455 

Walling, C. (1975). Fenton’s reagent revisited. Acc. Chem. Res. 8, 125-131 

Chapter 13 

 

 

 
 

© 2012 Weiner, licensee InTech. This is an open access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Quantitative Determination of Thiol Status of 
Proteins and Cells by Nitroxyl Biradical .RS-SR. 

Lev Weiner 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/45620 

Dedicated to the memory of Leonid Volodarsky 

1. Introduction 
Sulfhydryl (thiol, SH) groups of proteins and of low-molecular weight compounds, such as 
glutathione (GSH) and cysteine (Cys) play important roles in numerous biological processes. 
In the last decades, interest in the redox state of SH groups in proteins has grown because 
thiol-disulfide exchange has been found to play an important role in protein folding and to 
influence protein stability (1-3).  

In cells, the ratio/equilibrium between oxidized and reduced forms of glutathione and 
between cysteine and cystine (main cells antioxidants) affect thiol balance and redox status 
of cells and proteins (4). In general, spectroscopic and chromatographic methods are used 
for quantitative determination of low-molecular thiols and sulfhydryl groups in proteins. 
Optical methods are employed to detect absorption or fluorescence, which appears on 
results of interaction between reagents and free SH groups. However, samples must be 
optically transparent, so preliminary homogenation and centrifugation of biological samples 
and other procedures are necessary (4). Chromatographic methods, especially HPLC (4), 
cannot be used for express analysis of thiol status of biological samples.  

Among the optical methods for determining the free thiol groups the method proposed by 
Ellman (5) is definitely in the first place. This approach is based on the thiol-disulfide 
exchange reaction between the disulfide containing reagent (5,5'-dithiobis-(2-nitrobenzoic 
acid, DTNB), ES-SE, and the free thiol, SH-T: 

 ES-SE + SH-T  ES-ST + ES- (1) 

The resulting product, mono-thiol, ES-, has a characteristic optical spectrum (λmax= 412 nm) 
with a known extinction coefficient, ε=14 150 M-1cm-1. It is the simplicity of this method that 
has determined its widespread use (more than 13,500 citations for 50 years!). However, this 

© 2012 Weiner, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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method suffers from all the drawbacks typical for other optical methods: the impossibility of 
measuring in a colored, scattering, and turbid media, i.e. in real biological systems. In 
addition, the sensitivity of this method is often insufficient. 

In 1987 we had a project including reversible modification of SH-group in NADPH-
cytochrome P-450 reductase. We decided to get a paramagnetic analogue of the Ellman 
reagent, stable nitroxyl biradical, containing disulfide bond (6). We hoped that, if successful, 
the biradical would enter the free thiol/biradical thiol-disulfide exchange reaction, which 
could be followed by ESR. Our colleagues, Vladimir Martin and Tatyana Berezina from the 
team of Prof. Leonid Volodarsky (Institute of Organic Chemistry, Novosibirsk), synthesized 
biradical for the task (6,7) 

In contrast to the known at that time disulfide containing spin label, [(1-Oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl) methanethiosulfonate],MTSSL, (8), our biradical allowed us 
to kill two birds with one stone: (a) to measure the kinetics of chemical modification of 
available SH groups in the protein (by appearance of free radical in solutions) and (b) using 
a traditional technique, i.e. gel- filtration or dialysis, to get the spin-labeled protein after 
incubation with our probe.(See eq.2 and Fig. 1)) 

 
Figure 1. ESR spectra of biradical and its reaction products. (A) – the monoradical formed on a reaction 
with low-molecular weight thiol or free SH group in the protein and (B) - the immobilized radical 
formed on a reaction with protein-linked SH group. 

This approach combines advantages of the methodology developed by Ellman (5) that 
makes use of thiol – disulfide exchange reaction (see eq. 1) and of ESR, that provides high 
sensitivity and possibility of carrying out work in colored and/or turbid and scattering 
media, such as cells, tissue culture, blood, etc. 

2. Use of SNRs for determination of Thiol status in cells 
For this purpose the symmetrical biradical containing disulfide bond, bis(2,2,5,5-
tetramethyl-3-imidazoline-1-oxyl-4-il)-disulfide, .RS-SR. was synthesized:  
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The observed ESR spectrum of .RS-SR. is typical for symmetrical biradical with intermediate 
character of exchange between two unpaired electrons (9) (see fig.2A). 

In the presence of a free thiol group the reaction of thiol-disulfide exchange takes place: 

    RS - SR + HS - A RS - SA + R - SH   (2) 

   RS - SA + HS - A AS - SA + R - SH  (3) 

 
Figure 2. The effect of GSH on ESR spectra of .RS-SR. (100 μM) in PBS, pH=7.5. Spectra A, B, C were 
carried out at: gain 5x104, modulation amplitude 1 G, microwave power 10 mW; Spectrum D- gain 
3.2x103, modulation amplitude 1 G, microwave power 10 mW. 
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The exchange integral, J, was estimated: J = 3.6 aN (9,10). The absence of any change in the 
ESR spectrum up to 80oC can be interpreted in terms of existence of a single average 
conformation of .RS-SR. in solution.  

Figure 2 shows the effect of reduced glutathione, GSH, on the ESR spectrum of .RS-SR. : 
with increasing GSH concentration, the biradical spectral components (1,2,3,4,5,6,7,8,9) 
decrease with simultaneous increase of monoradical components (1’,2’3’). Thus nine 
broadened components of biradical decrease with concomitant appearance of three narrow 
components of two monoradicals as a result of the sequential reactions:  

Note that the integral intensity of the ESR spectrum of .RS-SR. remains unchanged. The 
peak intensities of the monoradical components (.R-SH) resulting from reactions (2,3) are 
about 17-fold higher than those of the corresponding biradical components (whose position 
in the field coincides with that of monoradicals). These phenomena provide the physical 
basis for the proposed method.  

Four reviews give a detailed description of the physical and chemical background for the 
practical use of the biradical .RS-SR. for thiols meaurements (10-13).  

The proposed methodology allowed quantitative assessment of glutathione concentrations 
in mouse erythrocytes (7), in hamster ovary cells (10,14 ) and various types of malignant 
cells (15,16). .RS-SR. is a hydrophobic molecule and , therefore, can easily cross biological 
membranes and penetrate into cells. 

In contrast to conventional methods, our approach is non-invasive and suitable for work 
with intact cells and tissues. It is also extremely sensitive, permitting determination of GSH 
concentrations in as few as 100 cells (11,14). The method was also used successfully to 
measure GSH in an isolated reperfused heart (11). Using the biradical .RS-SR. in conjunction 
with the spin trap DMPO, we were able to demonstrate that the efficacy of oxygen radical 
generation, stimulated by redox active quinones, correlated with GSH levels and the 
induction of expression of GSH transferase in cancer cells (15,16). The biradical method was 
also successfully applied to the monitoring of GSH levels in cancer cells treated with allicine, 
an active component of garlic, which can arrest the proliferation of cancer cells (17).  

The biradical method was also used for direct determination of the catalytic activity of 
acetylcholinesterase in homogenates of the heads of individual larvae of the bollworm 
Heliothis armigera, following the rate of hydrolysis of acetylthiocholine by monitoring 
reduction of biradical by the thiocholine produced , according to eq.2(10,18).  

Note that synthesis of new disulfide containing SNR is still in progress (19,20). Using the new 
disulfide containing biradical, the glutathione level (by L-band ESR spectrometer) in tumors 
in nude mice was measured. This “improved” biradical contains N-15 where deuterium 
substitutes for hydrogen atoms. This approach enhances the method sensitivity (20). 

3. Determination of availability of Thiol groups in proteins  

Traditionally, both alkylation and acylation spin labels have been used for chemical 
modification of proteins using SNRs. After incubation of nitroxyl radical with protein, the 
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modified protein is separated from the free SNR by gel filtration, dialysis or precipitation. 
The use of biradical .RS-SR. permits direct measurement of the rate of protein modification 
by the monitoring the appearance of the free monoradical, .R-SH, in solution, (Fig. 1,eq. 2) 
thereby providing “visible” information about the rate of thiol-disulfide reaction (eq. 2) and, 
consequently, about the availability of the thiol group in the protein. 

3.1. ESR study of the alcohol dehydrogenase free SH groups 

Figure 3 illustrates the kinetics of chemical modification of the thermophilic alcohol 
dehydrogenase from Thermoanaerobacter brockii (TBADH) by biradical .RS-SR. (10, 21). The 
high reaction rate suggests that when modified, the free thiol group is highly accessible. 
Modification of TBAD by [2-14C] iodoacetic acid and identification of the labeled peptide 
indicated that the thiol group labeled was that of Cys 203. In the presence of coenzyme, 
NADP+, the rate of modification falls (Fig.3, line C) providing evidence that NADP+ interacts 
with Cys 203. The kinetics of chemical modification of TBADH after removal of Zn2+ from its 
active site by treatment with phenanthroline were almost two-fold higher than for the native 
enzyme (Fig.3, curve B). As follows from HPLC analysis of the radio-labeled peptide in apo-
TBADH, Cys 37, which serves as a ligand for Zn2+ in the active site, is available for 
modification. Using apo-TBADH double-labeled at both Cys 203 and Cys 37 with biradical,  

 
Figure 3. Kinetics of modification of TBADH by biradical .RS-SR. . The peak intensity of the 

monoradical component, .R-SH (released to solution as a result of reaction between biradical and 
TBADH (see eq.2)) was monitored. A- native TBAD; B-apo-TBAD; C-TBADH in the presence of NADP+; 
D-TBADH pretreated with p-chloromercury benzoate. (from ref. 21) 



 
Nitroxides – Theory, Experiment and Applications 374 

we were able to estimate the distance between radicals covalently bound at these two 
cysteines (r~ 10 Å). Later, our colleagues in Weizmann Institute obtained an X-ray structure 
of TBADH at 2.5 Å resolution (22). The 3D structure has revealed that Cys 203 is indeed a 
surface residue which is occluded by the coenzyme NADP+ (Fig.4) 

 
Figure 4. Representation of the monomer of TBADH (PDB entry 1ykf). Individual residues are 
represented as spheres colored in yellow, the NADP+ cofactor and Cys 203 are colored in cyan (left) and 
green (right), respectively. 

3.2. ESR study of the alliinase’s SH groups 

Alliinase (Cys sulfoxide lyase, alliin lyase, C-S lyase; EC 4.4.1.4) from garlic (Allium 
sativum) is an enzyme that uses pyridoxal-5’-phosphate (PLP) as a cofactor to catalyze the 
conversion of a nonprotein amino acid alliin , Sally cysteine Sulfoxide, to allicin (diallyl 
thiosulfinate), pyruvate, and ammonia, as shown in the following scheme: 

 
Scheme 1.  

Allicin, a product of the enzymatic reaction of alliinase with alliin, is a well-characterized, 
biologically active compound of garlic. It is responsible for the pungent odor and for a 
variety of biological effects attributed to garlic preparations, including antimicrobial, 
anticancer, antiatherogenic, and other activities (23, 24)  
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Incubation of native alliinase either with 4,4’-dithiodipyridine (DTP) or with 5,5’-dithio-bis-
(2-nitrobenzoic acid) (Ellman reagent) in the presence of 6M guanidine- HCl provided 
evidence for the existence of two free cysteine residues in the alliinase molecule.  

To identify the free cysteine residues, alliinase was modified by treatment with N-(4-
dimethylamino-3, 5-dinitrophenyl) maleimide (DDPM) and digested with trypsin, 
chymotrypsin or pepsin (27). Peptides in digests containing the nitrophenyl chromophore 
were separated and detected on a 360- nm absorbance profile using reversed-phase HPLC. 
By analyzing the trypsin and chymotrypsin digests, we were able to identify a single (but 
different) Cys-containing peptide in each case. In the case of trypsin, it was a peptide 
containing a sequence with Cys220, and in the case of chymotrypsin the peptide contained 
the sequence with Cys350 (27). Treatment with pepsin made it possible to identify both of 
these free cysteine residues simultaneously in one digest. These experimental findings 
(predating the alliinase structure determination) provided direct confirmation that the two 
free thiols in the alliinase molecule (27).  

Using ESR spectroscopy, we examined the availability of the free —SH groups of alliinase 
for chemical modification with the disulfide containing biradical .RS-SR. (27). The rate of the 
thiol–disulfide exchange reaction was monitored by ESR assay of the monoradical •R—SH 
released in this reaction, according to Eq. 2. 

Figure 5 shows the increase in peak intensity of the ESR signal for the reaction between 
the biradical and the native alliinase. These data demonstrate that the kinetics of 
modification occur at two different rates. Pretreatment of alliinase with p-chloro mercury 
benzoate dramatically inhibited the modification kinetics (data not shown). Figure 6 
shows the ESR spectrum of alliinase modified by the biradical (after 5 h of incubation 
followed by removal of the excess reagent by gel filtration) at 120 K. This spectrum is 
typical of a nitroxyl stable radical in a frozen solution. The degree of modification 
obtained by double integration of the ESR spectrum was 1.61 ± 0.15 per subunit of 
alliinase. To estimate the distance between two labeled cysteine residues, we used the 
empirical parameter d1/d (see Fig.6), which characterizes the dipole–dipole interaction 
between unpaired electrons of two nitroxyl groups, as proposed by Kokorin et al (28) and 
commonly used to estimate the distance between two radicals covalently bound to 
proteins (29, 30). In the absence of dipole–dipole interactions between the radicals, a value 
d1/d < 0.4 is expected. The value obtained for d1/d obtained in our experiment was 0.38, 
and the distance between the labeled cysteines Cys 220 and Cys 350 was estimated to be 
larger than 22 Å. 

Alliinase has been crystallized and its three-dimensional structure solved (25-27). The 
enzyme is a homodimeric glycoprotein belonging to the fold-type I family of PLP-
dependent enzymes. 

As shown earlier with biochemical methods, the enzyme subunit contains two free thiols: 
Cys220 in the PLP-binding domain 2 and Cys350 in the C-terminal part of domain 1 (C7 and 
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C8, respectively) (Figs7 and 8) located relatively far from the active site and from the 
substrate-binding area. As shown in Figure 8(A), Cys220 is located on the surface of the 
alliinase molecule, while Cys350 is in a more buried location but is still water-accessible. The 
free thiol groups of Cys220 and Cys350 have different relative orientations with respect to 
each other (Fig. 8B), which might affect their chemical modification rates by .RS-SR. (see Fig. 
5). Distances between all the cysteines involved in disulfide bonds and the free thiols in the 
alliinase dimer range between 15 and 68 Å, and do not allow rearrangement of disulfide 
bonds in the native state. 

 

 
Figure 5. Kinetics of the nitroxyl biradical modification of alliinase. Peak intensity of the ESR spectrum 
of the monoradical (.R-SH) component that was released into solution as a result of the thiol–disulfide 
exchange between SH groups of alliinase and the biradical .RS-SR. (see eq. 2) (from ref. 27) 

 

 
Figure 6. ESR spectrum of the alliinase-biradical conjugate. The conjugate (12 μM) was measured in a 
PBS/glycerol (70/30) mixture at 120 K. ESR conditions: microwave power, 10 mW; modulation 
amplitude, 1.25 G; 
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of the monoradical (.R-SH) component that was released into solution as a result of the thiol–disulfide 
exchange between SH groups of alliinase and the biradical .RS-SR. (see eq. 2) (from ref. 27) 

 

 
Figure 6. ESR spectrum of the alliinase-biradical conjugate. The conjugate (12 μM) was measured in a 
PBS/glycerol (70/30) mixture at 120 K. ESR conditions: microwave power, 10 mW; modulation 
amplitude, 1.25 G; 
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Dimeric structure of alliinase is depicted in the illustration. Yellow and magenta indicate monomers A and B, 
respectively. Pyridoxal-5’-phosphate groups are shown as red spheres. The dimer is rotated 1800 around a vertical axis 
with respect to A. Free cysteines are shown as green spheres 

Figure 7. Distribution of cysteines in a monomer of alliinase from garlic (Allium sativum). (from ref. 27) 

4. Reversible modification of Thiol groups in proteins 

Free thiol groups, whether intrinsic or introduced by site-directed mutagenesis are 
convenient targets for introduction of stable nitroxyl radicals, SNRs, into proteins. Now, this 
approach, named site directed spin labeling is very popular, because it can give information 
about structure (mobility) of different parts of the protein globule (31-33). “Classical” SNRs 
used for modification of thiol groups, such as NR-labeled derivatives of iodoacetamide and 
maleimide, yield strong covalent S-C bonds which do not permit release of the spin label 
from the protein. Chemical modification using a disulfide-containing SNRs permits 
subsequent demodification by a low-molecular weight thiol such as mercaptoethanol, 
reduced glutathione, cysteine or dithiothreitol. Such demodification, performed in 
conjunction with simultaneous measurements of activity and of structural characteristics, 
allows evaluation of the contribution of the group modified to the stability and 3D structure 
of the protein studied. Berliner et al. (8) used the spin label MTSSL, for reversible chemical 
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modification of Cys 25 in papain. We made use of biradical .RS-SR. for the reversible 
chemical modification of NADPH-cytochrome P-450 reductase from rat liver (6,34), human 
hemoglobin (7), Torpedo californica acetylcholinesterase (TcAChE) (35-37), TBADH (10,21) 
and allinase from garlic (27). 

 
Figure 8. Free thiols of alliinase. (A) Relative locations of Cys220 and Cys350 (green) on the surface of 
the alliinase monomer. (B) Respective orientations of CysS220 and Cys350 relative to A. (from ref. 27) 

4.1. Acetylcholinesterase from Torpedo Californica (TcAChE) 

Cys 231, a deeply buried residue in TcAChE, was modified by biradical (eq.4) to yield a 
catalytically inactive species, even though it is not involved in the active site of the enzyme, 
which is a serine hydrolase (35-37).  

  (4) 

  (5) 
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Demodification of spin labeled protein by GSH (see eq.5), with concomitant release of the 
free monoradical spin label, done by ESR control, did not result in recovery of enzymatic 
activity. The use of a wide repertoire of physicochemical and biochemical techniques 
subsequently established that both the modified and demodified enzymes had assumed a 
partially unfolded, molten globule, MG, conformation (38,39). In such cases, where the 
chemical modification induced unfolding of the protein, there was a concomitant complete 
disappearance of ellipticity in the near-UV of the CD spectrum (λmin = 280 nm), red shift of 
the maximum of intrinsic fluorescence spectrum (333 nm  341 nm) and enzyme 
inactivation. However, changes of the secondary structure were very modest (35). Chemical 
modification Cys 231 by organo-mercurials nitroxyl radical: (2,2,5,5-Tetramethyl-4-[2-
(chloromercuri)phenyl]-3-imidazoline-1-oxy1 (HgR.) and the natural thiosulfinate, allicin 
(see sheme 1), transforms TcAChE to a quasi-native (N*) state (36,40). Note, that 
modification by HgR. and allicin was also reversible and modified AChE was demodified by 
treatment with reduced glutathione (eq 5). Demodification of the organomercurial (or 
allicin) modified enzyme with GSH shortly after modification leads to regeneration of the 
physicochemical characteristics of the native enzyme as well as to TcAChE reactivation. The 
modified enzyme in N* state is, however, metastable, and is converted spontaneously and 
irreversibly, at room temperature, with t1/2   100 min, to an MG state. Using the developed 
approach we were able to describe the conformational states of TcAChE, transitions between 
these states (N- native, U-unfolded state), stimulation transition to MG state by biological 
membranes (41,42) as well as stabilization of N and N* states by chemical and 
pharmacological chaperons (40,43) 

N  N*  MG  U  

Scheme 2.  

4.2. TBADH and NADPH-cytochrome P-450 reductase 

Chemical modification of both TBADH and NADPH-cytochrome P-450 reductase by 
biradical .RS-SR. (6,10,21,34)) also led to their inactivation (see Fig. 9) 

However, in both cases removal of the bound spin label by treatment with the free thiol 
according to eq,5, resulted in immediate reactivation (Fig. 9). Spectroscopic measurements 
showed that modification had changed neither the tertiary nor secondary structure of the 
proteins and could be protected by affine inhibitor NADP+ . 

4.3. Alliinase from garlic (Allium sativum) 

We have shown recently that modification of Cys 220 and Cys 350 of alliinase with .RS-SR. 
does not change its enzymatic activity (27). In this case chemical modification of both free 
cysteine residues was found to leave both the secondary and the tertiary structure of the 
enzyme unchanged. This might be attributable to the marked thermodynamic and structural  
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Figure 9. Influence of NADP+ and DTT on effect of biradical .RS-SR. on TBADH activity. Enzyme was 
incubated with the biradical without (closed circles) and with (open circles) NADP+. DTT was 
introduced at 10 min (shown by arrow). (from ref. 21) 

stability of alliinase, as well as the relatively long distances from modified free cysteines to 
the active center of the enzyme (see fig 7). This experimental finding permits one to use 
cysteines of alliinase for covalent binding with antibodies for targeted delivery of enzyme 
and for site-specific allicin generation to inhibit cancer cells proliferation (44,45).  

 
Figure 10. ESR spectrum of Alliinase-radical conjugate. Protein concentration was 13 μM in 10 mM PBS 
buffer, pH7.6. (A) - ESR spectrum of modified protein, ESR conditions: microwave power 10 mW; 
modulation amplitude 1 G; gain 2x105. (B)- ESR spectrum of sample (A) 4 min after addition of 0.2 mM 
of glutathione. ESR conditions were the same as in (A), but the gain was 3.2x104. 
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5. Conclusions 

For quantitate determination of sulfhydryl groups in low molecular weight compounds and 
proteins the symmetrical biradical containing disulfide bond, bis(2,2,5,5-tetramethyl-3-
imidazoline-1-oxyl-4-il)-disulfide, or .RS-SR. , was synthesized. The biradical, .RS-SR. 

permits quantitative determination of glutathione and cysteine in biological systems ( ‘thiol 
status’) by use of ESR. Note that any routine CW ESR spectrometer can be used for the 
measurements! This non-invasive express method has very high sensitivity: possibility of 
measuring < 10-12 mol of SH groups in a sample. Thus, concentrations of glutathione and 
cysteine in living cells were determined under physiological conditions, as well as in cells, 
including cancer cells, treated by pro-and anti-oxidants.  

Different from the traditional spin label method, the .RS-SR. usage makes it possible to 
assess the rate of modification of SH groups in proteins (availability) and the influence of 
substrates, inhibitors, coenzymes, other proteins, artificial and biological membranes, pH, 
etc. in direct experiments. Modification of SH groups in proteins by .RS-SR. is reversible, 
which permits application of this approach, coupled with site directed spin labeling, for 
evaluation of stability and unfolding of proteins and different parts of the protein globule. 
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1. Introduction 

Nitroxyl radicals (NRs), which are sometimes called "organic nitrogen oxides” exhibit a 
wide range of biological activities, e.g., hemodynamic effect, protection against ionizing 
radiation, suppression of oxidative stress in different types of pathology (Soule et al., 2007; 
Wilcox, 2010). Already in early studies of the simplest NRs, their antitumor activity was 
demonstrated on a model tumor, leukemia La (Konovalova et al., 1964) and their 
cytotoxicity was shown for HeLa cells (Klimek, 1966). Subsequent studies included: 1) in-
depth studies of antitumor activity of simple NRs (TEMPOL, TEMPO), 2) trials of 
therapeutical efficiency of NRs used in combination with the clinically approved anticancer 
drugs, and 3) synthesis and studies of hybrid compounds with NRs covalently bound to 
anticancer pharmacophores. Recent studies have shown that simple nitroxyls affect the cell 
viability through a redox-mediated signaling and induce a multifactor cell death response, 
including oxidative damage, cell cycle arrest and apoptosis (Gariboldi et al., 1998; 2000; 
2003; Suy et al., 2005). 

Nitroxide TEMPOL potentiates the cytotoxicity of doxorubicin in the culture of tumor cells 
with multidrug resistance (Gariboldi et al., 2006), and reduces its cardiotoxicity in rats 
(Monti et al, 1996). Combinations of low doses of nitroxyl TEMPO and doxorubicin or 
mitoxantrone exhibit additive or synergistic cytotoxicity, depending on the type of the 
tumor cells (Suy et al., 2005). In experiments on mice, nitroxyls at low doses (0.25–10 mg/kg) 
were shown to decrease toxicity of anticancer drugs substantially (Konovalova et al., 1991). 

A considerable amount of research has been carried out on hybrid compounds containing 
NRs linked covalently to an anticancer pharmacophore. Nitroxyl derivatives of 
(thio)phosphamides (Shapiro et al., 1971; Emanuel et al., 1976; Sosnovsky & Paul, 1984; 
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Sosnovsky & Li, 1985a), cyclophosphamide (Tsui et al., 1982), actinomycin D (Sinha et al., 
1979), ethylenimino triazines (Emanuel & Konovalova, 1992), nitrosoureas (Raikov et al., 
1985; Sosnovsky & Li, 1985b; Emanuel et al., 1986; Sen', 1993), 5-fluorouracil (Emanuel et al., 
1985; Sen' et al., 1989), daunorubicin (Emanuel et al., 1982) were synthesized and studied. In 
comparison with the parent compounds, nitroxyl derivatives of the cytostatic drugs possess 
lower overall toxicity in animal studies and higher values of the half inhibitory concentrations 
IC50 in cell cultures. At the same time, they exhibit higher chemotherapeutic indexes (are 
effective in a wider range of doses) and, in the cases studied, are characterized by fewer side 
effects. For example, ruboxyl, a nitroxyl derivative of daunorubicin, is 8-fold less toxic to 
mice than the parent compound. At optimal doses, ruboxyl is more effective in experimental 
animal tumors and has no cardiotoxicity (Emanuel et al., 1982, 1992). After a successful 
phase II clinical trials (1991), its further study was interrupted due to financial problems.  

Over the past 30 years, platinum complexes occupy leading positions among drugs for 
cancer chemotherapy. The antitumor activity of cisplatin (CP) was discovered in 1960s, and 
in 1978 it was approved for clinical use (Kelland, 2007). The subsequent search for improved 
cisplatin analogues resulted in introduction of carboplatin (1989) and oxaliplatin (2002) into 
clinical practice. About 15 other complexes, for various reasons, have been rejected in 
clinical trials. Currently, JM216 (satraplatin), picoplatin, and nanopolymer ProLindac, 
bearing the oxaliplatin moiety, are subject to clinical trials (Wheate et al., 2010) (Fig. 1). 

 
Figure 1. Platinum anticancer drugs which are in clinical use and undergoing clinical trials. 

Cisplatin and other bivalent platinum complexes are effective against a number of human 
tumors. They are used in almost half of the treatment regimes in combinations with other 
anticancer drugs (Wheate et al., 2010). Complexes of bivalent platinum are highly reactive 
and, therefore, they are highly toxic drugs. To avoid acute toxicity, cisplatin is administered 
by continuous infusion of a very dilute solution (Blokhin & Perevodchikova, 1984). Another 
disadvantage of cisplatin is a rapid development of tumor resistance to this drug (Koeberle 
et al., 2010). 

Complexes of Pt(IV), being chemically more inert than Pt(II) complexes, are characterized by 
moderate toxicity, and are suitable for oral administration. Complexes like satraplatin can 
pass through the digestive tract where they are absorbed into the bloodstream. With the 
bloodstream they reach organs and tissues, interact with cellular targets, and thus provide 
an antitumor effect (Kelland, 1999). Complexes of Pt(IV) are prodrugs (drug precursors) 
that, after entering into the cell or on the way to it, are reduced to corresponding active Pt(II) 
derivatives causing cytotoxic effect. At the same time, Pt(IV) complexes are potent inhibitors 
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of proliferation of tumor cells including those resistant to cisplatin. Recent advances in the 
study of anticancer platinum amino complexes are summarized in a number of reviews 
(Kelland, 2007; Wheate et al., 2010; Klein & Hambley, 2009; Koeberle et al., 2010; Bonetti et 
al., 2009). 

This review focuses mainly on the authors’ data on synthesis and studies of new highly 
active platinum compounds with low toxicity, viz, Pt(II) and Pt(IV) complexes with 
biologically active aminonitroxyl radicals. In addition to biological activity, the advantage of 
such compounds is their paramagnetism which gives an opportunity to use them as spin 
labels in the study of the mechanism of antitumor action. The work involved the synthesis 
of platinum-nitroxyl complexes (PNCs), studies of their structure, physico-chemical 
properties and interactions with the main target, DNA. Studies of cytotoxic properties of 
PNCs, their impact on cell cycle and cell death were carried out using in vitro cultured 
tumor cells. Studies of antitumor activity, development of the tumor resistance, and 
synergistic antitumor effects of combinations of new complexes with cisplatin were 
performed in animal model tumor leukemia P388. 

2. Synthesis of PNCs 

2.1. Pt(II) complexes 

Most of platinum complexes with high antitumor activity are non-ionic compounds with the 
cis-arrangement of the amino ligands (Hambley, 1997) (Fig. 1). Synthesis of complexes with 
two identical amino ligands or one diamino ligand is similar to the synthesis of cisplatin and 
is generally outlined in Fig. 2. 

 
Figure 2. Synthesis of Pt(II) cis-diamino complexes. 

To achieve good yields, diiodo complexes cis-[Pt(RNH2)2I2] were prepared in the first step of 
the synthesis. The diiodo complexes were then converted to the target complexes by 
exchange reaction via water soluble dinitrato complexes (Fig. 2) (Dhara, 1970). 

Complexes with two bulky amino ligands, such as compounds 1 (see Fig. 4), poorly bind to 
the DNA target (Section 3). Presumably, this is the main cause of their weak antitumor 
activity. The search for the active complexes led to the development of synthesis of mixed-
ligand cis-diamino complexes containing only one bulky aminoligand (Giandomenico et al., 
1995). The key intermediate in this synthesis is the salt K[Pt(NH3)Cl3], which can be obtained 
in several ways (Oksanen & Leskela, 1994; Oksanen, 1997; Potucka et al., 2011). The 
described method (Giandomenico et al., 1995) was modified by us for the preparation of 
PNCs with general formulae 2 and 3 (Fig. 3, 4). 
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Figure 3. Synthesis of mixed amine complexes of platinum (II) (R – nitroxyl radical). 

 
Figure 4. Platinum(II) amino nitroxyl complexes. 

The formulae of complexes obtained are shown in Fig. 4 (Sen' et al., 1996, 1998, 2000). Two 
biradical complexes of type 1 were synthesized previously (Mathew et al., 1979; Claycamp 
et al., 1986). For the preparation of compounds of general formula 4, which are structural 
analogues of oxaliplatin, we synthesized the first nitroxyl with two vicinal amino groups, 
trans-3,4-diamino-2,2,6,6-tetramethylpiperidine-1-oxyl (Sen', 1989). Binuclear complex 5b 
was also obtained based on this radical. 

2.2. Pt(IV) complexes 

Complexes of Pt(IV) with mixed amino ligands can be obtained only by oxidation of the 
Pt(II) precursors. According to the published method (Giandomenico et al., 1995), the 
starting Pt(II) complexes 6 are oxidized with an excess of H2O2 under relatively harsh 
conditions (70 °C, ≥ 2 h). Under these conditions, the oxidation of Pt(II)-nitroxyl complexes 
leads to the formation of significant amount of by-products, probably as a result of 
oxidation of nitroxyl radical by Pt(IV) at elevated temperature. We found that catalytic 
amounts of salts of tungstic acid strongly accelerate the reaction so that preparative 
oxidation under mild conditions (0 – 20 °C) is limited only by the rate of dissolution of the 
starting complex and takes from 0.5 to 2.5 hours.  
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Figure 5. Synthesis of platinum(IV) complexes, R - nitroxyl radical, R '- carboxylic acid residue. 

This significantly increases the reaction selectivity and the yield of the target products. trans-
Dihydroxo complexes 7 resulted from the oxidation are of interest themselves. Their 
acylation with organic acid anhydrides leads to the trans-dicarboxylate derivatives 8 (Fig. 5) 
(Sen' et al., 2003, 2006). 

The method described allows one to introduce different amines and exchange the so-called 
leaving X-ligands at the step of preparation of Pt(II) complexes (Fig. 3) and incorporate 
various carboxylate ligands with the alkyl residue R' of different length at the final step (Fig. 
5). Thus, we can obtain the amino complexes of Pt(IV), which differ in chemical activity, 
solubility in water and aqueous-lipid distribution. The formulae of Pt(IV) complexes are 
shown in Fig. 6. 

 
Figure 6. Platinum(IV) amino nitroxyl complexes. 

The structure of PNCs was proved by elemental analysis and spectroscopic data (Sen' et al., 
1996, 1998, 2000, 2003, 2006). For complexes 2b, 4d, and 10a, the structures are determined 
by X-ray crystallography (Sen' et al., 2000, 2003; Chekhlov, 2005). 

3. Interaction of PNCs with DNA 

Reactivity of Pt(II) diamine complexes 4 depends strongly on the nature of leaving X-
ligands. Pseudo-monomolecular rate constants for X-ligands hydrolysis in complexes 4c, 4d, 
cisplatin, and 4e at 25 °C in 0.08 M NaOH are > 10–2, 1.2·10–4, 1.9·10–5, and 2.9·10–7 s–1, 
respectively, i.e., differ by five orders of magnitude (Shugalii et al., 1998). Therefore, the 
reaction of complexes with S- or N-donor groups can proceed either through the step of 
preliminary hydrolysis with the formation of an active intermediate aqua complex (Fig. 7, 
path A), or by the direct substitution of the X-ligands (path B). 
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Figure 7. Reaction of Pt(II) complexes with nucleophilic atom Nu of a target molecule. 

For relatively easily hydrolyzable complexes, including cisplatin, the reaction proceeds 
through the path A (Alderden et al., 2006), but for complexes of type 4e (X + X' = cyclobutane 
dicarboxylate) there is an evidence for direct substitution of the X-ligands by N-donor 
groups (Frey, 1993). 

It is known that cisplatin and its analogues bind mainly to the guanine and adenine bases of 
DNA with the formation of cross-links, thus perturbing the structure of DNA (Kelland, 
2007; Wheate et al., 2010). Analysis of the EPR spectra of DNA modified with PNCs, 
together with hydrolytic determination of platinated DNA bases, showed (Shugalii et al., 
1998) that complexes 30b and 4d form predominantly ( 95%) bidentate intrastrand adducts 
with DNA. In adducts formed by both complexes, the rotation of the nitroxyl radicals is 
equally slow (Fig. 8) (correlation time τ ~ 10–8 s–1). 

 
Figure 8. EPR spectra of free 4d in water (a) and ethanol (d), and DNA modified by 4d (b, e), and 30b (c, 
f) in aqueous 0.01 M NaHCO3 at Pt-to-nucleotide ratio r =0.16, 37C, 24 h. Spectra were recorded at 
magnetic modulation 0.32 mT, microwave power 5 (20C) and 0.5 mW (–196C), field scan 20 mT, scan 
time 8 min, time constant 1 s. 
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This result can be explained by immobilization of the radical moiety in the major DNA 
groove for the complex 30b adducts, and by the immobilization and/or by rigid structure of 
the double bound radical moiety in adducts formed by complex 4d. Adducts formed by 
complexes 31b and 32c whose radical moiety is separated from the Pt atom by the methylene or 
ethylene bridge, are characterized by an order of magnitude lower values of the parameter τ. 
Presumably, this phenomenon is related to partial release of nitroxyl moiety from relatively 
shallow major groove of DNA, which increases its rotational mobility (Sen’, 2002). 

Exciting opportunities for the instrumental use of PNCs were shown by Dunham et al., 
1998. An adduct of 30a complex with synthetic DNA fragment containing 11 base pairs was 
synthesized. Its structure in solution was determined by NMR based on the dependence 
between paramagnetic broadenings of protons of DNA bases and distances between bases 
and nitroxyl radical. Formation of the adduct was proved to result in the bending of DNA 
molecule that forms the angle ~80° with respect to the major groove, whereas the minor 
groove becomes strongly broaden. 

The ability of complexes 1 – 5 to bind to the isolated DNA in vitro was determined under 
standard conditions and characterized by a parameter r, which is equal to the number of 
linked labels per one nucleotide. In the series of complexes with the same amino ligand 4c—
e, parameter r grows with the increase in the rate of hydrolysis of X-ligands. Platinating 
activity of compounds with different amino ligands depends on the total volume of these 
ligands and/or their linear sizes. Bulky biradical complex 1c and complexes 31b and 32c, 
whose sizes are enlarged due to a methylene or ethylene bridge, bind to DNA 5 to 10 times 
less efficiently than cisplatin or complexes 4c, d (Fig. 9). 

 
Figure 9. Relationship between the platinating activity (r) and specific destabilization of the DNA 
duplex (Tm) for PNCs. The platination of DNA was carried out in 0.01 M NaHCO3 over a period of 24 h 
at 37 C at the initial molar ratio rin = 0.1. 

Ordinates in Fig. 9 are the values of specific destabilization of the DNA duplex, Tm, that 
corresponds to the decrease in the DNA melting temperature due to formation of one 
adduct per 100 nucleotides. These values were calculated according to the formula 
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Tm=(Tm′ – Tm)/100r, 

where Tm and Tm′ are the melting points for unmodified and platinated DNA, respectively. 
The data in Fig. 9 show that the low-activity complexes (with low r–values) cause the 
greatest disorder in the DNA duplex. Presumably, adducts of these complexes are readily 
recognized by the repair machinery. This is in agreement with the data on low antitumor 
activity of such complexes (see below). The binuclear complex 5b stabilizes DNA due to a 
predominant (~70%) formation of the interstrand crosslinks interfering with the thermal 
dissociation of the DNA duplex. It is interesting that bi- and trinuclear platinum amino 
complexes exhibit cytotoxic properties different from that of mononuclear ones, in 
particular, the former are active against cisplatin-resistant cells (Farrell et al., 1999). 

4. Cytotoxicity of PNCs in tumor cell cultures 

A simplified mechanism of cytotoxic effect of cisplatin and its analogs includes the transport 
of the complexes into the cell, their activation by the hydrolysis of leaving ligands (Cl—, 
carboxylates), penetration into the nucleus, and formation of adducts with DNA (Kelland, 
2007; Wheate et al., 2010). The DNA lesions are either repaired, or initiate a complex process 
of programmed cell death, i.e., apoptosis. In addition, it is known that cisplatin, directly or 
indirectly, causes the generation of reactive oxygen species. This process is important for the 
initiation of apoptosis (Miyajima et al., 1997; Bragado et al., 2007) and may also be 
responsible for side effects, e.g. nephrotoxicity (Tsutsumishita et al., 1998). 

Nitroxyl radicals are antioxidants, which can react with active radicals not only 
stoichiometrically, but also act as catalysts of redox reactions and mimetics of enzymatic 
systems. For example, in aqueous medium they perform superoxide dismutation through 
the reduction of radical HO2• by nitroxyl radical and the oxidation of radical O2•

─ by 
oxoammonium cation (Sen' et al., 1976, 2009; Goldstein et al., 2003) (Fig. 10). 

 
Figure 10. Superoxide dismutase-like activity of nitroxyl radicals 

Interestingly, the nitroxyl based catalysis of dismutation of HO2• radical, generated in 
organic compounds undergoing oxidation, is carried out by the pair of nitroxyl 
radical/hydroxylamine (Denisov, 1996) (Fig. 11) Thermodynamic data are presented in 
support of the latter mechanism in organic medium. The measured constants of forward 
and reverse reactions at 50 C are equal to 104 – 105 M–1·s–1 (Denisov, 1996). Existence of two 
mechanisms for different media is not excluded. It looks reasonable that in an aqueous  
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Figure 11. Catalytic disproportionation of radical HO2• in organic medium 

medium the preferred process is an electron transfer followed by a thermodynamically 
favorable hydration of oxoammonium cation (Fig. 10), while in an organic medium more 
typical reactions are the redox processes involving a hydrogen atom transfer (Fig. 11). 
Therefore, in biphasic aqueous-organic systems present in biological objects, both 
mechanisms are possible.  

Like other antioxidants, under certain conditions, nitroxyls may exhibit pro-oxidant activity. 
The structure and concentration of nitroxyls, the medium properties, and other hard-to- 
identify factors can determine their anti– or pro-oxidant effect. At submillimolar 
concentrations, nitroxyls, as a rule, exhibit antioxidant properties and protect cells from 
apoptosis (Wilcox, 2010). At millimolar concentrations, nitroxyls are cytotoxic toward 
cultured tumor cells (Gariboldi et al., 1998, 2000, 2003, 2006; Suy et al., 2005) and are active 
against model animal tumors (Konovalova et al., 1964; Suy et al., 2005). Nitroxyl radicals 
cause cell death both in the wild type and p53 mutant cells (Suy et al., 2005). The study of 
interplay of platinum and nitroxyl pharmacophores combined in one molecule is of interest 
also in connection with the recent discussions on application of antioxidants and redox-
active agents in tumor chemotherapy (Seifried, 2003; Wondrak, 2009). 

To elucidate the interaction between platinum and nitroxyl pharmacophores, we studied the 
effect of 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO) on the toxicity of 
cisplatin to HeLa cells. According to the published approach (Reynolds & Maurer, 2005; 
Chou, 2006), the dose-response relationships were determined for individual agents and 
their mixtures at a fixed concentrations ratio. These data were transformed into the 
combination index (CI) – dead cells fraction (fa) dependence (Fig. 12). In a wide range of 
fraction affected fa, values of log (CI) are positive, which indicates antagonism of the agents. 
In the range of relatively high fraction affected, corresponding to millimolar concentrations 
of 4-amino-TEMPO, a transition to negative values of log (CI) takes place which means the 
mutual reinforcement of cytotoxicity, i.e., synergy. These results are consistent with the 
antioxidant properties of nitroxyls at low and their pro-oxidant properties at high 
concentrations. 

Data on the cytotoxicity of PNCs also reflects the antagonism of platinum and nitroxyl 
pharmacophores. Complexes of platinum (II) 2b and 30b, containing nitroxyl radicals of 
different structure, are significantly less toxic to tumor cells compared to cisplatin (Table 1). 
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Figure 12. Combination index [log (CI)] versus fraction affected (fa) of HeLa cells for combination of 4-
amino-2,2,6,6-tetramethylpiperidine-1-oxyl and cisplatin. 
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Table 1. 50% Inhibitory concentrations for PNCs in HeLa and H1299 cells; MTT assay, 24 h of exposure. 
*Evaluation of IC50 is limited by low solubility of complexes. 

Platinum(IV)-nitroxyl complexes 9b and 10b, being structurally close to JM-216, are also 
considerably less toxic to cells compared to the latter. Elongation of axial ligands Y increases 
both lipophilicity and cytotoxicity (complexes 9c and 10c-f), which is obviously due to the 
increased accumulation of complexes in cells (Fig. 13). 

 
Figure 13. Relationship between lipophilicity (log POW) and cytotoxicity (IC50) of complexes 10b-f in 
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The H1299 cells are less sensitive to platinum complexes. Unlike the HeLa cells, H1299 cells 
do not contain p53 protein because of mutations of p53 gene in both alleles (Mitsudomi et 
al., 1992). Since p53 protein plays a key role in the process of apoptosis in response to DNA 
damages (Vousden & Prives, 2009), the observed lower sensitivity of H1299 cells to 
platinum complexes compared to HeLa cells can be related to lack of p53 function. 

Our further study was focused on complex 10d since it combined high cytotoxicity with 
sufficient solubility in water. The effect of complex 10d and cisplatin on the cell cycle of 
HeLa and H1299 cells was studied (Fig. 14). According to flow cytofluorimetry data, both 
complexes cause approximately fivefold increase in the number of HeLa cells in the subG1 
fraction, thus indicating induction of cell death. Accumulation of HeLa cells in early S phase 
was also observed, which suggests that cell death is induced after cell cycle arrest during 
DNA synthesis. For H1299 cells, some increase in the S phase population and two-fold 
decrease in G2/M phases population was demonstrated, which shows cytostatic activity of 
the complexes without significant cell death. 

 
Figure 14. Cell cycle analysis of HeLa and H1299 cells treated with cisplatin and complex 10d 
(concentration IC50, 24 h). 

Cell death found in flow cytofluorimetry experiments was shown to be apoptotic. Both 
cisplatin and complex 10d cause in HeLa cells characteristic for apoptosis morphological 
changes of cell nuclei and internucleosomal cleavage of DNA leading to electrophoretic 
DNA laddering (Fig. 15a-d).  

As it was discussed above, cisplatin and its analogues form adducts with DNA that, when 
are not repaired, trigger the tumor suppressor protein p53 (Alderden et al., 2006; Kelland, 
2007; Wheate et al., 2010). Unlike cisplatin, the 10d complex does not cause increase of the 
p53 protein expression in MCF7 cells containing wild-type p53 gene (Fig. 15e). This finding 
indicates differences in the mechanism of cytotoxic action of these two complexes. 
Interestingly, on the rat glioma C6 cells, the simple nitroxyl Tempol was shown to cause 
apoptosis without elevation of p53 protein levels (Gariboldi et al., 2003). Many compounds  
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Figure 15. The mechanism of cytotoxicity of platinum complexes. a—c DAPI staining of DNA in HeLa 
cells in the control (a) and after 24 h exposure to cisplatin (CP) (b) or complex 10d (c); arrows indicate 
the fragmented nuclei of the apoptotic cells. d Agarose gel electrophoresis of HeLa cells DNA after 12 h 
and 24 h exposure to CP and complex 10d. e Immunoblotting of MCF7 cell lysates with antibody to p53 
in the control (C) and after 6 h exposure to CP and complex 10d. 

including nitroxyls (Sui at al., 2005) and platinum complexes (Gorczyca et al., 1993; 
Kalimutho et al., 2011; Roubalová et al., 2010) induce apoptosis both in cells with wild-type 
p53 gene and in p53-deficient cells. However, p53-independent apoptosis of tumor cells 
harboring wild-type p53 gene, to our knowledge, was observed for the first time. 

5. Antitumor activity of PNCs in animal experimental tumors 

Data on cytotoxicity revealed from cell culture studies and antitumor activity observed in 
animal tumor models do not correlate for platinum complexes. A striking example of this 
phenomenon is carboplatin, the known antitumor chemotherapy drug possessing negligible 
cytotoxicity in vitro. Carboplatin has been approved for clinical use because of favorable 
efficiency to toxicity ratio found in animal tumor models (Jakupec et al., 2008). 

5.1. Pt(II) complexes 

Toxicity and biological activity of Pt(II) diamino complexes depend on the structure of both 
the carrier amino ligands and the leaving groups, the latter being replaced during 
metabolism and target binding (Ho et al., 2003). The biradical complexes 1 containing two 
bulky amino ligands poorly bind to DNA in vitro (see above) and exhibit low toxicity and 
antitumor activity in vivo (Table 2). 

Complexes 2 and 3 bearing one bulky substituent are close in their properties to cisplatin. 
Their LD50 values are only 1.5 to 2.5-fold higher than that of cisplatin. They efficiently platinate 
DNA and exhibit antitumour activity comparable with cisplatin. Influence of the nitroxyl 
structure on the complex activity can be seen when comparing complexes 2b and 30b that 
differ only in the size of nitroxyl cycle. Compound 30b is both more toxic and more active 
against leukemia P388. For complexes 4, the correlation between the rate of leaving ligands  
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Complex LD50, mg·kg–1 (mM·kg–1) Single dose, mg·kg–1 ILS, % 
1b 570 (0.94) 190 106 (0) 

1c∙H2O 500 (0.74) 166 79(1) 
1d 380 (0.61) 127 76 (0) 
2b 27 (0.061) 6.8 237 (1) 
30b 15 (0.033) 3.8 292 (2) 
4b 80 (0.18) 16 189 (0) 
4c 11 (0.022) – – 

4d·2H2O 50 (0.10) 11 132 (0) 
4e 500 (0.95) 133 202 (2) 
9a 45 (0.095) 15 133 (0) 
9b 100 (0.180) 34 247 (0) 

10a∙2H2O 27 (0.052) 9 270 (4) 
10b 46 (0.080) 7.5 220 (4) 
10d 4.5 (0.007) 1.5 120 (1) 
11b 260 (0.38) 87 290 (1) 

Cisplatin 12 (0.040) 3.0 245(1) 

Table 2. Toxicity (LD50) and antileukemic (P388) activity (ILS) of PNCs. LD50 is a dose which is lethal to 
50% of healthy mice. Increase in the life span ILS = [100(T/C – 1)], where T and C the average life-time 
(days) of treated and control animals, respectively. The numbers of animals survived for more than 60 
days in the group of six animals are given in brackets. 

hydrolysis and the toxicity was established (Sen’ et al., 1996; Shugalii et al., 1998). Readily 
hydrolyzable 4c has the highest toxicity whereas 4e, the most slowly hydrolyzable 
compound among complexes 4, exhibits the lowest toxicity, but, like carboplatin, it 
possesses good antitumor activity only at high doses. Compound 4d, the structural 
analogue of oxaliplatin, is approximately 2-fold less toxic compared to the latter. The 
observed decrease in toxicity might be due to the influence of the nitroxyl group. The data 
presented demonstrate that, among Pt(II) complexes with amino nitroxyl radicals, high 
antitumor activity in vivo is characteristic for those that contain no more than one bulky 
amino ligand, platinate DNA with high efficiency, and cause moderate destabilization of 
DNA duplex (Fig. 9, Table 2). 

5.2. Pt(IV) complexes 

Toxicity of Pt(IV) complexes 9 and 10 varies in the wide range depending on the structure of 
axial ligands. Compounds 9a,b and 10a,b are 1.6 to 3-fold less toxic compared to the 
corresponding Pt (II) analogues, 2 and 3 (Table 2). As in the case of divalent complexes, the 
piperidine oxyl derivatives 10 are both more toxic and more active against leukemia P388 
than pyrrolidine oxyl derivatives 9. 
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An important feature of PNCs is found in comparative study of development of tumor 
resistance in leukemia P388 to complex 10a and cisplatin (Sen’ et al., 2003; Goncharova et al., 
2011). The development of resistance was induced by sequential inoculation of tumor cells 
from animals treated with equitoxic doses of drugs. The tumor acquired resistance (≤ 20% of 
the sensitivity of the parent tumor) to cisplatin at the 4th and to complex 10a at the 10th 
generation of tumor (Fig. 16). This data demonstrate that the resistance to complex 10a 
develops 2.5-fold slower than that to cisplatin. 

Interesting results were observed when PNCs and cisplatin were used in combination at low 
doses (1/10 to 1/20 of LD50) for leukemia P388 treatment. Individual compounds in the same 
doses caused low ILS–indices with no cured animals, but their combinations cured up to 
100% of mice (Fig. 17). 

Complexes 10a and 10b containing piperidinoxyl moiety exhibit higher antitumor activity 
compared to that of complex 9b, both as single agents and in combination with cisplatin. 
Thus, small difference in the structure of nitroxyl radicals in these PNCs has a significant 
influence on their antitumor activity in vivo.  

 
Figure 16. Development of resistance to cisplatin and complex 10a in a series of successive transplant 
generations (n). ILS0 is the increase in the life span of treated animals bearing the sensitive (parent) 
generation of leukemia P388. 

It is known that reduction potentials E1/2(>N+=O/>N─O•) of nitroxyls of piperidine series are, 
on the average, approximately 0.1 V lower than that of radicals of pyrrolidine series 
(Goldstein et al., 2006; Manda et al., 2007; Sen’ & Golubev, 2009). Therefore, piperidinoxyls 
are oxidized by HO2• radical more readily (Fig. 10), and they are more efficient superoxide 
dismutase mimetics compared to pyrrolidinoxyls (Goldstein et al., 2006). At the same time, 
in vivo, pyrrolidinoxyls undergo reduction to corresponding hydroxylamines about tenfold 
slower than piperidinoxyls (Komarov et al., 1994). Along with possible differences in 
pharmacokinetics of the complexes, these features of the redox properties of nitroxyls, 
presumably, affect the biological activity of PNCs. 
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Figure 17. Synergy for the antitumor effect of cisplatin (0.6 mg/kg) combined with complexes 9b (2,3 
mg/kg), 10a (1,4 mg/kg) or 10b (5,0 mg/kg) against leukemia P388 (days of treatment 1, 3, 5, 7). 

6. Conclusion 

Recent studies (Wondrak, 2009; DeNicola et al., 2011) show that modulation of the redox 
state of cancerous cells could provide a new approach to suppression of tumor growth. 
Effects of nitroxyl radicals on the redox processes in normal cells and their cytotoxicity in 
tumor cells are documented in many examples (Gariboldi et al., 2000; Suy et al., 2005; 
Wilcox, 2010). Presumably, nitroxyls may affect the tumor cell viability through a redox-
mediated signaling, which ultimately activate apoptosis.  

On the other hand, the influence of nitroxyl radical on activity of anticancer agent, when 
they are used in combination or are covalently linked in one molecule, appears to depend on 
local concentration of radicals. At low concentrations of nitroxyls, which corresponds to 
rather low therapeutic doses of hybrid compounds, radicals are likely to impair the 
oxidative stress caused by tumor process and an anticancer agent itself. Published data 
show that in vivo the overall and/or specific toxicity may be reduced for hybrid compounds 
without significant loss of antitumor activity. On the other hand, high concentrations of 
nitroxyls, which can be implemented in combinations with anticancer agents, increase the 
intrinsic oxidative stress in tumor cells and exert a selective cytotoxic effect. 

The known active anticancer complexes like cisplatin, oxaliplatin, and satraplatin bear in 
their structure redox-inert amino ligands. We synthesized structurally close analogs, i.e., 
platinum-nitroxyl complexes, amino ligands of which hold a wide spectrum of redox 
activity and are able to modulate biological properties of the new compounds. Their 
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physicochemical properties, interaction with DNA, cytotoxicity in vitro and antitumor 
activity in vivo were studied. A limited correlation was found between the ability of new 
complexes to form adducts with DNA, thermal stability of these adducts and antitumor 
activity of the complexes. PNCs are characterized by features that distinguish them from 
platinum complexes with usual alkylamines. An antagonism of platinum and nitroxyl 
pharmacophore was observed in cell culture. As compared to cisplatin or satraplatin, 
structurally close nitroxyl derivatives are approximately 10 times less cytotoxic. This may be 
explained by a moderate inhibition of p53-dependent apoptosis due to the antioxidant 
properties of nitroxyl radicals. These in vitro findings do not correlate with in vivo data, and 
antitumor activities of some PNCs and cisplatin are approximately the same. The relatively 
slow development of resistance to PNCs and the presence of synergy for the combinations 
of PNCs and cisplatin imply the differences in the mechanism of antitumor action of 
cisplatin and PNCs. Due to antioxidant properties (Sen’ et al., 2000), nitroxyls in PNCs may 
ameliorate side effects typical for cisplatin, such as nephrotoxicity and neurotoxicity. For 
example, nitroxyl derivative of daunorubicin, ruboxyl, has virtually no cardiotoxicity that 
limits therapeutical doses of the parental compound (Emanuel & Konovalova, 1992). 
Reduced side effects, in turn, contribute to the better survival and, as a result, the higher 
efficacy of tumor chemotherapy in vivo. Our and literature data show that nitroxyls are 
promising modulators of the activity of anticancer agents and, as such, could be approved 
for clinical use. 
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1. Introduction 

The development of controlled free-radical polymerization has made possible the synthesis 
of polymer structures with exquisitely controlled molecular weight distributions and 
architectures, unattainable by conventional free-radical polymerization. The reversible 
addition-fragmentation chain-transfer (RAFT) process (Barner-Kowollik, 2008) is one of the 
most promising techniques. Control is achieved by reversibly storing the majority of the 
propagating species as dormant dithioester compounds. The principal reaction steps are 
shown in Scheme 1, where radical Pn is a propagating polymer radical of chain length n and 
M is the monomer.  

 
Scheme 1. RAFT Reaction Scheme 

© 2012 Filippov et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In the early stages of the RAFT process these radicals undergo chain transfer with the initial 
RAFT agent, releasing leaving groups R• that are chosen to be capable of reinitiating 
polymerization. The main equilibrium is a symmetrical process whereby a polymeric 
propagating radical reacts with a corresponding polymeric RAFT agent, forming an 
equivalent polymeric RAFT agent and an equivalent propagating radical. In this way a 
relatively small population of propagating radicals is constantly interchanging with a much 
larger population of the dormant species. For a successful process it is necessary to choose a 
RAFT agent such that the rate of addition of the propagating radical to the RAFT agent is 
considerably faster than the propagation rate, but not so favored that the (reverse) 
fragmentation reaction is inhibited. It is also necessary to choose a leaving group R such that 
it fragments preferentially from the intermediate radical in the pre-equilibrium, but at the 
same time is not overly stabilized (compared with the propagating radical) and thus 
remains capable of reinitiating polymerization. Accurate and precise kinetic data can be 
extremely helpful when choosing appropriate RAFT agents that meet these criteria. 

Despite extensive studies of the RAFT mechanism over the last decade or so, some questions 
remain unresolved. Since the first publications of the kinetic features of the RAFT process, 
there has been an ongoing debate about the origin of retardation and inhibition effects in 
polymerizations mediated by cumyl dithiobenzoate and related dithiobenzoate RAFT 
agents (Barner-Kowollik et al, 2006, Klumperman et al, 2010). On the one hand, a kinetic 
model that assumes that cross- and self-termination reactions of intermediate radicals occur 
with diffusion-controlled rate coefficients, similar to those for the bimolecular termination of 
propagating polymer radicals, can be successfully fitted to experimentally-determined 
overall reaction rates and ESR-derived radical concentrations (Kwak et al, 2002). However, 
this model predicts that significant concentrations of the termination products should be 
produced even under standard RAFT conditions and these are not detected in significant 
quantities in the resulting polymer except under forcing conditions (Ah Toy et al, 2004). 
Furthermore, fragmentation rate coefficient (kfr = 104 s-1) and equilibrium constants (K=kad/kfr= 
55 mol L–1, where kad is the addition rate coefficient) obtained under this model are 
incompatible with those predicted from quantum chemistry and radical storage experiments 
(Barner-Kowollik et al., 2003). Many of these problems can be addressed if instead one 
assumes a model, in which termination of the intermediate radical is not kinetically 
significant under normal polymerization conditions (i.e., ‹kt›< ca. 104 L mol-1 s-1). In this case, 
model fitting to experimental kinetic data indicates that the intermediate radicals are much 
more stable (K= 1.06 × 107 L mol–1) and that there is no significant amount of termination 
products (Feldermann et al., 2004). However, this so-called slow fragmentation model also 
predicts intermediate radical concentrations that are incompatible with the available ESR 
data, measured for polymerizing systems. Resolving these inconsistencies and finding the 
correct kinetic model for RAFT polymerization would improve our understanding of the 
process and assist in its optimization and control. 

To eliminate the existing contradictions, several new models have been proposed recently. 
For example, Buback has suggested that the products of the termination reactions involving 
radical intermediates could interact with propagating radicals and regenerate the radical 
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intermediates (Buback et al., 2007); however, no direct evidence for this reaction has been 
provided. Moreover, the above-described reaction may occur only in the case of 
dithiobenzoates; in the case of trithiocarbonate-mediated polymerization, which is also 
characterized by retardation and in which inhibition phenomena are typical, this reaction is 
not possible. Another proposal is that there is a sharp dependence of the rate constant of 
termination of radical intermediates on the chain length (Konkolewicz et al., 2008). In this 
way, the majority of termination products would have low chain lengths and would not be 
detectable in the termination products of the polymer. They would also not contribute 
significantly enough to influence the fitted equilibrium constant, which could remain 
compatible with the quantum chemical calculations. At the same time, the termination could 
still reduce the intermediate radical concentration, particularly given that the ESR studies 
were carried out in the presence of large quantities of initiator. However, this hypothesis has 
been criticized on the basis that there are no grounds to believe that the chain length 
dependence of the termination rate coefficient would differ so appreciably from the known 
dependence of the bimolecular termination rate coefficient for propagating radicals 
(Klumperman et al, 2010). Nonetheless, recent tantalizing experiments with 
macroazoinitiators and macroRAFT agents do indicate that rate retardation phenomena can 
be avoided when low molecular weight radicals are eliminated (Ting et al, 2011). 

Thus, the analysis of the published data shows that the general scheme of RAFT 
polymerization presented above (Scheme 1) cannot fully describe this complex process. To 
resolve these issues, we have been using ESR spectroscopy to measure rate coefficients. An 
advantage of ESR is that this procedure allows direct observation of the formation of radical 
intermediates and confirmation of their structure (Chernikova et al., 2004, Hawthorne et al., 
1999, Golubev et al., 2005). This is possible because radical intermediates are less reactive 
than other radicals involved in polymerization and their steady-state concentrations are 
sufficient for their direct detection with modern radiospectrometers. However, the direct 
use of ESR spectroscopy for experimental measurements of the individual rate coefficients 
of elementary steps of addition-fragmentation reactions is a very complicated task due to 
the simultaneous participation of many radical species, of various chemical structures, in the 
polymerization process. The extraction of the individual rate coefficients in this case has 
necessarily involved the fitting of some type of assumed kinetic model to the experimental 
data. This approach is sensitive to the choice of the kinetic model and requires searching for 
dozens of kinetic parameters. Experimentally, one can reduce the dependence on model-
based assumptions by carrying out experiments in situations where the kinetic effects of 
these assumptions are minimal, or by studying the reactions in isolation, usually on much 
simpler model compounds. A promising example of the former approach is a laser flash 
photolysis technique recently introduced by Buback et al. (Buback et al, 2006), which has 
been used to measure the fragmentation rate and equilibrium constants for S-S-bis(methyl-2-
propionate)-trithiocarbonate mediated polymerization of butyl acrylate in toluene at 30°C. A 
drawback of this technique is that the measurements take place in a polymerizing system 
where radicals and RAFT agents of various chain lengths may contribute to the detected 
intermediate radical concentrations; in their previous work, the authors did not confirm that 
the contribution of the intermediates formed in pre-equilibrium (reaction 1, Scheme 1) to the 
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hyperfine structure of the observed ESR spectra was negligibly small. Nonetheless, 
subsequent quantum-chemical calculations suggest that convergence with respect to chain 
length is rapid in this particular system and the experimental value does correspond well to 
the converged theoretical value (Lin et al., 2009). More generally though, there are serious 
problems when applying this technique to dithiobenzoates, which result from their 
absorbance and decomposition at the wavelength of the laser. Alternative and 
complementary techniques are therefore desirable. 

In this chapter we describe how the mechanism and kinetics of the elementary events of RAFT 
polymerization can be studied using an experimental approach based on the combination of 
the ESR spectroscopy and the spin-trapping technique. The collected experimental data are 
compared with the values computed with the aid of quantum-chemical methods. The 
experimental data reported in Section 3 is taken partly from our recent publications as noted 
(Chernikova et al., 2010, Golubev et al., 2011); the data in Section 4 is new. The theoretical 
calculations in Section 5 are likewise taken from these publications or our other relevant 
theoretical studies (Coote et al., 2006, Izgorodina et al., 2006, Lin et al., 2009, 2011); where 
necessary additional calculations have been performed to convert the theoretical data to the 
same conditions (temperature, solvent) as the experiments for consistent comparison. 

2. Use of the spin-trapping technique to investigate the RAFT mechanism 

2.1. Choice of Spin Trap 

Spin traps are inhibitors that can rapidly capture active radicals (with spin-trapping 
constants kRT = 105–108 L mol-1s-1 (Denisov, 1971)) and convert them into new kinetically or 
thermodynamically stable radicals (spin adducts), preferably whilst retaining information 
about their nature. As opposed to active radicals, whose steady-state concentration in 
conventional liquid-phase reactions is low and, therefore, cannot be detected by ESR-
spectroscopy, spin adducts can be accumulated in amounts sufficient for direct quantitative 
analysis. The choice of the spin trap and its application technique depend on the particular 
reaction being studied. Since the 1970s, the spin trap technique has been applied for 
investigation of a wide range of liquid-phase radical reactions, including radical 
polymerization reactions (Golubev et al., 2001, Golubev, 1994). However, until very recently, 
the application of this method for investigation of RAFT polymerization had not been 
reported. Below, we will consider the use of spin traps for investigation of RAFT 
polymerization. 

Nitrosocompounds and nitrones are spin traps that convert carbon-centered radicals to 
(relatively) stable nitroxide radicals. An example of such a reaction is shown below, where 
the active radical R reacts with the spin trap 2-methyl 2-nitrosopropane (MNP) forming a 
nitroxide radical as the so-called spin adduct (reaction 1). 
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The ESR spectrum of this nitroxide is strongly dependent on the chemical nature of the 
trapped radical R, and hence it may serve for qualitative identification of the radicals 
formed in the reaction media. When MNP is used as a spin trap, its adducts with carbon-
centered tertiary or secondary radicals (i.e., the propagating radicals of numerous vinyl 
monomers) remain stable even at elevated temperatures (50–70°C), while its adducts with 
primary radicals (e.g., benzyl radical) are less stable and can be observed only at room 
temperature. Radicals with an unpaired electron on electronegative atoms (O., S., >N.) or 
hydrogen atom form non-stable adducts; in order to detect them it is necessary to decrease 
the temperature to between 10 and 30°C. MNP has an additional advantage in that it can 
also serve as an initiator. When irradiated by visible light, this compound can decompose 
with an appreciable rate, forming the active tert-butyl radical and nitric oxide (reaction 2) 
(Golubev, 1994). 

  

(2)

 

Thus, MNP can be used as a spin trap and a photoinitiator simultaneously. Moreover, 
because it functions in the visible region, it is possible to avoid the problems caused by the 
UV-absorbance and the associated decomposition of dithiobenzoate compounds. 

When C-phenyl-N-tert-butyl nitrone (PBN) is used as a spin trap, its adducts are usually 
more stable but less information is provided by their spectra. Indeed, all radical adducts of 
PBN give essentially the same spectrum, independent of R — a triplet of doublets resulting 
from the hyperfine splitting on the N nucleus and -H (reaction 3). 

  

(3)

 

The radical adducts of PBN therefore cannot be distinguished by means of ESR-
spectroscopy. Nonetheless, PBN has proven useful when it comes to estimating the general 
number of radicals in the system due to the superior stability of its spin adducts. Indeed, 
even the radicals bearing unpaired electrons on electronegative atoms (such as N, O and S) 
can be captured effectively by PBN, are stable at room temperature and can be detected by 
modern ESR-spectrometers. 

2.2. Kinetic measurements using spin traps 

Radical reactions generally proceed as rapid chain processes and the direct determination of 
the individual reaction rate coefficients is usually difficult. By reacting competitively with 
the active species, spin traps break these chains and generate populations of stable 
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detectable radicals. The stage at which the chain reaction is halted is determined by the rate 
constants and concentrations of reagents (primarily of the spin trap). At high spin trap 
concentrations (0.5 mol L-1 or above), the trap captures initiating radicals, but, as the 
concentrations decrease, the products of the deeper stages of the process are detected. This 
phenomenon underlies the use of spin traps for the study of the mechanism and kinetics of 
elementary stages of chain radical reactions. As mentioned above, the introduction of RAFT 
agents into polymerization mixture results in appearance of numerous new reactions 
involving different active radicals. When a spin trap is used, these radicals are captured 
rapidly and adducts of many kinds emerge in such system. They affect the resulting ESR-
spectrum of the sample to the extent that it is not usually comprehensible. Thus, to acquire 
the values of kinetic constants of elementary stages of RAFT polymerization, one should 
further simplify the whole system so that the elementary reactions can be studied 
separately. To achieve this one can separate these reactions in time (e.g. using pulsed 
irradiation that separates initiation from the subsequent downstream reactions), and use 
simpler compounds, which would eliminate some of the competing reactions. 

In the general scheme of the RAFT polymerization, the addition reaction of Pn with the 
RAFT agent leads to formation of the intermediate adduct radical (see Scheme 1). The 
reverse reaction (regardless of which C–S bond is broken) is the decomposition 
(fragmentation) of the intermediate. If the intermediate is sufficiently stable, we can detect it 
using ESR and study its formation. However, in many cases, the stability of the intermediate 
is low, and its decomposition product radical is observed instead. In this case, only the 
overall substitution reaction is observed. Naturally, such a classification relying on the 
possibility or impossibility of the direct observation of intermediates is conditional. We have 
studied the addition of a variety of model radicals to both low molecular weight and 
polymeric RAFT agents, leading to the formation of intermediates of various stabilities 
ranging from very stable species (lifetimes of the order of 10 min) to species that cannot be 
observed via ESR-spectroscopy. Our results are summarized in the following section. 

3. Experimental case studies 

To model RAFT polymerization processes we have initially examined the interaction of the 
tert-butyl radical with various low molecular weight RAFT agents in a non-reactive solvent, 
such as benzene (Chernikova et al., 2010, Golubev et al., 2011). This system was chosen 
because, in the presence of visible light, MNP undergoes photolysis releasing tert-butyl 
radical (reaction 2), which is reactive enough to initiate the chain transfer process. Processes 
that occur in the system during irradiation are depicted in Scheme 2. In the absence of 
monomer, the tert-butyl radical is capable of interacting with the spin trap to form di-tert-
butyl nitroxide (DTBN), or with the RAFT agent. The latter reaction leads to formation of an 
unstable radical intermediate, which decomposes, forming either the initial reactants, or a 
new RAFT agent and a new radical R, which is also captured by the spin trap. The reactivity 
of the radical intermediate is too low to allow its interaction with MNP. By dosing light 
irradiation one can “switch” the initiation on and off at any point. Thus, it becomes possible 
to study a chain transfer reaction that is essentially identical to the pre-equilibrium of RAFT 
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polymerization (Scheme 1). The rate of the chain transfer process (i.e. substitution) can be 
compared with that of the concurrent spin capture reaction, for which the rate constant is 
well known. 

The success of the experiments relies on two important conditions. First, the spin trap and 
its adducts must be stable in the presence of the RAFT agent. This is not a priori evident, 
since traps and related nitroxides are very reactive compounds. They are readily involved 
not only in radical reactions but also in redox reactions, and their stability depends on the 
acidity of the medium and the temperature. We have shown that MNP and its spin adducts 
do meet this condition for all of our experiments. Second, one must ensure that the 
accumulation of spin adducts obeys a linear rate law in order to make a correct comparison 
of the rates of described competitive reactions. Only if this condition is met, it is acceptable 
to neglect spin adduct termination reactions. If nitric oxide is present in the system in a 
significant concentration, spin adducts start to undergo undefined side termination 
reactions (see below). As MNP is photolyzed, the concentration of DTBN generally reaches 
its steady-state limit, when the rates of spin adduct formation and termination equalize.  

 

R S C

S

Z + r R S C S

Z

C

CH3

CH3

CH3

Int

krF

k-rF

 

 

 
Scheme 2. Reactions occurring during irradiation of 2-methyl 2-nitrosopropane (MNP) in the presence 
of di-tert-butyl nitroxide (DTBN) and a RAFT agent (S=C(Z)SR) 

3.1. Model reaction of tert-butyl radical with tert-butyl dithiobenzoate 

The simplest model system is the one where tert-butyl radical is both the attacking radical 
and leaving group of the RAFT agent (Scheme 2). Since the participating radicals are 
identical to one another, the reaction scheme is simplified significantly. One such example is 
the decomposition of MNP in the presence of tert-butyl dithiobenzoate (TB) (i.e. the RAFT 
agent with Z=phenyl and R=tert-butyl in Scheme 2 above). When the photolysis time is 
short, the following reactions occur in the system: 
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In principle, the radical species formed in this system can also participate in various 
termination processes: 
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However, due to the relatively high stability of the nitroxide radicals, many of these 
reactions can be assumed to be negligible. In particular, termination reactions involving the 
spin adducts and RAFT intermediate radicals are unlikely. Termination of radical species 
with NO are possible, but only when the irradiation lasts for a long time, causing an 
appreciable portion of MNP to decay. Such conditions are not fulfilled in our experiments; 
hence this process can also be neglected. Also, reaction of DTBN with the tert-butyl radical 
affects the kinetics only when MNP has decayed significantly. Cross- and self-termination of 
the radical intermediate is possible in our system, in which case the rate of the intermediate 
consumption would not obey the first-order law. 

Now let us consider the experimental data obtained for the system containing TB 
(Chernikova et al., 2010). A typical ESR-spectrum, observed after the irradiation of TB and 
MNP benzene solution, is shown in Fig. 1. There appears to be a superposition of two 
different signals: DTBN triplet with AN = 15.1 G and a multiplet (g =2.0041 G, AH = 0.42 G, 
AoH = 3.65 G, AmH = 1.34 G, ApH = 3.99 G), attributed to the radical intermediate Int.  

 
Figure 1. ESR-spectrum observed on irradiation by visible light of the system TB–MNP–benzene at 
20°C. 

During irradiation, both the DTBN and the Int concentrations increase as a result of the 
trapping of tert-butyl radicals by MNP and TB, respectively (reactions 5, 6). Upon the 
completion of photolysis, the concentration of ar increases (Fig. 2a, curves 1 and 1’), while 
the concentration of Int decreases (Fig. 2a, curves 2 and 2’). This is because the intermediate 
radical has a finite lifetime and decomposes releasing tert-butyl radicals (reverse of reaction 
6), which are subsequently trapped by MNP forming DTBN (reaction 5). Since the 
irradiation time is noticeably shorter than the intermediate lifetime (e.g., in the present work 
the irradiation time is 5 – 10 s whilst the intermediate decays over several hundreds of 
seconds), we can consider the processes of intermediate accumulation and consumption 
separately. All side reactions of DTBN (Scheme 2) can also be excluded due to short period 
of irradiation. Given this assumption, one can express the ratio between the rates of 
formation of DTBN (ar) and Int during irradiation with a simple formula: 

       rT rF[ ] / [ ] / k [T] k [F]rd a dt d Int dt , (13) 

where T and F are the spin trap and RAFT agent (TB) respectively. Since the photolysis time 
is very short, it is legitimate to neglect any termination processes. This means that the 
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concentrations of both species formed during irradiation are proportional to their 
accumulation rates. Thus, the ratio of DTBN to Int at the instant the light is switched off 
provides a measure of the relative rates of tert-butyl radical addition to MNP versus to TB. 
That is,  

 

  r 0 rT 0r

0 rF 0

[a ] k [T][a ]
( [Int] )[Int] k [F]

d dt
d dt  (14) 

In this equation, [ar]0 and [Int]0 are obtained by the extrapolation of the kinetic curves up to 
zero time, [T]0 and [F]0 are preset, and krT = 3.3106 L mol-1 s-1 (Doba et al., 1977), and hence krF 

can be obtained.  

 
Figure 2. (a) Kinetic curves of accumulation of DTBN and consumption of intermediate radical Int in 
the system TB–MNP–benzene after switch-off of MNP photolysis: [MNP] = 10-2 mol L-1and [TB]  102= 1 
(1 and 1’ respectively) and [TB]  102=9 (2 and 2’ respectively) at 20°C; (b) Semi-logarithmic plot of the 
kinetic curves 1 and 2 presented in Fig. 2, [TB]  102= 1 mol L-1  (1) and 9 mol L-1(2). 

To calculate the starting concentrations, the kinetic curves are extrapolated to the zero time 
of photolysis. These experimental data can thus be used to estimate the rate constant of 
addition of tert-butyl radical to TB. Over the range of TB concentrations 10-2 – 10-1 mol L-1 and 
at [MNP] = 10-2 mol L-1 the average value of the rate coefficient of tert-butyl radical addition 
to TB was found to be equal to (51)106 L mol-1s-1. This value is in a good agreement with 
the data for the addition of various oligomeric and polymeric radicals to various RAFT 
agents (Barner-Kowollik, 2008, Kwak et al, 2002). Under the assumption that a decrease in 
the concentration of the intermediate after stoppage of illumination is associated solely with 
its fragmentation (reverse reaction 9), it is possible to estimate the rate constant of the 
fragmentation of the intermediate from its post-illumination decay curve, plotted in semi-
logarithmic coordinates (Fig 2). From these curves a value of kdec=k-rF= (5 ± 1) × 10–3 s–1 is 
obtained. If the released tert-butyl radical reacts iteratively with TB (addition reaction 6), 
then the concentration of the radical intermediate would increase, prolonging its 
decomposition. As a result we would underestimate the rate constant of intermediate 
decomposition. This is where the presence of the spin trap offers an enormous advantage. 
By reacting selectively with the tert-butyl radicals, it largely prevents their re-addition to the 
RAFT agent. However, it is necessary to introduce correction coefficient p: 
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then the concentration of the radical intermediate would increase, prolonging its 
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which, for [TB]=[MNP]=10-2 mol L-1 corresponds to a value of 0.6, giving a corrected value of 
kdec=k-rF= (8± 2) × 10–3 s–1 (Golubev et al., 2011). 

If termination reactions (9, 11, 12) occur, they should lead to a more rapid disappearance of 
the radical intermediate; i.e., our estimate of kdec will be the upper bound to this value. 
However, the observed linear dependence of the logarithm of the concentration of Int versus 
time (Fig. 2b) unambiguously indicates that side reactions involving the intermediate can be 
ignored under the chosen experimental conditions. Nevertheless, we have shown that the 
self-termination of radical intermediates (reaction 12) could occur in principle in the TB–
MNP system, though the rate constant of this reaction was found to be very low ((6.5 ± 3.0) × 
102 L mol-1 s-1) (Chernikova et al., 2010). 

3.2. Model reaction of tert-butyl radical with di-tert-butyl trithiocarbonate 

Another model system in which the attacking and leaving radicals are the same is when 
MNP interacts with di-tert-butyltrithiocarbonate (TC). In this case, the reaction of tert-butyl 
radical with TC (reaction 16) also gives rise to an intermediate radical that can be detected 
by means of ESR-spectroscopy (Golubev et al., 2005). 
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Once again, we neglect all radical termination processes while considering the kinetics of 
chain transfer reactions. Fig. 3 illustrates a typical ESR-spectrum, observed after the 
irradiation of TC and MNP benzene solution, which is the superposition of a triplet 
corresponding to DTBN and a complex multiplet, attributed to radical intermediate Int 
(reaction 16) (Golubev et al., 2011). 

 
Figure 3. ESR-spectrum observed on irradiation by visible light of the system TC–MNP–benzene at 
20°C ([TC]=1 mol L-1, [MNP]=5×10-3 mol L-1). 
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Figure 4. Kinetic curves of accumulation of DTBN (1) and intermediate radical (2) during the photolysis 
of MNP and TC in benzene solution (a); semi-logarithmic plot of kinetic curve of radical intermediate 
consumptionafter switch-off of MNP photolysis (b). ([TC] = 1 mol L-1, [MNP]=0.05 mol L-1), T = 20°C. 

As follows from Fig.4, the replacement of the phenyl substituent on the RAFT agent with an 
additional thiyl group results in a decreased rate constant for addition of the tert-butyl 
radical to TC: krF = 2.2 × 105 L mol-1s-1 (Fig. 4a), and an increase in its fragmentation rate (kdec ~ 
2 × 10–2 s–1) (Fig. 4b, accordingly). These changes result from both a decreased stability of the 
intermediate radical and an increased resonance stabilization of the C=S π bond. The phenyl 
group is much more effective than the lone pair donor sulfur at stabilizing the unpaired 
electron on the intermediate radical (which already has two other lone pair donors), but 
much less effective at stabilizing the C=S π bond of the RAFT agent than the sulfur, which 
can stabilize through resonance structures such as S=C–S -S–C+=S).  

3.3. Model reaction of tert-butyl radical with benzyl dithiobenzoate 

When the tert-butyl leaving group is replaced in the RAFT agent structure by benzyl, one 
should expect the formation of a stable intermediate radical after addition of the tert-butyl 
radical to the RAFT agent, e.g. benzyl dithiobenzoate (BB): 
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Figure 5. ESR-spectrum observed on irradiation by visible light of the system BB–MNP–benzene at 
20°C ([BB]=1 mol L-1, [MNP]=5×10-3 mol L-1). 
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Figure 5. ESR-spectrum observed on irradiation by visible light of the system BB–MNP–benzene at 
20°C ([BB]=1 mol L-1, [MNP]=5×10-3 mol L-1). 
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Figure 6. Continuous kinetic curve of accumulation and decomposition of the intermediate radical 
measured during periodic illumination of MNP – BB – benzene system. [MNP] = 0.22 mol L-1,  
[BB] = 0.61 mol L-1, T = 25oC. 

Instead, the stability of the radical intermediate decreases dramatically. In this system the 
ESR-spectrum of the radical intermediate can only be observed under conditions of 
continuous photolysis. The spectrum obtained is shown in Fig. 5, and corresponds to the 
typical superposition of the DTBN triplet and the radical intermediate multiplet (Golubev et 
al., 2011). For the quantitative determination of the rate coefficients of addition and 
fragmentation reactions in the investigated system a special technique has been employed 
(Fig. 6). The magnetic intensity was adjusted to the point at which the most intense 
component of the intermediate spectrum appeared. When the light was switched on, the 
signal of a value proportional to the intensity of the intermediate spectrum was obtained; 
after the light was switched off, rapid loss of the intermediate occurred (Fig. 6). 

The absence of signals corresponding to the spin adduct of MNP with the benzyl radical in 
the spectra indicates that the initial tert-butyl radical, rather than the benzyl radical, 
fragments preferentially during decomposition of the intermediate and reaction 18 does not 
occur. This is very surprising, given the greater radical stability of the benzyl radical and the 
results for the corresponding trithiocarbonate (see section 3.4 below), and the theoretical 
predictions (see section 5). 
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To evaluate the addition rate coefficient in reaction 17, the obtained kinetic curves were 
calibrated relative to the rate of formation of DTBN, which has been determined in an 
independent experiment. Estimation of krF value for addition of the tert-butyl radical to BB 
yielded krF= 2.2 × 105 L mol-1 s-1. The rate coefficient of the fragmentation reaction of the 
intermediate kdec was estimated to be approximately equal to 9 × 10–1 s–1 (Golubev et al., 
2011). 

3.4. Model reaction of tert-butyl radical with dibenzyltrithiocarbonate 

Another pattern is observed for the system containing dibenzyl trithiocarbonate (BC). The 
addition of the tert-butyl radical to BC followed by the capture of the released benzyl radical 
by MNP may be schematically outlined as follows. The tert-butyl radical and DTBN are 
formed in a manner similar to that described above. 
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The spectrum of the sample containing MNP and BC in benzene that was irradiated with 
the visible light is the superposition of the above triplet corresponding to DTBN and the 
adduct aBz formed by interaction of MNP and benzyl radical (Fig. 7, seven lines with a ratio 
of intensities of 1 : 2 : 1 : 2 : 1 : 2 : 1) (Golubev et al., 2011). The second, fourth, and sixth lines 
of the spectrum are combined lines, while the other lines arise from adduct aBz. The lifetime 
of the intermediate in this system is very small, and it cannot be detected via ESR 
spectroscopy under any conditions. An examination of the spectrum makes it possible to 
determine the concentrations of adducts ar and aBz separately and, thus, to calculate krF, 
which, under these conditions, is no longer the constant of addition but the constant of 
substitution of the tert-butyl radical with the benzyl fragment of the RAFT agent: 

 [ ] [ ] [ ] [ ]r Bz rT rFa a k T k F  (21) 

 
Figure 7. ESR spectra of DTBN and MNP adduct with benzyl radical observed for MNP – BC – benzene 
system. 

The kinetic curves are shown in Fig. 8; calculations yield krF = (2.8 ± 0.3) × 106 L mol-1 s-1. 

 
Figure 8. Kinetic curves of accumulation of tert-butyl (1) and benzyl (2) spin adducts in the system BC-
MNP-benzene ([BC]=0.01 mol L-1, [MNP]=0.02 mol L-1) during the irradiation by the visible light. 
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3.5. Model reactions of tert-butyl radical with polymeric RAFT agents 

During RAFT polymerization the initial low molecular mass RAFT agent converts into a 
polymeric one, which ensures the control of the polymerization process up to high 
conversions. It is known that the efficiency of polymeric RAFT agents is typically one or two 
orders of magnitude higher than that of low molecular mass agents. To explore whether our 
spin trapping experiments on model compounds could detect this increase, we compared 
the reactivity of polymeric RAFT agents (prepared via a polymerization of a number of 
monomers mediated by dithiobenzoates and trithiocarbonates) in model reaction with the 
tert-butyl radical (Golubev et al., 2011). 

During the photolysis of the benzene solutions of MNP containing polystyrene 
trithiocarbonate (PSC), tert-butyl radical r• is generated (reaction 4) and captured by MNP 
with the accompanying formation of DTBN (reaction 5). We also observe the addition of r• 

to PSC leading to the formation of intermediate Int and its decomposition with the 
subsequent release of polystyrene radical Pm• (22), and the capture of this radical by MNP 
(23): 
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The ESR spectra of the photolyzed system (Fig. 9), along with the spectrum of DTBN (ar), 
shows a triplet of doublets (AN= 14.9 G and AH= 3.5 G) corresponding to adduct aP with the 
polystyrene radical (Golubev et al., 2011). The spectrum of the intermediate is not observed 
under any conditions, thereby implying that the intermediate is very unstable and 
decomposes rapidly. As seen from Fig. 10, the kinetics of accumulation of adducts ar and ap 

during photolysis is linear. Thus, from the known equation: 

 [ ] [ ] [ ] [ ]r P rT rFa a k T k F  (24) 

one can obtain krF = (2.0 ±0.4)×107 L mol-1 s-1. 

 
Figure 9. ESR spectra of DTBN and MNP adduct with polystyrene radical observed for MNP – PSC – 
benzene system 
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Figure 10. Kinetic curves of accumulation of tert-butyl ar (1) and polystyrene ap (2) spin adducts in the 
system PSC-MNP-benzene during the irradiation by visible light (a) and dependence of molar ratio of 
adducts ap/ar from molar ratio of PSC/MNP (b). 

In a similar manner, the kinetics of addition of r• to the polymeric RAFT agent prepared 
through the polymerization of styrene mediated by BB (PSB) was studied. The ESR 
spectrum of the photolyzed system is identical to those given in Fig.10 and no intermediate 
radical could be observed. In this case, krF = (4.1 ± 0.2) × 107 L mol-1 s-1. With consideration of 
the above evidence, the measured constants should be attributed to the substitution reaction 
rather than the addition, and this is what we find (see below). It is natural to anticipate that 
the intermediate arising from addition of tert-butyl radical to polymeric RAFT agents with 
poor leaving groups (e.g., polyacrylate or poly(vinyl acetate)), would tend to release the 
initial tert-butyl radical rather the more active polymer radicals. In experiments, this effect 
should manifest itself as a reduction in the substitution constant. Indeed, for poly(butyl 
acrylate) dithiobenzoate (PBAB), the value of krF was an order of magnitude lower than that 
for PSB: (krF = (4.5 ±2.0)×106 L mol-1 s-1. Parameters of the ESR spectrum for the MNP adduct 
with the poly(butyl acrylate) radical (AN= 14.2 G and AH= 2.7 G) differ appreciably from the 
corresponding parameter for the styrene adduct.  

For the azeotropic copolymerization of styrene with n-butyl acrylate (87 : 13, mol %) in the 
presence of dithiobenzoate, the propagating radical will contain the styrene terminal unit 
with a much higher probability. Therefore, one can expect that a polymeric substituent in 
polymeric RAFT agent will predominantly contain the styrene terminal unit. Naturally, the 
values of the substitution constant, like the ESR parameters of the adduct, coincide with the 
corresponding values of PSB: krF = 5.7×107 L mol-1 s-1, AN= 14.9 G, and AH= 3.5 G. This 
demonstrates another application of the spin-trapping technique for structural studies of the 
polymers synthesized by RAFT polymerization. The nature of the terminal unit added to the 
RAFT agent during the synthesis may be directly assessed from the ESR parameters of the 
MNP adduct with the polymeric radical. 

The values of substitution constants for polymeric trithiocarbonates were estimated in a 
similar manner. Table 1 summarizes the values of substitution (addition) constants obtained 
for all polymeric RAFT agents under study and parameters characterizing the activity of the 
monomers. There is a clear correlation between these characteristics. A sharp increase in the 
efficiency of polymeric RAFT agents relative to that of low molecular mass RAFT agents 
was observed in dozens of systems for both homo- and copolymerization of various 



 
Nitroxides – Theory, Experiment and Applications 422 

 
Figure 10. Kinetic curves of accumulation of tert-butyl ar (1) and polystyrene ap (2) spin adducts in the 
system PSC-MNP-benzene during the irradiation by visible light (a) and dependence of molar ratio of 
adducts ap/ar from molar ratio of PSC/MNP (b). 

In a similar manner, the kinetics of addition of r• to the polymeric RAFT agent prepared 
through the polymerization of styrene mediated by BB (PSB) was studied. The ESR 
spectrum of the photolyzed system is identical to those given in Fig.10 and no intermediate 
radical could be observed. In this case, krF = (4.1 ± 0.2) × 107 L mol-1 s-1. With consideration of 
the above evidence, the measured constants should be attributed to the substitution reaction 
rather than the addition, and this is what we find (see below). It is natural to anticipate that 
the intermediate arising from addition of tert-butyl radical to polymeric RAFT agents with 
poor leaving groups (e.g., polyacrylate or poly(vinyl acetate)), would tend to release the 
initial tert-butyl radical rather the more active polymer radicals. In experiments, this effect 
should manifest itself as a reduction in the substitution constant. Indeed, for poly(butyl 
acrylate) dithiobenzoate (PBAB), the value of krF was an order of magnitude lower than that 
for PSB: (krF = (4.5 ±2.0)×106 L mol-1 s-1. Parameters of the ESR spectrum for the MNP adduct 
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corresponding values of PSB: krF = 5.7×107 L mol-1 s-1, AN= 14.9 G, and AH= 3.5 G. This 
demonstrates another application of the spin-trapping technique for structural studies of the 
polymers synthesized by RAFT polymerization. The nature of the terminal unit added to the 
RAFT agent during the synthesis may be directly assessed from the ESR parameters of the 
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The values of substitution constants for polymeric trithiocarbonates were estimated in a 
similar manner. Table 1 summarizes the values of substitution (addition) constants obtained 
for all polymeric RAFT agents under study and parameters characterizing the activity of the 
monomers. There is a clear correlation between these characteristics. A sharp increase in the 
efficiency of polymeric RAFT agents relative to that of low molecular mass RAFT agents 
was observed in dozens of systems for both homo- and copolymerization of various 
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monomers mediated by RAFT agents (Barner-Kowollik, 2008). The model studies performed 
in the present work have confirmed the general character of this phenomenon. 
 

Polymeric RAFT-agent krF×10-5, L mol-1 s-1 krF×10-5, L mol-1 s-1 

(Low molecular weight analog) 
PSB 420 2.2 
PBAB 45  
copoly(butyl acrylate/styrene) 
dithiobenzoate 

570  

PSC 250 28 
poly(butyl acrylate) 
trithiocarbonate 

120  

poly(vinyl acetate) trithiocarbonate 50  

Table 1. Substitution rate coefficients for the reactions of tert-butyl radical with polyRAFT agents. 

 
Figure 11. Dependence of rate coefficient of substitution (ksub) reaction between PSB and tert-butyl 
radical on the degree of polymerization (DP). 

To further probe the nature of the chain length effects, we have applied the spin trap 
technique to polystyrene dithiobenzoate of different polymerization degrees (217 monomer 
units). As seen in Fig. 11, the results obtained indicate the slight chain length dependence of 
rate coefficient of substitution reaction between PSB and tert-butyl radical. Similar 
regularities have been observed in the model reaction of tert-butyl radical with polystyrene 
trithiocarbonate of various chain lengths (the results are not given here).  

This means that for small conversions the equal radical reactivity principle is not applicable 
and the radicals of different length can participate in the elementary steps of RAFT process 
with different rate coefficients. Strong chain length effects have also been observed previously 
in our quantum-chemical calculations, though these focused on the equilibrium constants of 
the individual addition-fragmentation reactions, rather than the overall substitution reactions 
(Coote et al., 2006, Izgorodina et al., 2006, Lin et al., 2011). It is impossible to observe radical 
intermediate in our experiments due to its instability, which makes it difficult to estimate rate 
coefficients for addition and fragmentation reactions and, as a consequence, to show whether 
both of them depend on the chain length in the same way. In the section 5 we use theory to 
calculate equilibrium constants for the substitution process and determine if these follow 
similar trends to those of the substitution rate coefficients.  
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4. Extending the scope  

To date, the spin trapping method has been used to study the reaction of low molecular 
weight radicals such as tert-butyl with low molecular weight and polymeric RAFT agents. 
However, to prove that this technique is fully applicable to polymerization studies, one 
would also like to model the reactions of polymeric radicals with polymeric RAFT agents. 
Unfortunately, the inclusion of the monomer in the MNP model systems described above 
overcomplicates the kinetics because the tert-butyl radicals formed during the irradiation of 
MNP do not react with the monomer solely. MNP and RAFT agents would readily interact 
with tert-butyl radicals too. Thus, the resulting product mixture would consist of adducts of 
the tert-butyl radical, propagating species and the leaving radical of RAFT agent. The 
interpretation of the ESR-spectrum of such a “cocktail” of species is very difficult. Instead, 
we have considered a new experimental system based on the thermal decay of 
cyclohexylperoxodicarbonate (CHPC): 
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This initiator has a number of advantages. First, its decay rate constant is appreciable  
(kin~10-7 s-1) even at ambient temperature. Second, the resulting radical bears an unpaired 
electron on the electronegative oxygen atom. Whilst this radical can react with both 
monomer and MNP, its adduct with MNP is unstable and decays rapidly to initial reagents. 
The scheme of reactions occurring in the system MNP-styrene-CHPC-PSB is given below. 
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The initiating radical reacts with the monomer, generating propagating species, which can 
further react with MNP and RAFT agent. The former reaction leads to the MNP-based adduct 
of polystyrene, while the latter results in formation of unstable radical intermediate that 
decays to form either the initial propagating species or the new ones, able to reinitiate the 
process. The new radical is also captured by the spin trap and the new stable adduct is formed.  

At this point, one may object to the model we propose on the basis that both the leaving and 
the attacking radicals are styrene propagating radicals, and the ESR-spectra of their adducts 
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with MNP should be indistinguishable. However, as shown earlier (Golubev, 1994), the 
ESR-spectrum of styrene solution of MNP and CHPC changes slightly when the 
concentration of MNP is augmented. The system containing a small concentration of MNP 
(<10-3 mol L-1) gives rise to a triplet of doublets with AN=14.6 G and AH=3.4 G. When the 
quantity of spin trap is increased greatly (≥0.3 mol L-1), the signal changes its hyperfine 
interaction parameters: AN=14.3 G and AH=2.8 G. The further increase in spin trap 
concentration up to 1 mol L-1 does not result in any further changes to the ESR-spectrum. It 
was shown by means of kinetic calculations that the first spectrum should be attributed to 
oligomeric styrene spin adduct (n≥2) and the second – to the adduct of so-called “unimer” 
propagating radical P1, containing only one monomer unit. These ESR-spectra have similar 
spectral parameters, and when they occur together they cannot be resolved. However, the 
characteristics of the resulting spectrum can be used to evaluate the molar fractions of these 
adducts in their mixture. To accomplish this, one should obtain spectra of each adduct 
separately. It is then possible to perform simple algebraic operations and construct the set of 
spectra with pre-determined fractions of these adducts.  

Fig. 12 depicts the lower-field doublets, typical for unimer (Fig. 12, curve 1) and oligomer 
(Fig. 12, curve 2). Based on these data we can construct a set of model spectra, each with a 
known fraction of the unimer adduct. For each simulation, two parameters were measured: 
the line magnitude ratio (L1/L2) and the resulting constant of hyperfine splitting on styrene 
-proton. The data obtained are shown in Fig. 13. The suggested approach allows evaluation 
of the molar fraction of unimer adduct from the real spectrum to within 10% accuracy. 

 
Figure 12. The ESR-spectra of unimer (1) and oligomer (2) styrene adducts with MNP.  

 
Figure 13. The parameters of model ESR-spectra as a function of unimer adduct part. 
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Let us return to the MNPCHPCPSBstyrene system. When the concentration of MNP is 
extremely high (over 0.3 mol L-1), the propagating styryl radical Pn is one unit long, so we 
can designate it as P1. The simplified reaction scheme may be written as below (Scheme 3). 
Now, a question arises as to whether this scheme is complete. In particular, if any RO 
generated after the CHPC decay does not react with MNP, is it safe to say that this radical 
does not interact with polymeric RAFT agent? Indeed, when the reaction is carried out in an 
inert solvent like benzene, the system CHPCMNPPSB generates polystyrene adducts with 
MNP. This means that RO is able to react with polymeric RAFT agent. When the 
experiment is repeated but with PBN in place of MNP, the radical accumulation is doubled, 
since PBN can capture the radicals bearing an unpaired electron on oxygen. So, in the 
absence of monomer, an appreciable portion of the formed RO can attack the polymeric 
RAFT agent. However, when this process is run in bulk styrene, we can neglect this reaction, 
because the reaction with monomer is dominant.  

For the sake of simplicity we assume the rate coefficients of spin trapping of unimer and 
oligomer propagating radicals to be equal. Then the rate constant of substitution of oligomer 
radical by a unimer one can be expressed as  
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where (a1) is the molar fraction of unimer radical adduct and kPT=4.6104 L mol-1 s-1.We 
have carried out experiments using PSB of Mn=2900 D; the conditions and the results are 
shown in Table 2. 

 

 

 

 
Scheme 3. Simplified reaction scheme for MNPCHPCPSBstyrene system. 

 

 [MNP], mol L-1 [PSB], mol L-1 [CHPC], mol L-1 (a1) ksub, Lmol-1 s-1 

0.370 0.010 0.01 0.94 1105 
0.316 0.029 0.005 0.71 2105 

Table 2. The experimental data obtained for systems containing MNP, PSB and CHPC in styrene 
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The values obtained for substitution rate constants correlate with the data from the kinetic 
analysis of RAFT polymerization. The chain transfer constant, known as Ctr=ksub/kp, lies 
between 2000 and 6000 for styrene polymerization in the presence of PSB at 800C, while the 
obtained data yield Ctr in the range of 13002500 at 24oC. Such a good agreement between 
values obtained by very different methods cross-validates these techniques. 

5. Quantum-chemical calculations 

To help validate the kinetic results from the spin-trapping technique, we now compare the 
experimental results with the corresponding predictions from high-level ab initio molecular 
orbital theory calculations. Unlike experimental approaches, quantum chemistry offers the 
opportunity to calculate the rate and equilibrium coefficients for any (chemically-controlled) 
individual reaction within a complicated multistep processes directly, assuming only the 
Schrödinger equation and the values of a few fundamental constants (such as the masses 
and charges of the electron, proton and neutron). In this way, quantum chemical predictions 
are independent of any kinetic model-based assumptions and may thus be used to test their 
validity. Admittedly, because the many-electron Schrödinger equation does not have a 
simple analytical solution, numerical approximations must be made, introducing a potential 
source of error instead. Whilst very accurate methods exist, these usually require large 
amounts of computer power, with the computational cost scaling with the size of the 
system. Nonetheless, in recent years, rapid and continuing advances in computational 
resources and the development of cost-effective accurate quantum-chemical methods have 
made possible the chemically accurate prediction of rate coefficients for oligomeric reactions 
relevant to conventional and controlled radical polymerization processes (Coote et al., 2009, 
Lin et al., 2010). 

The calculations described in this section all use the same high-level ab initio molecular 
orbital theory methods, which are described in full in the original studies (Coote et al., 2006, 
Izgorodina et al., 2006, Lin et al., 2011). Owing to their computational cost, we have focused 
only on the calculation of the equilibrium constant for the addition-fragmentation reaction 
K=kad/kfr. All geometries and frequencies are calculated using relatively low-cost DFT 
procedures which have been shown to be suitable for this purpose due to systematic error 
cancellation (Coote et al., 2002). We always conduct a thorough search of conformational 
space and have developed an efficient algorithm for this purpose called Energy-Directed 
Tree Search (Izgorodina et al., 2007). Having located our geometries, we then calculate very 
accurate energies using an ONIOM approximation (Izgorodina et al., 2006, 2007, Lin et al., 
2009) to the W1 method, which in turn approximates CCSD(T) calculations at the infinite 
basis set limit via extrapolation procedures and has kJ accuracy provided single reference 
methods are appropriate (Martin et al., 1999). To this end, we divide the chemical reaction 
into a series of layers: an inner core that captures the reaction center; a core that includes the 
reaction center and all alpha substituent effects; the full system. In forming the core and 
inner core deleted substituents are replaced with hydrogens to maintain chemical valency 
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and all geometries are relaxed. The inner core is then studied with W1 and a slightly lower-
cost composite method, G3(MP2)-RAD (Henry et al., 2003), the core is studied with 
G3(MP2)-RAD and RMP2/6-311+G(3df,2p) and the full system is studied with RMP2/6-
311+G(3df,2p). The W1 energy on the full system is then approximated as the sum of the 
RMP2/6-311+G(3df,2p) energy, plus a correction for RMP2 versus G3(MP2)-RAD error (as 
measured for the core) and a further correction for the G3(MP2)-RAD versus W1 error (as 
measured for the inner core). In this way RMP2 is used only to measure the remote 
substituent effects (primarily dispersion effects) for which it is well suited, and the more 
difficult task of modeling the reaction itself is performed using higher-level methods. 
Having obtained geometries, frequencies and energies for reactants and products, 
equilibrium constants are then calculated using the standard textbook formulae for the 
statistical thermodynamics of an ideal gas under the harmonic oscillator and rigid rotor 
approximation; further corrections are then made by treating low frequency torsional modes 
as hindered internal rotations. Finally, gas-phase results are corrected to the solution phase 
by means of a thermodynamic cycle in which the free energies of solvation are calculated 
using continuum models such as PCM (Miertus et al., 1981). 

Table 3 summarizes the calculated and experimental values of the equilibrium constant 
K(=kad/kfr) for the addition of the tert-butyl (tBu) radical to the various low molecular weight 
RAFT agents. The calculations in this table were performed for the same conditions (20°C, 
benzene solution) as the experiments; the energies in solution in this case were calculated 
using our W1-ONIOM procedure described above with PCM-UAHF. Further computational 
details are available in the original reference (Chernikova et al., 2011); data for BB and BC 
differ slightly from this previous work as the conversion from the gas-phase to solution-
phase standard state was accidentally applied twice in this earlier study. In cases where the 
leaving group(s) on the RAFT agent is not tBu, there are multiple addition/fragmentation 
reactions possible and all pathways were considered computationally. As noted above, the 
fragmentation of the tBu radical is observed exclusively in the experiments when the RAFT 
agent is BB and fragmentation of the Bz radical is observed exclusively when the RAFT 
agent is BC. In this latter case, the experiments were unable to measure the equilibrium 
constant for the addition/fragmentation reactions because the intermediate radical was too 
short-lived and only the substitution rate was reported. 

Examination of Table 3 shows that, in general, there is good accord between the computed 
and measured equilibrium constants, though with one important exception. For TB the 
agreement is excellent (within a factor of 1.5), while for TC the theoretical calculations 
underestimate experiment by approximately 2 orders of magnitude, an error still within the 
reasonable limits of uncertainty of both techniques. However, for BB the calculated and 
experimental equilibrium constants show very good agreement (within a factor of 2), but 
theory predicts that fragmentation of the benzyl radical is preferred whilst experiment 
detects tBu radical exclusively. Although the experimental observation is difficult to argue 
with, the conclusion that tBu undergoes fragmentation more readily than benzyl radical is   
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RAFT 
Agent 

Intermediate 
Radical 

Leaving 
Group 

Experimental Theory 

kad kfr K K 

TB tBu–SC•(Ph)S–tBu tBu 5×106 8×10-3 6.2×108 8.9×108 

TC tBu–SC•(StBu)S–
tBu 

tBu 2.2×105 2×10-2 1.1×107 5.3×104 

BB tBu–SC•(Ph)S–
CH2Ph 

tBu 2.2×105 9×10-1 2.4×105 3.5×108 

CH2Ph — — — 3.6×103 

BC tBu–SC•( StBu)S–
CH2Ph 

tBu 2.8×105 — — 1.8×102 

CH2Ph — [Obs.] — 4.6×10-2 

Table 3. Comparison of theoretical and experimental equilibrium constants (K, L mol-1 20°C, benzene 
solution) 

not easy to accept at face value. In particular, as is well known, the benzyl radical (whose 
radical stabilization energy is 61.0 kJ mol–1) is significantly more stable than tBu (23.0 kJ  
mol–1) and should thus fragment preferentially (Coote et al., 2010). Indeed for BC, 
experiment does detect the preferential fragmentation of benzyl (instead of tBu), a result in 
accord with theory. At present we are unable to explain the exclusive detection of tBu 
radical in the experimental study of BB, but one tantalizing possibility is that there may be 
another (as yet undetected) reaction channel available to the benzyl radical (but not the tBu 
radical) in the presence of the dithiobenzoate RAFT agent BB that is not significant in the 
presence of the trithiocarbonate RAFT agent BC. Such a process, if it exists, may help to 
resolve the apparent inconsistencies in the experimental and theoretical data for 
dithiobenzoate mediated polymerizations of styrene, and further work on this problem is 
currently underway. 

To study the effects of chain length on the RAFT equilibrium, we considered the reactions of 
tBu radical with dithiobenzoates bearing various oligomers of polystyrene and poly(methyl 
methacrylate) as leaving groups. We also considered the addition of these same oligomers to 
the TB RAFT agent. The substitution (or chain transfer) reactions studied experimentally are 
the overall reaction that results when pairs of corresponding polyRAFT and TB addition 
reactions are subtracted. The calculated equilibrium constants (calculated new as part of the 
present work but with some species taken from our earlier studies) are shown in Figure 14. 
As in the data above, calculations were performed using our W1-ONIOM method for 
energies, the PCM-UAHF solvation model but, due to the larger size of the species, the 
harmonic oscillator approximation was used for the gas-phase partition functions. This 
latter approximation adds an additional uncertainty of approximately one order of 
magnitude to our results but should not affect the qualitative trends. 

From Fig. 14 we see that chain length effects on the equilibrium constant for the RAFT 
agent, in reactions with a constant attacking radical, are relatively small. However, not 



 
Nitroxides – Theory, Experiment and Applications 430 

surprisingly, the equilibrium constant is much more sensitive to the nature of the attacking 
radical, especially with respect to its terminal and penultimate units where K values can 
stretch over as much as 10 orders of magnitude with trends that are very specific to the 
reaction under study. However, beyond the penultimate position convergence is quite 
rapid. With respect to reactions involving the tBu radical with polymeric RAFT agents, it is 
clear that the former is a much poorer leaving group than either the polystyryl or 
polymethyl methacrylate attacking radicals and this is consistent with the experimental 
observation that they undergo rapid substitution. 

 
Figure 14. Chain length dependence of the equilibrium constant (K, L mol–1, 20°C, benzene solution) in 
RAFT polymerization of methyl methacrylate and styrene 

6. Conclusion 

The most convincing argument for the currently accepted mechanism of RAFT 
polymerization is the direct monitoring of the radical intermediates formation by means of 
ESR (Chernikova et al., 2004, Hawthorne et al., 1999, Golubev et al., 2005, Kwak et al, 2002). 
The concentrations of these intermediates and their changes during the process provide 
valuable data for the kinetic modeling of RAFT polymerization. If the radical intermediates 
are relatively stable, they are accumulated in concentrations sufficient to be observed by 
ESR. However, if the intermediates are active, one cannot detect them in a reaction mixture. 
The use of spin traps can help to overcome this disadvantage and thereby extend the 
possibilities for the kinetic investigations of this process. We have found that the MNP and 
C-phenyl-N-butyl nitrone spin traps and their adducts are stable in the presence of RAFT 
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agents, and this allows us to determine the nature of the trapped radicals from their ESR 
spectra. Through careful design of the reaction conditions (especially the use of low 
concentrations of active radicals) spin traps allow us to simplify the kinetic analysis by 
outcompeting certain side reactions, in particular termination and re-addition processes. 

Reactions of addition and fragmentation are the principal stages in RAFT process. Two 
extreme cases can occur in different systems: radical addition to the RAFT agent resulting in 
formation of a stable intermediate, which one can observe via ESR (the model for this case is 
the TBMNP system); or formation of an unstable intermediate that does not accumulate in 
the system and immediately decomposes (BCMNP system). In the first case one can say 
that two different reactions of addition and fragmentation occur sequentially; in the second 
case – only the overall radical substitution is observed. In terms of the application of spin 
traps it is important to note that there are at least two different radicals in these reactions: 
one that is reacting, and another that is forming. In some cases, the forming radical may be 
an intermediate that is not caught by the spin trap. 

For the successful application of spin-trap technique, particularly, for the estimation of 
kinetic constants of these reactions, the two following requirements must be met. The first 
requirement is that the ESR-spectra of spin trap adducts with reacting and leaving radicals 
should be different enough to determine quantitatively the contribution of each adduct. This 
requirement is easily met in the model studies presented here, and more generally in the 
first stage of RAFT polymerization where the propagating radical interacts with typical 
initial RAFT agents. We also showed that to some extent short oligomers of different chain 
lengths could also be discriminated. However, for study of the main equilibrium in RAFT, 
where the attacking and leaving radicals are essentially identical, this is more problematic 
and other strategies are required. The second requirement for successful application of the 
spin-trap technique is knowledge of the rate coefficients for the various spin trapping 
reactions. Unfortunately, there are not always reliable data available for these constants. At 
present we use the average value presented by Golubev et al. (2001). The development of 
accurate methods for the determination of trapping constants remains an ongoing challenge.  

We have shown that the spin trapping technique can readily be used to measure 
substitution (and hence chain transfer) constants with a high level of accuracy. We have also 
used it to measure rate coefficients for the individual addition and fragmentation rate 
reactions that are in very good agreement with theoretical calculations for most systems 
studied to date. However, determination of these rate coefficients is still problematic for 
some systems, particularly if the intermediate radical is short lived. To measure these rate 
coefficients we use the method of competitive reactions (MCR), where the comparative 
reaction is the spin trapping. At the moment there is a lack of reliable information about the 
kinetics of these reactions. As a result, the determination of kinetic parameters is limited by 
the accuracy of the reference reaction, which is often unknown. In the literature the 
reproducibility of experimental data is usually mentioned, but the absolute accuracy is not. 
In the present work we have assumed that the absolute error accounts for half an order of 
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magnitude at least; in particular cases the error could be appreciably higher. This is one of 
the reasons why we use extensively the photolysis of MNP: for this reaction there is a 
reliable value of rate coefficient of tert-butyl radical spin trapping. The other challenge is 
that, in estimating kinetic constants, one also has to assume that other reaction channels are 
not significant. The generally good agreement with theoretical calculations suggests that 
these assumptions are likely to be reasonable most of the time, though the unusual results 
for BB are also a warning that these assumptions need to be continually re-evaluated for 
each new system studied. Nonetheless, it has to be stressed that the presence of the spin 
trap, by outcompeting most side reactions, does greatly minimize the impact of kinetic 
assumptions on the accuracy of the kinetic results, particularly when compared with 
standard polymerization conditions. 

The spin trap technique therefore has much to offer the radical polymer field. For instance, 
the application of the spin traps has helped to solve a number of problems in complex-
radical polymerization and copolymerization (Golubev et al., 1978). They have also helped 
to address controversies related to spontaneous initiation and unusual inhibition of some 
polymerization systems (Zaremski et al., 1999). We hope that the results presented in this 
work will encourage the further development and application of these techniques for RAFT 
polymerization and other controlled radical polymerization processes. 
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