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I. INTRODUCTION

The electron spin resonance (ESR) phenomenon, discovered by E. K. Zavoiskii in
1944 and widely employed in scientific research at present, can also be used as a
method of chemical analysis for determining the concentrations of substances. The
ESR method is based on the ability of atoms, ions, and molecules with unpaired elec-
trons to absorb electromagnetic radiation of radio-frequency range in a constant exter-
nal magnetic field.1 The agreement of this process with the fundamental law of spec-
troscopy — the proportionality of the fraction of the radiation absorbed to the number
of absorbing centers — enables the use of ESR in the determination of the concentra-
tion of paramagnetic particles using the appropriate reference samples.

Since 1960 various techniques were developed to determine several transition metals
possessing paramagnetism in their basic oxidation states: copper(II),2-251 chro-
mium(III),3"2 cobalt(II),3 iron(III),3-5"3 gadolinium(III),6"4 manganese(II),7-2" and
vanadium(IV).3-8-9-251 It also became possible to determine some metals nonparamag-
netic under ordinary conditions by transforming them into less stable paramagnetic
states: silver(II),10"6 gold(II)," molybdenum(V),1213 titanium(III),"7 nickel(III),14

rhenium(VI),15 palladium(III)," platinum(III)16 and rhodium(II).258 ESR can also be
applied for the determination of paramagnetic compounds: molecular oxygen, nitro-
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gen oxides, chlorine dioxide, and free radicals.17'20 Several reviews have been devoted
to such analytical applications of ESR.21-"'"'-"3-364

ESR determination of paramagnetic substances, transition metals, in particular, ex-
hibits a number of advantages, some of which that should be mentioned are the quick-
ness of analysis, the possibility of continuous automatic control over the content of the
components being determined in the flow, and applicability to samples in any aggre-
gate state. Most ESR determinations are characterized by a very high selectivity, for
example, gadolinium can be determined in the presence of any amounts of all the other
rare-earth elements6 or the determination of tungsten is possible in the presence of large
amounts of molybdenum.33 The use of ESR readily provides information about the
content of a metal in the particular oxidation state, for instance, of vanadium(IV)
alone.3 Some metals have rather low detection limits. Thus, for molybdenum(V) in the
form of Mo(CNS)5 complex, this value makes up only 5 x 10"1 ng/ml or 5 x 10~9 g-
ion/i (a VARIAN E-4 ESR-spectrometer).12 It should be mentioned, however, that the
detection limit strongly depends on the line width in the ESR spectrum: the wider the
line the higher the detection limit. Consequently, it depends on the nature of a para-
magnetic ion and for a great number of metals the detection limits are much higher.

Therefore, ESR appears to have a certain analytical potential to be helpful for the
solution of a number of special problems. In our opinion, the limited application of
the method in analytical practice is due to the fact that highly sensitive ESR spectrom-
eters are rarely available in laboratories that do inorganic analysis, the analytical basis
of the method is not yet sufficiently developed, the number of metals under determi-
nation is restricted, and the detection limits with respect to the majority of paramag-
netic ions are not very low.

New prospects of the application of ESR in chemical analysis became evident in
recent years, owing to advances of organic chemistry in the synthesis of the compounds
containing complexing groups in combination with fragments possessing unpaired elec-
trons, i.e., free-radical complexing reagents. It now became possible to determine the
concentrations of metal ions by binding them in complexes with these "spin-labeled"
reagents and, subsequently, measuring the paramagnetism provided by peripheral (or-
ganic) parts of the coordination compound molecules formed.

Such an approach makes it possible to overcome the two restrictions inherent in ESR
determinations of metal ions, based on the measurement of their intrinsic paramagne-
tism. On the one hand, the application of radical-containing reagents provides the
determination of practically any metal, not only those possessing paramagnetic ions.
On the other hand, the ESR spectra of organic free radicals, whose intensities are used
to determine the concentrations of the metals bound to them, consist of much narrower
lines than the spectra of most paramagnetic ions of transition metals. Hence, by using
radical-containing reagents one can significantly lower the detection limits typical of
direct ESR determinations of metals and make them less dependent on the nature of
the element to be determined.

The present review considers the properties of stable radical-containing complexing
compounds, which comprise the basis of their analytical application as well as the first
procedures of ESR determination of metals with the aid of these unusual reagents.
Since the properties of stable free radicals (with complexing groups, in particular) had
been thoroughly studied from many viewpoints, it was impossible to cover all the lit-
erature published. Therefore, the aim of bibliographic fullness was taken with respect
to two areas only: publications on analytical applications of free-radical reagents (the
main subject of the review) and publications on syntheses and investigations of metal
complexes of radical-containing (more exactly, nitroxide-containing) chelating re-
agents (the nearest of the adjacent subjects). The review covers the literature on these
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topics published up to 1985 inclusively. The references concerning other adjacent sub-
ject areas are given selectively; among these a reader can usually find the citations of
fundamental publications able to provide complete and deep understanding of the phe-
nomena in question.

II. GENERAL CHARACTERISTICS OF RADICAL-CONTAINING
COMPLEXING REAGENTS

At present, the chemistry of stable free radicals is a broad independent field of chem-
ical research. Numerous free radicals of various classes have been synthesized which
retain their unpaired electrons, not only after a long period of storage, but also under
various chemical and physical effects.34-43

In principle, stable free radicals of several investigated classes can be used for ESR
determination of metals. Thus, in specific cases, the uses of dithiolate radicals for the
determination of nickel264 and semiquinolate ones for the determination of copper,265

zinc, cadmium, and lead266 were reported.
But of particular importance for analytical purposes are nitroxide radicals possessing

an unpaired electron in the fragment > N-O.44-46 In contrast to stable free radicals of
other classes whose stability is based mainly on the delocalization of an unpaired elec-
tron over the conjugated-bond system, nitroxide radicals combine stability with a very
high degree of localization of the unpaired electrons on few atoms, mostly only on the
oxygen-nitrogen bond. This peculiarity has made the synthesis of numerous derivatives
of nitroxides possible without disturbing the unpaired electron, i.e., retaining the par-
amagnetism of the original radical. The reactions of this type have been described in a
number of reviews and books.42-45-47-48

Among other substituents which have been introduced into nitroxide-containing
molecules, there are various groups capable of bonding metal ions into complexes —
into chelates, in particular. About 100 of such chelating compounds have been de-
scribed. These reagents contain nitroxide groups in one of the following fragments:

?H3 r u
 CH3 „ , / C H 3 C H , ,CH*

CHi\H n C H 3 " \ L m C H r C . I V

CH3

0— N I O-^-N ||

•>\ V -V~ VI
CH3 • CH3 ru

0 — t

A ^ N IX

Among the reagents synthesized are the following (Table 1): /3-diketones and other
/J-dicarbonyl compounds (1 to 14); various carboxylic acids (15 to 42); diol (43); mono-
substituted phosphates (44 to 46); hydroxamic acid (47); crown-ether (48); reagents
which combine a hydroxyl group with the heterocyclic nitrogen atom (49 and 50);
amino acids (51 to 54, 57); oximes (58, 59, 80, 81); Schiff bases (60 to 75); oxyazo
compound (76); reagents containing two imine nitrogen atoms or one imine nitrogen
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atom with N-oxide group (77 to 87); thiosemicarbazones (88 to 91); and xanthates (92,
93). Also described is compound 94 which is capable of chelating metals by means of
coordinating them towards the imine nitrogen atom and forming the bond between the
metal and orthocarbon atom of phenyl.
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0—N 0 — P — 0—P — 0 — P — OH

I I I
OH OH OH

0 —

ft
N,O-Type Reagent3

- O H

O^N l[ |
CH3

'OH

47

HO 0 —
NH2

50 51

OR

0 — N > - 0 — C — N H — CH — COOH
NH,

52

0-N II

53, R=-CH2-Ph; 5±, R=

COOH

55

; - C H , — C H — C 0 0 H 0 —

56

R

c = N O H

5 8 , R=H; 59 , R=C

^ 63

HO

0 —

— COOH

COOH

57

HO R,
60, R1rR2=H;
§ 1 , R^OCHj; R2=H;
62, R^COH; Rg=CH3;

1
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0-N Y-CH,— N=CHx / "2

HO COH

yL/N=CH-O
HO R

0—N

H 0 \

N = CH —f~\

12,

, 2

§7, R,=H; R2=C1;
g , R,=H; R2=Br;
(Bj R^H; R2=NO2;
IQj R,=OCH3; R2=H;
7Jj R,=COH; R2=CH?

o—

OH

21 CH,

OH

- v X
0-N , >— CH? — N=CH — r̂ ^̂ Tl— CH=N —
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CH,

OH

N-i-0

75 CH,

0—N
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H,H-Type Reagents

80, R=H; , R=Hj

0 O
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N \ - /
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H H
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c c

/ I
H H

86
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90 91
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Reagenta, forming cbelates with carbon - metal bond

94 95

Besides the structures shown, the following nitroxide chelating reagents were de-
scribed: enaminoketones,"7 semicarbazones,268-269 cr-carbonyl- and hydroxymonoox-
imes,270 other crown-ethers,271-281 oxaminic acid,272 new Schiff bases,273 iminoamino-
and diaminocompounds,74-274 pyridyl- and imidazolylazomethines,274"277 porphy-
rins,215-278-314 amidoximes,279-280 alizarin derivatives,282-283 dithiocarbamate,284 enami-
nothiones,285 reagents with the oxime group nearby nitroxide,286-287 compounds con-
taining nitroxide radical, and a fluorescent fragment connected by aminocarbonyl and
thiourea chelating groups.267-288

Therefore, the range of the reagents synthesized which contain the spin label in the
form of nitroxide radical is rather wide and various. They are represented by well-
known classes of organic analytical reagents, their diamagnetic analogs being widely
used in inorganic analysis. Further on we consider a number of problems concerning
this new group of complexing reagents.

A. Synthesis
The synthesis of nitroxide-containing complexing reagents conventionally consists of

obtaining the radical label (the fragment N-O) and "designing" the complexing
group.

The first problem can be solved by means of two most widely used techniques,
namely, dehydrogenation of the corresponding hydroxylamine (for example, with the
aid of lead dioxide):104106

\ ,_OH -2— \-^o

and oxidation of secondary amine (oxidizing agents are per acids, hydrogen peroxide
in the presence of tungstates, and others):107'109

R 1 \ H202
 R l \

K—H - ^ - . N— 0.

In most cases, these reactions proceed quite readily and do not represent any proce-
dural difficulties.

The second part is a conventional organic synthesis which is distinguished only by
the necessity to retain the radical centers. In many cases, this difficulty can be success-
fully overcome by using specific techniques, though sometimes it becomes a serious
obstacle in creating new types of reagents. Thus, a comparatively small number of
sulfur-containing compounds among spin-labeled complexing reagents is accounted
for by the difficulty of preserving the nitroxide radical in the presence of sulfur (espe-
cially - S H groups) in the reaction system.
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\
\

H N i 0 0

FIGURE I. Molecular orbitals of isolated nitroxide group.

The methods of obtaining the nitroxide-containing compounds with various sub-
stituents were considered in general form in a number of books and reviews;35-36-38'40-42"
4s.47.ioi-io3 t n e proce{iures of the synthesis of specific chelating reagents are described in
the works referred to in Table 1. Today it has become apparent that obtaining the
nitroxide-containing reagents is a task only a little more complicated than the synthesis
of diamagnetic organic compounds. A large range of nitroxide-containing compounds
(mostly used for research in molecular biology) is being manufactured by a number of
firms.

B. Electron Structure
The nitroxide group > N-O is a specific structural fragment of the reagents consid-

ered herein, which produces the ESR signal and allows the determination of the con-
centrations of metals bound to them. The electron structure of this unusually stable
radical element was the subject of numerous theoretical and experimental investiga-
tions (see, for example, Berthier et al.110'120).

The results of quantum-mechanical calculations, which are in good agreement with
the data of experimental methods including ESR (see below), have shown that in the
compounds which do not contain multiple bonds in the a position with respect to
nitroxide (fragments I-X), the unpaired electron is practically completely concentrated
on the nitrogen-oxygen bond. In such molecules, the nitroxide group could be consid-
ered with good approximation irrespective of the other parts of the structure, and its
electron state could be described through a set of molecular orbitals represented in
Figure 1.42 The unpaired electron is placed on the antibonding n orbital formed by 2pz-
orbitals of the nitrogen and oxygen atoms. The part of the s-state in the wave function
of the unpaired electron for the nitroxide-containing compounds of the types under
consideration does not exceed 3%,38-42 therefore, these compounds can be considered
as typical n-electron radicals. The hydridization of the nitrogen atom orbitals is close
to sp\

In the molecules of the reagents with fragments I-X, the unpaired electron is delo-
calized only between the two atoms — nitrogen and oxygen:

- N<; - > o-
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The distribution of the spin density between these atoms depends on the structure of
other parts of the molecule in a very slight degree; the ratio Q"O/Q"N is approximately
equal to 7:3."°-"s-'2°

The estimates based on the experimental value of the dissociation energy of N—O
bond in the > N-OH group"1 and on the thermodynamic characteristics of 4-oxo- and
4-hydroxyderivatives of piperidine show that the energy of delocalization of an un-
paired electron on a nitrogen-oxygen bond of the nitroxide group makes up a rather
high value approximately equal to 130 kJ/mol." This is one of the major reasons for
the stability of nitroxide radicals.

In the molecules of most reagents with fragments XI and XII, the unpaired electron
is delocalized along the chain O-N-C-N(-O). The distribution of the spin density in
such systems is markedly influenced by the nature of the substituent at the carbon atom
in position 2, the cycle conformation, and protonation of the nitrogen atom or the
N-*O group.1"

C. Spatial Structure
The data on spatial structure of the molecules of a nitroxide-containing reagent are

helpful for developing analytical methods, since they make it possible to predict or
exclude the possibility of simultaneous coordination of the metal ion both by the che-
lating group (or its part) and the N-O group. Such a process results in a sharp change
in the ESR radical spectrum, which can markedly affect the characteristics of the ana-
lytical method.

The quantum-mechanical calculations performed for the H2NO- molecule have
shown that the energies of interconformation transitions in this system are negligible
and the radical does not possess a distinct geometry.'"•'" The results of numerous X-
ray diffraction investigations of nitroxide-containing compounds summarized in
reviews125-'26-289-2'0 have confirmed that the geometry of the fragment > N-O is com-
pletely determined by the geometry of other parts of the molecule. This fragment is
either flat or has the form of a pyramid. The angle formed by the plane of the CNC
bonds and the N-O bond can reach 22° in the latter case. Five-membered nitroxide-
containing cycles are usually flat, while six-membered ones have either the "chair"
conformation or the twist conformation. The length of the N—O bond in the majority
of the compounds investigated equals 1.25 to 1.30 A, that is, less than the length of
the single N-O bond (1.34 A), though noticeably exceeds the length of the double N=O
bond (0.99 A).

The structure of some nitroxide-containing chelating reagents in the crystalline state
is completely deciphered, with all the interatom distances and angles between the bonds
being determined.126-289

On the basis of the data obtained, one can assume that for the great majority of
synthesized reagents, the simultaneous coordination of the metal by nitroxide and che-
lating groups is impossible spatially. For some reagents (for instance, 40, 42, 82, and
83) such coordination can be theoretically possible and seems probable,"-299 but there
are no inambiguous experimental results yet which would reliably confirm its imple-
mentation.

D. Stability
The nitroxide radicals are much more stable than the stable radicals of other classes.

Many nitroxide-containing compounds do not noticeably lose their paramagnetism
after many years of storage. These compounds retain their free valencies in the media
of organic solvents as well as in not very acidic aqueous solutions. Among the reasons
for this stability, unusual for free radicals, are the inherent stability of the three-elec-
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tron configuration of the nitrogen-oxygen fragment, steric factors preventing dimeri-
zation and disproportionation, and additional delocalization of the unpaired electron
occurring in some nitroxide-containing heterocycles (XI, xil).41-42-121-127-12*

However, stability of nitroxide radicals is not unlimited: under certain conditions
the nitroxide-containing compounds can take part in chemical reactions which are fol-
lowed by the loss of paramagnetism. In developing analytical methods, it is of impor-
tance to take into account the possibility of such processes, since it is very significant
for the accuracy of determinations to retain quantitatively the nitroxide groups. The
reactions resulting in the decay of nitroxide groups comprise disproportionation, inter-
action with other free radicals, reactions with strong acids, monoelectron reduction,
and monoelectron oxidation.

/. Disproportionation
Disproportionation is a common property of free radicals. However, a specific fea-

ture of the mechanism of this process within the class of nitroxides consists of the
participation of the hydrogen atom which is in the a position with respect to the N-O
group.1"130

M 0 SI —0

KO

>c

The reaction results in the formation of diamagnetic derivatives of hydroxylamine and
nitrone which can undergo further transformations.131 Hindrances due to the dispro-
portionation reaction can be easily avoided if the range of spin-labeled analytical re-
agents used is confined by compounds with the quaternary carbon atoms in the posi-
tions nearest to the nitroxide. The structures of all the chelating reagents mentioned
above meet this requirement.

2. Interaction with Free Radicals
Nitroxide radicals are capable of recombining with active radicals of other classes to

form diamagnetic hydroxylamine ethers:35132133

H — 0 +R II—0 R

Since free radicals are not found to be formed in analytical systems frequently, there
should be no serious limitations in the application of nitroxide-containing compounds
in analytical chemistry.

3. Interaction with Strong Acids
Destruction of nitroxide radicals in concentrated solutions of strong acids essentially

is the reaction of disproportionation resulting in the formation of diamagnetic salts of
hydroxylamine and oxaammonium:127134158

1 1— C—H —C —
1 I - 1

0

+ 2HC1 -
1 +

— C—K—•
1 A

H OH

1c—+
1

1—c
1

+ 1
—17— C —
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Table 2
STABILITY OF PARAMAGNETIC CENTERS OF 2,2,6,6-TETRAMETHYL-4-

OXO-PIPERIDINYLOXY IN AQUEOUS SOLUTIONS OF ACIDS138

(RADICAL CONCENTRATION 0.01 M)

Share of radicals retained (%)

Sulfuric acid Perchloric acid Hydrochloric acidTime of
staying in ^~^~~~~~^^^^^^~~^~~ ^^^^~^^^^^^^^^~~~~
acid(min) 0.1 N 0.5 N IN 2N 0.1 N 0.5 N IN 2N 0.1 N 0.5 N I N 2N

20
60
120

99
96
94

92
78
66

80
58
37

60
32
10

97
94
90

89
74
58

72
49
28

36
7
1

97
92
87

86
68
52

68 9
42 0
21 0

It was assumed that the acid is responsible only for the equilibrium shift towards the
formation of diamagnetic products due to protonation of the hydroxylamine anion
formed:135

I .. I I .. I
• C — K — 0 — + — C—II— C —

I I
— C — H— C —

I I I

I
— c — ii— c—

i T i
•c — it— c —
I / \ I

H OH

Cl"

—C—H — C —

But other results have shown that the protonation stage appears to precede dispropor-
tionation, the nitroxide protonated retaining its paramagnetism.136158

The oxaammonium salt obtained upon disproportionation can undergo further
transformations,135 and generally the process is irreversible. There exists opinion that
the degree of the stability of nitroxide in acidic solutions is basically determined by the
speed of these irreversible reactions.137

In analytical practice it is of great importance to know the limits of the pH range in
which the speed of nitroxide radicals decay is negligible. The data for radical 96 are
given in Table 2. The data concerning the stability of other compounds are limited;
some fragmental literature data and our own experience make possible the conclusion
that in acid solutions with pH above 2 to 3, the stability of most nitroxide radicals is
quite sufficient for the implementation of analytical operations of usual duration.

96

Nitroxide radicals — derivatives of imidazoline (containing an unpaired electron in
the fragments IX to XII) — are more resistant to the action of acids than the piperidine
derivatives (fragment n) ." 4 8 1 3 ' 1 4 0 This phenomenon is accounted for by greater affin-
ity to proton of the nitrogen atom in position 3 or the nitron group (as compared to
nitroxide) which is contained in the imidazoline cycle. The positive charge nearby the
nitroxide group, resulting from the primary protonation of these additional fragments,
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prevents the approaching of the second proton to the nitroxide. On the other hand, the
protonation of the nitrogen atom in position 3 leads to inductive withdrawal of the
nitroxide oxygen atom electron pair, thus decreasing the basicity of nitroxide moiety.
The two factors impede the process of nitroxide group protonation and thus increase
the stability of the spin label.48

4. Oxidation and Reduction
The reactions of nitroxide radicals with external oxidizing and reducing agents can

be schematically represented by the following equations:

I I I + I
— C — S — C — - 6 " — C — 5 1 — C—

I I - I I II I
0 0

I I I I + H + I I
— 0—H— C— +e~ >- — C— II— C— —C — H—C —

I I- I I I I I I I
0 0" OH

The values of standard electron potentials for such systems are not given in litera-
ture, therefore, the oxidation-reduction ability of nitroxides can be estimated only
through the results of voltamperometric investigations.127141-147 The potentials of mono-
electron oxidation of most nitroxide radicals at the platinum electrode in acetonitrile
are found to be in the range of 0.2 to 0.6 V (saturated calomel electrode), and the
reduction potential of compound 96 in the aqueous medium at the mercury electrode
depends on pH and in neutral solution is equal to (with respect to saturated calomel
electrode) -0.13 V.141 These data lead to the conclusion that nitroxide radicals can be
affected only by strong oxidizing agents, but also by both strong and moderate reduc-
ing agents.

The oxidation reactions of nitroxides with molecular chlorine and bromine,134149

antimony(V) and tin(IV) halides,150151 triphenylmethylcarbonium salts,152 and oxygen
in the presence of silver oxide135 are described.

In most cases, to reduce a nitroxide both electron donor and a proton donor are
required. The reduction reactions of nitroxide radicals in acidic media with the aid of
elementary alkali metals, zinc and tin,42 as well as hydrogen peroxide,153 iodide ions,60

gaseous hydrogen chloride and bromide,147 hydrogen sulfide,42 hydrogen in the pres-
ence of platinum,148 and iron(II),154 are known.

Of practical importance are the reduction reactions of nitroxides with phenyl-
hydrazine1" and ascorbic acid.156 Since these reactions proceed stoichiometrically,
quantitatively, and fast (within minutes), they make possible selective transformation
of a radical into a corresponding diamagnetic hydroxylamine, the fact is of impor-
tance, particularly for NMR investigation of nitroxide-containing molecules.

Recent investigations have shown that the resistance of cyclic nitroxide radicals to
reduction increases with a decrease of the cycle size.157

Analysis of the data concerning the reactions which result in the destruction of ni-
troxide radicals leads to a conclusion that though such processes require attention of
the analyst in developing the procedures for the determination of metals, they not too
seriously confine the application area of nitroxide-containing chelating reagents. Most
reactions of chelate formation proceed in not very acidic solutions. The oxidizing and
reducing reagents listed above are rather rarely met in analytical systems: if present,
they should be separated or neutralized prior to spin-labeled reagent addition, or the
determination should be performed in conditions preventing red-ox process (in alter-
native pH range, for instance).
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800 X/m H

FIGURE 2. Typical ESR spectra of nitroxide-containing reagents in nonviscous
solutions, (a) Monoradical reagents with I-X fragments; (b) biradical reagents with
I-X fragments; (c) monoradical reagents with XI or XII fragments.

In the conditions of the majority of analytical systems the nitroxide radicals are
retained quantitatively, which permits one to handle them in just the same way as
traditional organic analytical reagents. Sometimes, even more important than the de-
cay of radicals is the destruction of the chelating group of the spin-labeled compounds.
Such a destruction is certainly typical of some usual, diamagnetic reagents, though in
this case the process is not always noticeable and often can be neglected.

E. ESR-Spectroscopic Properties
Chelating reagents containing an unpaired electron in the fragments I-X produce in

nonviscous solutions a ESR spectrum comprising three equidistant lines of equal inten-
sity (Figure 2a).38-42-2"-"4 The spectrum of such a type is due to the interaction of spins
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of the unpaired electron and the nitrogen 14N atom nucleus (natural content 99.63%, I
= 1). The hyperfine structure resulting from the interaction of the unpaired electron
with the protons of the four closely situated methyl groups does not resolve under usual
conditions, but it can usually be observed, if molecular oxygen broadening spectral
lines are removed out of the solution. The splittings from neighboring magnetic nuclei
are not very important for quantitative metal determinations at present, but they are
crucial to qualitative analysis of unstable free radicals by the spin-trapping method.2'5

A comparatively simple structure of nitroxide ESR spectra is indicative of the locali-
zation of the unpaired electron in these fragments at the N-O group.

The g-factor slightly depends on the nature of the chelating group and is close to
2.006. The hyperfine interaction constant with 14N almost does not depend on the
chelating group either and is approximately equal to 1200 A/m (15 Oe). The halfwidths
of the lines are equal to 80 to 160 A/m (1 to 2 Oe), i.e., it is much less than the
halfwidths of the lines in the ESR spectra of most paramagnetic metal ions spreading
from dozens to thousands of Oersted.

The reagents containing two fragments of II-X types (so-called biradicals) produce
a similar triplet ESR spectrum only when there is no spin-spin interaction between the
two paramagnetic centers in the molecule. In the case of spin-spin interaction (which
can proceed over the bond system of the molecule, by direct overlapping the molecular
orbitals of the unpaired electrons or through the solvent molecules42-101) the spectrum
can comprise five or more lines (Figure 2b). The investigations of spin-spin interactions
in biradicals and their influence upon the ESR spectra are reviewed in numerous
works.1011"'160

The ESR spectra of solutions of reagents possessing radical-containing fragments XI
and XII exhibit a quintet of lines with" the intensity ratio 1:2:3:2:1 (Figure 2c). Such a
spectrum is due to the interaction of the unpaired electron spin with the spins of two
14N nuclei.1

The ESR spectra of nitroxide-containing compounds are sensitive to the nature of
the solvent, temperature, and the presence of foreign paramagnetic particles in solu-
tion.161-169-296-2'8 This sensitivity can be explained by the dependence upon the above-
mentioned factors of such determining ESR spectrum processes as rotation and motion
of the radical-containing molecules, their solvation, exchange, and dipole interaction
with each other and with foreign paramagnetic ions and molecules.

Proportion between the ESR spectrum intensity of nitroxide radicals and their con-
centration makes possible the application of ESR for the determination of nitroxide-
containing compounds. The measure of the concentration of a paramagnetic substance
is the area under the curve of the entire absorption spectrum or its one line. Since the
modern ESR spectrometers record the first derivative of the spectrum curve rather than
the ordinary "integral" spectrum curve, double integration is required to calculate the
unknown area (Figure 3a). This problem can be comparatively easily solved with the
aid of microcomputers; in many cases, however, the intensities can be characterized
using even more easily available values.

Thus, if the shape of the spectrum line does not depend on the concentration of the
substance being determined, the measure of the area under the integral absorption
curve can be represented by the product of the amplitude of the first derivative curve
by the square distance between the points of the integral curve maximum slope (Figure
3b). However, if by changing the concentration not only the shape of the spectrum line
remains constant, but also its halfwidth, the amplitude of the first derivative curve can
be used as a measure of concentration (Figure 3 c).

In most cases of metal determinations with nitroxide radicals it is possible to use this
simple measure. However, when the method is being developed, it is necessary to make
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?irat derlvt-tire
curre

Corresponding

integral absorption

curve

I — A

FIGURE 3. Possible measures of ESR signal intensities, (a) Double
integral of the experimental spectrum (S) (general case); (b) the prod-
uct of amplitude (A) and the square distance between the points of
maximum slope of the integral curve (AH,,) (the form of the line is
constant); (c) the amplitude of the first derivative curve (the form and
the width of the line are constant).

sure that the linewidth really remains constant within the other experimental errors in
the conditions of analysis. The lineshape can be changed, in particular, by paramag-
netic metal ions or their complexes present in high concentration in the solution con-
taining the radical to be determined,"6-297 by irreproducible degassing, and by some
other factors. If the lineshape depends on the concentration of the radical to be deter-
mined, this difficulty can be easily overcome by using the calibration curve "concen-
tration — first-derivative amplitude." But even in this case the analyst must be sure
that the stock solutions and the solution to be analyzed differ only in the concentration
of the radical to be determined. The problems associated with the quantitative deter-
minations of concentrations in complicated conditions of changing lineshape are con-
sidered in the literature.236-263

III. METAL COMPLEXES WITH NITROXIDE-CONTAINING
REAGENTS

Many of nitroxide-containing chelating reagents were studied in terms of complexing
with metal ions; a number of spin-labeled complexes was obtained in the solid state
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and studied by means of various methods. For the reagents, whose structures were
presented in the previous chapter, the references to the investigations of complexing
ability and the properties of complexes are given in Tables 3 and 4. Besides, the studies
of metal complexes of the following spin-labeled chelating reagents were reported:
oxaminic acid (Cd, Co, Ni, Zn),2" crown-ether with two radical groups (K),"1 semi-
carbazones (Co, Cr, Cu, Fe, Mn, Ni, Zn),268"'-301 fluorine-containing enaminoketone
(Co, Cu, Ni, Zn),300-311 new Schiff base (Cu)273 and other azomethinic reagents (Cu,
Mn, pd),2'4-2"-301-3'2 iminoamine (Co, Ni),313 porphyrins (Ag, Cu, Fe, Mn, V),215-218-314

dithiocarbamate (Au, Co, Cu, Fe, Hg, Ni, Pb, Pd, Zn),284-315-317 and new xanthates
(Ni).307-308

The compounds of this type also comprise numerous complexes obtained by attach-
ing a spin label to the peripheral parts of the molecules of already synthesized metal
chelates with diamagnetic Kgands.206-214-216-2"-318-330 Related complexes — adducts of
traditional diamagnetic-ligand metal chelates with spin-labeled monodenthate ligands
— were also studied.212-213-330'344 The compound of a similar type is the porphyrexid
palladium complex.218

The spin-labeled reagents interact with metals almost in the same way as their more
common diamagnetic analogs, i.e., the metal ion is usually coordinated by the donor
atoms of the chelating group.

Generally speaking, the nitroxide itself also exhibits a certain coordinating ability,
and in the absence of the other efficient complexing group in the molecule it can form
complexes with metal ions.221-223"232'334-345"34' However, the complexing ability of ni-
troxide is weak; thus, the values of monoadduct formation equilibrium constants of cop-
per(II) hexafluoroacetylacetonate with di-ferr-butylnitroxide and 2,2,6,6-tetrameth-
ylpiperidin-1-yloxy as low as (4.2 ± 1.9) x 103 and (1.6 ± 0.4) x 103, respectively, were
reported.223-332 Therefore, the nitroxide group cannot compete in binding metal ions
even with "the weakest" chelating groups. Being rather remote from the donor atoms
of the reagent molecule, it does not usually participate in the coordination of metals.
In solutions with high chelate concentrations, or in a solid-state intermolecular coor-
dination of a peripheral nitroxide group of one chelate molecule into the vacant posi-
tion of the central metal ion coordination sphere of another molecule may, however,
exist . Such coo rd ina t i on was observed or proposed in a number of
works "•273'304'332-337-3'0

Numerous studies on the chelates of various nitroxide-containing reagents have
shown that these compounds are quite analogous to the chelates of diamagnetic re-
agents of the corresponding class with respect to their composition, structure, solubil-
ity, extraction, and some spectral properties.2"-222 This situation is important for ana-
lytical applications, since it permits one to estimate a priori the usefulness of the new
or even not yet synthesized spin-labeled chelating compounds to be applied as reagents.

However, the nitroxide-containing chelates essentially differ from their diamagnetic
analogs with respect to their magnetic susceptibility and ESR-spectroscopic properties.
Of special importance for the development of analytical methods are the ESR-spectro-
scopic properties.

As a rule, in the process of binding the metal ion, the nitroxide-containing reagent
does not lose its ability to produce the ESR spectrum, however, the spectrum shape of
the complex obtained can vary.

The ESR spectra of some chelates (of few ones) are obviously the same as the spectra
of the initial radical-containing reagents, i.e., they appear to be triplets in solution.
These are, for example, the chelate spectra of zinc(II) (Figure 4a), cobalt(III), nickel(II),
and thallium(I) with xanthate 93;" cadmium(II), zinc(II), cobalt(H), and nickel(H)
with aminodiacetic acid 57,82 and others. The coincidence of the ESR spectrum of the
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Table 3
NITROXIDE-CONTAINING CHELATING REAGENTS STUDIED WITH

RESPECT TO THEIR COMPLEXING WITH METALS

Reagent

1
2
8
9
10
12
13
14
15
16
17
18
25
26
27
30
31
32
47
48
50
51
55

57
58
60

61
63
64
66
67
68
69
70
71
72
76
77
78
80
81
82
83
85
88
89
92

93
94
95

Metals

Cu(II), Fe(III), Hg(II)
Co(II), Cu(II), Eu(III)
Co(II), Cu(II), Eu(III), Mn(II), Ni(II), Pr(III)
Co(II),Cu(II), Eu(III), Mn(II), Ni(H), Pr(III)
Co(II), Cu(II)
Cu(II)
Cu(II)
Cu(II)
Cu(II)
Co(II), Cu(II), Ni(II), Pd(II)
Co(II), Cu(II), Ni(II), Pd(II)
Cu(II)
Cu(II)
Cu(II)
Co(II), Cu(II), Eu(III), Ni(II), Pr(III), Zn(II)
Ni(II)
Ni(II)
Co(II), Cu(II), Ni(II)
Cd(II), Co(II), Cu(II), Fe(III), Mn(II), Ni(II), Zn(II)
K(I), Na(I)
Co(II), Cu(II), Ni(II), Pd(Il), Zn(II)
Co(II), Cu(II), Ni(II), Pd(II), Pt(II), Zn(II)
Co(II), Cr(IlI), Cu(II), Ni(II), Pd(II), Zn(II)

Cd(II), Co(II), Cu(II), Ni(II), Zn(II)
Co(HI), Cu(II), Ni(II), Pd(II)
Co(II,III), Cu(II), Fe(III), Ni(II), Pd(II), Zn(II)

Cu(II)
Co(III), Cu(II), Ni(II)
Co(III), Cu(II)
Co(II), Cu(II), Fe(IlI), Ni(II)
Cu(II)
Cu(II)
Cu(II)
Cu(II)
Cu(II)
Cu(II)
Co(Il), Cu(II), Hg(II), Pd(II)
Ag(I), Cu(II), Li(I), Rh(III)

Co(III), Cu(II), Ni(II), Pd(II), Pt(II)
Co(III), Cu(II), Ni(II), Pd(II)
Ag(I), Cd(II), Hg(II), Pb(II), Zn(II)
Ag(I), Cd(II), Hg(II), Pb(II), Zn(II)
Co(II), Cu(II), Pd(II), Pt(II), Zn(II)
Cu(II), Ni(II), Pt(II), Zn(II)
Cd(II), Cu(II), Fe(II), Ni(II), Pd(II), Pt(II), Zn(II)
Ag(I), Au(I,III), Cd(II), Co(II,III), Cu(I), Hg(II), Mn(II), Ni(II),

Pb(II), Pd(II), Rh(III), Ru(IV), TI(I), Zn(II)
Co(III), Ni(II), TI(I)
Hg(II), Pd(II), T1(I)
Hg(II)

Ref.

170—172
50, 171, 172
51
51,52
52
54, 173, 174, 304
55, 305
55, 175, 305
59
176—178
176—179
59
59
59
180
64
64
64
181
75
77, 182, 300
78,94
80, 180, 183,301,

303
82
184, 185
84, 86, 96, 176,

187—189
85, 190
86, 87, 191
86
84, 302
88, 302
88, 192, 193, 302
88, 302
85
88
87
89, 194
186, 299
299
185, 195, 220, 303
196, 197, 303
90,93
90
94, 176
96, 176
198, 301
53, 98, 199—202,
306—309

99
203, 204, 303, 310
205
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Table 4
NITROXIDE-CONTAINING CHELATES ISOLATED IN SOLID STATE

Reagent

1
2
8
9

10
12
13
14
15
16

17

18
25
26
27

30
31
32
47
50

51
55

57

58

60

61
63
64
66
67
68
69
70
71
72
77
80

81
85

88
89
92

93
94

95

(A — REAGENT ANION)

Complexes

CuA,
CoAi, CuAj, EuA3

CoA,, CuA,, EuAj, MnA,, NiA,, PrA,
CoA2, CuA,, EuA,, MnA2, NiA,, PrA3

CoA,, CuA2

CuA,
CuA,
CuA,, "CuA,
CuA,-H2O
CoA,, CuA,H,O, CuA2Py2> (CuA,EtOH),, Ni,A«(HA),(H,O),
Pd,A4(HA),Cl,

CoA2, CuA2, CuA2-H2O, (CuA2-Et0H)2, Ni2A4(HA)2(H2O),
Pd,A,Cl2(H2O)2

CuA2H2O
CuA2-H2O
CuA2-H2O
CoA,-2H,O, CuA,H,O, EuA3-2H,O, NiA,-2H,O, PrA3-3H2O,
ZnA2-2H,O

NiA2

NiA2

CoA2, CuA2) NiA2

CdA2, CoA2, CuA2, FeA3, MnA,, NiA2, ZnA2

CoA2, CuA2, NiA2, NiA,Im2, NiA,Py2, NiA2Pz2, NiA2Phen, PdA,,
ZnA2

CoA2, CuA2, CuA2-2H,O, NiA,-2H,O, PdA,, PtA2-2H2O, ZnA,
CoA,-4H,O, CrA,Cl-H,O, CuA,-4H,O, NiA,-2H,O, PdA,, ZnA,,
ZnA,-4H,O

CdACH3COOH, CoACHjCOOH, CuACH3COOH, NiACHjCOOH,
ZnACHjCOOH

CoA3H2O, CuA2-2H,O, CuACH3COOH2O, NiA,-2H,O,
PdA,-2H,O

CoA,, CoA3, CuA,, NiA,, PdA,, ZnA,

CuA,, CuA2-CH3C(O)CH3

CoAj, CuA2) NiA,
CoA3, CuA,
CuA2

CuA,
(CuA)2, CuACl, CuA-HCl, CuA2Py
(CuA)2

CuA2CH3C(O)CH3

(CuA),
(CuA),
AgA,BF4, CuACl(CO)-H,O, Rh2Cl«A-3H2O (A — reagent molecule)
CoA 3 H 2 0, CuA2-2H2O, NiA,-2H,O, Ni(HA),Cl,, NiACH3COOH2O,
PdA,, PtA,

CoA3-H,O, CuA,-2H,O, NiA,-2H,O, PdA,, (PdACl),, (PdABr),
CoAI,, (CuACl)2, PdACI,, PtACl2(H,O),, ZnACl, (A — reagent mole-
cule)

CuA,, NiA,, NiA,-2H,O, PtA2, ZnA2

CuACI-H2O, CdA2, FeA,, NiA,, PdA,, PtA,, ZnA,
AgA, AuA, CdA,, CoA3, CophenA,, CuA-H,O, HgA,, MnphenA,,
NiA,, NiphenA,, PbA,, PdA,, RhA3, RuA«, T1A, ZnA,, ZnphenA,

CoA,, NiA,, T1A
HgACl, HgAC3H,COO, (PdACl),, (PdABr),, (PdAI),, T1ACI,, TIA,C1,
T1A(OCOC3H,),, T1A,OCOC3H,

HgA,

Ref.

171, 172
50, 171, 172
51
51,52
52
54, 173, 174, 304
55, 305
55, 175, 305
59
176—178

176—179

59
59
59
180

64
64
64
181
77,300

78,94
80,180,183,301,
303

82

184, 185

84, 86, 96, 176,
187—189

85, 190
86, 87, 191
86
84, 302
88, 302
88, 192, 193, 302
88, 302
85
88
87
186
185, 195, 303

196, 197, 303
94, 176

96, 176
198,301
98, 199,201,202,
307—309

99
203,204,303,310

205
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3100
100 0e f

H

FIGURE 4. The room-temperature ESR spectra of the solutions of nitroxide-
containing chelates- (a) The complex of zinc(II) with xanthate 93 (X-band, 1 x
10"4 Min chloroform, microwave power 20 mW, modulation amplitude 0.1 Oe);
(b) the complex of cobalt(III) with the Schiff base 60 (X-band, 5 x 10"* Min
deoxygenated toluene); (c) the complex of zinc(II) with the Schiff base 60 (X-
band, 5x10"* Min deoxygenated toluene; (d) the complex of copper(II) with the
Schiff base 60 (X-band, 5 x 10"* Min THF); the interpretation of this spectrum
is given by Eaton and Eaton.1"

complex compound molecule carrying two or three nitroxide groups (and sometimes,
also, a paramagnetic metal ion) with the spectrum of the monoradical reagent indicates
that the paramagnetic centers of such chelates interact so weakly as not to be observed.
However, it is more often when the paramagnetic centers in the chelate molecule do
interact appreciably and the ESR spectrum of the complex compound solution some-
how differs from that of the original reagent solution.
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The nitroxide-containing complexes of diamagnetic metal ions are essentially nitrox-
ide bi- or triradicals, the only difference being the composition of the chain (combining
the nitroxide groups in their molecules) which contains the metal atom. The ESR spec-
tra of such compounds are usually similar to those of organic nitroxide bi- and poly-
radicals and, thus, can consist of five, seven, and more numbers of lines symmetrical
with respect to the spectrum center, e.g., chelate spectra of cobalt(III) and zinc(II) with
Schiff base 60 (Figure 4b and c),189 palladium(II) with iminooxime 80,185 and many
others. Very often the relative intensity of the lines in ESR spectra of such chelates,
and sometimes their number, depend on temperature and nature of the solvent. For .
example, the spectrum of zinc(II) and Schiff base 60 complex in tetrahydrofuran con-
sists of nine lines (Figure 4b), while in toluene it becomes an ordinary triplet.18'

Along with the unpaired electrons of nitroxide groups, the molecules of chelates of
paramagnetic metal ions contain the unpaired electrons of d-or /-orbital of the metal
and the ESR spectrum is defined by the totality of interactions in the system of non-
equivalent unpaired electrons. In some complexes these spin-spin interactions are very
weak, and the ESR spectrum consists of the superposition of lines (sometimes slightly
broadened) typical of free nitroxide radical and paramagnetic metal ion in the appro-
priate coordination (provided relaxation process does not "smooth out" metal signal).
Such spectra were reported for porphyrin complexes of copper(II)2Ili and vana-
dium(IV).314

But in most cases spin-spin interactions change the ESR signals of both the metal
ion and nitroxide radicals. For paramagnetic metal ions with slow electron spin relax-
ation rates, such as Cu(II), V(IV), and Hg(II), electron-electron spin-spin interactions
result in the splitting of the allowed transitions in the spectra. The spectral lines of the
two types of paramagnetic centers of the molecule become changed to more or less
extent, depending on mutual superposition and degree of broadening of multiple lines
resulted from splitting. One of such spectra is shown in Figure 4d. Spin-spin interac-
tions sometimes lead to very complicated spectra, where "metal" and "nitroxide"
lines cannot be readily found. The shapes of such spectra can be understood on the
basis of computer simulation only.

In the case of spin-labeled complexes of paramagnetic metal ions with rapid electron
spin relaxation rates, the ESR spectra of metals cannot be easily observed and splittings
of the ESR signal of a nitroxide radical due to interaction with the metal is collapsed
by the metal relaxation.2'7

ESR spectra of some nitroxide-containing paramagnetic ion complexes with very
strong spin-spin interactions failed to be detected at all.1841"

The theoretical background of interpretation of ESR spectra of paramagnetic metal
ion spin-labeled complexes and the description of the algorithm of the program for
computer simulation of such spectra can be found in the literature.208-211-351-352 Eaton
and co-workers performed a large series of experimental investigations with quantita-
tive interpretation of ESR spectra of nitroxide-containing complexes with cop-
Per(II) 178'206,207,209-216.318-320.323-325.330-336.339 VanadiUm(IV) 31432'.334.335.336.339 Silver-

(II)3u.322.326 manganese(II,III),274-278-338 nickel(II),307-308 'cobalt(II),337 and iron-
Oil).327 These complexes contain only one nitroxide group per molecule in most cases,
but, nevertheless, they can serve as valuable simplified models of real chelates used for
metal determination.

The information about the dependence of the ESR spectrum of the chelate on its
composition and structure is of special interest for the analysts dealing with the devel-
opment of methods for the determination of metals with the aid of nitroxide-contain-
ing reagents. In fact, the possibility of ESR-spectroscopic measurement of the complex
concentration in the presence of the reagent, which is always taken in excess, will de-
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pend upon the changes in the ESR spectrum of the radical-containing molecule after
binding the metal ion. The dependence of the direction and the degree of such a change
upon the nature of the metal will determine to a considerable extent the selectivity of
the analytical method.

Unfortunately, no theory capable of predicting the ESR spectra of spin-labeled com-
plexes on the basis of their structure, as well as of evaluating the range of their changes,
has been developed yet, though in recent years many systematic investigations have
been performed (see publications of Eaton cited above). It was experimentally shown
that spin-spin interactions and, consequently, the ESR spectrum of a chelate depend
on such structural factors as the size and the type of nitroxide-containing heterocy-
cle2M.3is.327.333.335.337 tjjg n a t u re of atoms and bonds in the chain between paramagnetic
centers of the molecule,207-21'-214-216-308-318-319-335-338 chain cis-trans isomeriza-
tion,210-2"-318'3" molecule conformations,215-325-330 nature of substituents in li-
gands,211-323 mutual position of substituents in aromatic fragments,2I6-322-333-335-337 the
presence of additional methylene groups in the chain,2142'6-327-333-336 the nature of metal
ion,307-314-322 and the nature of the solvent.172-209-2"-214-216-314-323-326-327 The multiplicity of
the interrelated factors cited makes it difficult to deduce inambiguous recommenda-
tions suitable in practice.

Nevertheless, vast empirical material available suggests that a great majority of the
nitroxide-containing complexes of various metals possess ESR spectra which consist of
narrow and intensive lines similar to those of the ESR spectra of the original reagents.
Of course, the presence of metal ion broadens to some extent the spectral lines of
nitroxide radicals. The broadening results from the change in molecule tumbling rate
by metal binding and from intramolecular spin-spin interactions. But, at least for dia-
magnetic ion complexes, the broadening is not great and rarely exceeds several oersted.
The general situation for paramagnetic ion chelates is not quite clear at present, but,
at least for some paramagnetic metal ions, nitroxide-containing complexes with nar-
row-line ESR spectra are known. It makes the method rather universal for the deter-
mination of metals through spin-labeled compounds and the dependence of the detec-
tion limits upon the nature of the element to be determined weak. On the other hand,
the ESR spectra of many chelates of various metals considerably differ from the ESR
spectra of the original reagents. It gives a new perspective for the determination of the
complexes' concentrations without separating them from the excessive reagent, at least
in those cases when the excess required is not very large.

IV. APPLICATION OF NITROXIDE-CONTAINING CHELATING
REAGENTS FOR THE DETERMINATION OF METALS

Wide and increasingly great variety of already synthesized spin-labeled nitroxide che-
lating reagents, high stability of nitroxide radicals in real conditions of analytical op-
erations, the ability of nitroxide-containing compounds to form chelates with many
metals without losing unpaired electrons, narrow linewidth in the ESR spectra of such
complexes — all these facts create favorable conditions for the development of the
methods for the determination of metals based on the ESR spectrometry of their radi-
cal-containing complexes.

Such determination seems to require the following operations: first, to bind quanti-
tatively the metal with the appropriate spin-labeled reagent to form a complex; second,
to record the ESR signal of this complex (and to separate it from the signals of other
radical-containing components of the system, first of all of the excessive reagent);
third, to measure the intensity of this signal with high sensitivity, accuracy, and preci-
sion; and, finally, to determine the concentration of the metal bound by the intensity
measured.
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Since the solutions in nonpolar solvents are most favorable for highly sensitive ESR-
spectroscopic measurements,353'354 the most convenient technique for binding the metal
in a spin-labeled complex appears to be extraction of the metal from aqueous into
nonpolar organic solvent media containing a spin-labeled reagent. Successful develop-
ment of this aspect of the method of spin-labeled reagents has been promoted by a
high level of theoretical development of the extraction of chelates."3-234

The problem of isolating the ESR signal of the metal chelate being determined from
the signals of other nitroxide-containing components of the system (such as the exces-
sive reagent, chelates of other metals) can be solved either by ESR-spectroscopic tech-
niques (resolution ability of the spectrometer) or by means of preliminary separation
of the chelate in question from all the other spin-labeled compounds using chemical or
physicochemical methods, e.g., extraction or chromatography. In case of solving the
problem using the second approach, of interest can be experience gained upon the
determination of metals with the aid of a complexing reagent containing a radioactive
label.235

It is quite clear that the proper choice of the optimal conditions for quantitative
extraction of a metal, as well as the best way of isolating the signal of its chelate,
requires a preliminary systematic investigation of the properties of both the reagent
itself and the chelates of the metal to be determined and the other accompanying met-
als.

A highly sensitive ESR spectrometer and correct procedure of spectrometry are the
necessary factors for the determination of the ESR spectrum intensity with a sufficient
detection limit, accuracy, and precision.

The best modern ESR spectrometers are capable of recording signals of nitroxide
radicals in concentrations circa 10'' M, provided dielectric losses in solution are small.

Methodological aspects of quantitative determination of concentrations constitute
a little more complicated problem in ESR spectrometry than in most other spectro-
scopic analytical methods, since many factors influence the magnitude of the ESR
signal. For many years the techniques of determining the intensities of ESR spectra
were given little attention, which resulted in large inaccuracies.

The methodology of quantitative ESR determinations is a rather broad field of
knowledge which cannot be covered thoroughly in one chapter of a review. On the
other hand, the determination of metals with nitroxide radicals has little or no special
methodological points differing from general recommendations. Therefore, we shall not
not discuss these problems here and refer the reader to special literature.1-236"238-263-353*3"

It has been demonstrated that well above the detection limit the relative intensity
measurement error can be readily decreased to 1 to 3%.

The fourth problem, that is, determination of the metal concentration according to
the spectral intensity measured, can be solved with the aid of the method of the cali-
bration plot based on the results of the analyses of the reference samples, which in-
cluded all the operations of the determination techniques.

Now we consider the published works devoted to the development of the method of
the determination of metals with nitroxide-containing reagents. Since the development
of analytical procedures is based upon the investigation of a number of general prop-
erties of the reagent being used, it is convenient to classify the material published ac-
cording to spin-labeled compounds used. Besides, such an approach is favorable for
the systematization of the techniques for isolating the ESR signal of the metal complex
being determined, as well as the clarification of the peculiarities of the spin-labeled
compounds considered as a subclass of analytical chelating reagents.
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log D

2

-I

J«

FIGURE 5. Extraction of zinc(II) with xanthate 92 de-
pending on pH of the aqueous phase. Zinc concentration is
10"4 M; reagent concentration is 10"3 M.

So far, the following five nitroxide-containing chelating reagents have been investi-
gated by analysts: /3-diketone 1, hydroxyimine 50, oxyazocompound 76, iminooxime
80, and xanthate 92.

It should be noted that the first investigations were performed with ESR spectrom-
eters which cannot be regarded as modern and sensitive. Thus, the detection limits for
nitroxide radicals in nondegassed chloroform solution amount to 1 x 10"5 M for the
EPA-2M spectrometer and 1 x 10'' Mfor the RE-1306 spectrometer. Therefore, the
detection limits given for metals do not represent all the possibilities of the method
considered. The reader should remember as well that in most of these investigations
model aqueous metal solutions were used. These solutions did not contain other metals
or complexing reagents except for the cases specially defined.

A. Xanthate
Nitroxide-containing potassium xanthate 92 is a yellow solid substance. It is readily

soluble in both organic solvents and water. The acidic dissociation constant of the
chelating group of this compound (-C(S)SH) is rather high: pK« equals 5.4 at the ionic
strength 0.1 (sodium perchlorate)." Such a considerable ability to dissociate results in
a situation when, upon the equilibrium of the chloroform phase and the aqueous so-
lutions of the reagent at pH more than 6 (by extraction of metals, in particular), the
spin-labeled xanthate is practically completely found in the aqueous phase in the form
of anion.

The radical-containing xanthate is capable of extracting iron, cobalt, copper, nickel,
mercury, silver, zinc,53-200 and probably some other elements from the aqueous solution
into chloroform. The methods of isomolar series200 and equilibrium shift" suggest that
the metals are extracted in the form AgA, HgA2, ZnA2 complexes (A is the reagent
anion). The completeness of extraction was investigated quantitatively only in the case
of zinc (Figure 5): under optimal conditions (at pH 7, a tenfold excess of xanthate and
equal volumes of the phases) the metal is recovered to 96%." Palladium is extracted
best from the acetate solution at pH 6, and silver and mercury are well extracted from
the ammonium solution at pH 10.200

The ability of the xanthate to extract metals effectively from neutral and alkali media
and, at the same time, quantitatively remain in the aqueous phase made it possible to
develop a number of procedures for the determination of metals based on the extrac-
tive separation of their spin-labeled xanthates from the excessive reagent.

Thus, the method for the determination of zinc" comprises extraction of the metal
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into chloroform under optimal conditions (pH 7, a tenfold excess of the reagent). The
spin-labeled chelate ZnA* formed is quantitatively extracted into the organic phase,
while the excessive reagent is not extracted into chloroform at all under the same con-
ditions. Therefore, its signal does not hinder the determination of the concentration of
the zinc chelate, whose ESR spectrum coincides with that of xanthate completely (Fig-
ure 3a). The authors of the method have suggested to use as a measure of zinc concen-
tration the product of the amplitude of the resulting organic phase ESR spectrum de-
rivative and the line halfwidth squared. When the spectra are recorded on the Varian-
4502 ESR spectrometer, the detection limit 6 x 10~8 g-ion/i is attained.

Palladium can be extracted into chloroform from an acetate buffer solution at pH 6
in the presence of about a 20-fold excess of the spin-labeled reagent.200 The spectrum
of palladium xanthate is also an ordinary triplet. The concentration of this compound
can be measured by the ESR method owing to the fact that, similar to the determina-
tion of zinc, the reagent itself completely passes into the aqueous phase in the process
of metal extraction. The concentration of palladium is determined using a calibration
plot. Using an EPA-2M ESR spectrometer of low sensitivity the authors could deter-
mine microgram quantities of palladium in the catalysts (^lO^o).200 The relative
standard deviation was equal to a few percent.

Similar methods have been developed for determination of silver and mercury. The
metal being determined is extracted into chloroform from the ammonium solution (pH
10) in the presence of a tenfold excess of xanthate and a great excess of the tartrate
ions to prevent the metal hydrolysis. The ESR spectra of the extracting complexes of
these metals are also triplets: the metal concentration is determined from the intensity
of these spectra using the calibration plots.200 The method was applied for the deter-
mination of microgram quantities of mercury in stupp and silver in zinc concentrate;
the relative standard deviation of the results was less than 0.05.

Also, a more complicated method using xanthate 92 for the determination of copper
is described, which seems to be based upon the redox reaction of copper(II) with the
xanthate group of the reagent,23'"241 though no reliable proofs of this mechanism are
given. The detection limit on the EPA-2M is 1 x 10"5 g-ion/l; relative standard devia-
tion is 0.07.

Thus, the use of the spin-labeled xanthate makes it possible to determine a number
of diamagnetic metal ions forming stable complexes with sulfur-containing reagents by
the ESR method. By using this compound we demonstrated the procedure of complete
extraction separation of the spin-labeled chelate of the metal from the excessive spin-
labeled reagent. The separation desired proceeds within one stage along with the metal
extraction and no special efforts are required from the analyst. Unfortunately, the
possibility of using this simple procedure is confined by the reagents with a high dis-
sociation constant and not very high distribution constant. In fact, xanthate 92 remains
the only investigated compound so far meeting these requirements.

B. /?-Diketone
/?-Diketone 1 with a spin-label in the form of imidazoline (IX) derivative is readily

soluble in nonpolar organic solvents and aqueous alkali solutions. The presence of the
imine nitrogen atom in the radical-containing heterocycle makes possible the existence
of two charged forms of this compound in addition to the electroneutral one: proton-
ated at the nitrogen atom at position 3 of the heterocycle (pKa = 2.02; \i = 0.1, NaClO4)
and the form with a dissociated /?-dicarbonyl group (pK. = 6.45; \i = 0.1,
NaClO^.170-244

The unusually high value of the /?-diketone dissociation constant of the chelating
group is indicative of a strong electron-acceptor effect of the spin-labeled heterocycle.
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FIGURE 6. Dependence of the dissociation constants of
/?-diketones upon the sums of the Taft constants of sub-
stituents: (1) acetylacetone; (2) furoylacetone; (3) benzoyl-
acetone; (4) thenoylacetone; (5) trifluoroacetylacetone; (6)
benzoyltrifluoroacetone; (7) thenoyltrifluoroacetone; (8)
hexafluoroacetylacetone. (The process of the determination
of (o*Cn3 + o*R) is shown with an arrow.)

Estimation by means of /?-diketone correlation dependence of pKa values on the sums
of the substituent Taft constants (Figure 6) resulted in the o* value for this fragment
equal to 3.O.245 The same result is attained in a similar treatment of pKa value for
fluoro-containing spin-labeled /J-diketone 2 (pKo = 4.66).24S Experimental data246 and
the analysis of impacts of atoms constituting the heterocycle into its total electronega-
tivity, performed by group electronegativities method of Hinze,366"368 led to the conclu-
sion that such a high electronegativity of the cycle is due to the presence of the unpaired
electron.247-3"

The distribution ratio of /?-diketone 1 in the system chloroform-water determined
spectrophotometrically is rather high: log KD = 3.34. This value corresponds to the
values of distribution ratios of diamagnetic /?-diketones of close molar volumes, e.g.,
benzoylacetone (log KD = 3.44); this closeness indicates that the introduction of the
unpaired electron into the molecule of the organic substance does not substantially
affect its behavior in the two-phase system, which remains to be well described in terms
of the theory of regular solutions.248 The contribution made by the radical-containing
2,5-dihydro-2,2,5,5-tetramethyl-lH-imidazol-l-yloxy substituent present in the spin-
labeled /J-diketone 1 to the molar volume of the compound was determined (Figure 7):
V = 82 cm3.247 On the basis of the correlations similar to that shown in Figure 7 and
knowledge of the estimates of V, it is possible to predict any changes in the distribution
ratios of the reagents resulting from the introduction of the spin label into their mole-
cules.

Though the acid dissociation constant of /?-diketone 1 is sufficiently high, it ap-
peared to be possible to quantitatively extract this compound from chloroform back
into the aqueous phase only after pH was raised to 11 (Figure 8), which was due to a
high distribution ratio.170-247

A review of the investigation of the extracting ability of the spin-labeled /3-diketone
performed by reverse-phase paper partition chromatography has shown that the most
complete extraction into chloroform with the use of this reagent is obtained for copper,
mercury, erbium, lead, cadmium, and, in the presence of caproic acid, iron(III).170

Extraction of copper, mercury, and iron was studied in more detail by using extractive
procedures and radioactive indicators; dependences of the distribution ratios of these

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
1
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Volume 17, Issue 3 295

logKD

60 100 140 160 2 2 0 V, cm?

FIGURE 7. Dependence of distribution constants of /3-dike-
tones in the chloroform-water system upon the values of molar
volume: (1) acetylacetone; (2) benzoylacetone; (3) selenoylace-
tone; (4) dibenzoylmethane; (5) benzoylselenoylmethane.
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FIGURE 8. Dependence of distribution ratio of p-dike-
tone 1 in the chloroform-water system on pH (̂  = 0.1,
NaClO4; reagent concentration 5 x 10"3 M).

metals on pH are presented in Figure 9."° Under certain conditions these three metals
can be extracted into chloroform quantitatively, however, the extraction of mercury
and iron proceeds slowly: it takes 1 to 3 hr to attain equilibrium in these systems,
probably due to hydrolytic process hindrances.

Regularities of extraction suggest that copper is extracted in the form of the ordinary
chelate CuA2 (A is the anion of the spin-labeled /?-diketone), iron is extracted as a
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FIGURE 9. Extraction of copper (A), iron (•) , and mer-
cury (O) with /J-diketone 1 depending on pH. Concentra-
tions: copper — 5 x icr4 Af;iron — 10"! Af;mercury — 10"4

M;P-diketone: A, O — 5 x 10"' M, • — 2 * 10"2 M;caproic
acid (•) — 10"2 Af; sodium perchlorate — 0.1 Af.

mixed complex with /?-diketone 1 and caproate ion, and mercury is apparently in the
form of organometal compound with the bond between the mercury atom and the
intercarbonyl carbon atom of the /?-diketone group.J7°-247

The consideration of the stability constant of the copper(II) chelate, determined
from the extraction equilibrium data, performed with the aid of correlation log p2 =
f(pKa) suggested that the imine nitrogen atom of heterocycle does not participate in the
metal coordination, as could be assumed, and copper(II) forms bonds with two oxygen
atoms of the /J-dicarbonyl group in the same way as with many other diamagnetic /?-
diketones.170"7

The dependence of the distribution ratio of mercury on pH, which is not quite typi-
cal of extraction of chelates and is probably observed due to extraction of organometal
compound, was used for the development of the method of determining mercury with
this /?-diketone.17° Sufficiently high values of the distribution ratios of mercury at pH
11 to 12, along with very low values of the distribution ratio of the reagent itself under
these conditions, allow one to use an extraction version for the separation of the exces-
sive reagent. However, a single-stage separation of the spin-labeled compound of mer-
cury and the excessive reagent, similar to that applied for the determination of metals
with xanthate, in this particular case is impossible, owing to mercury hydrolysis at pH
11. Therefore, the first stage of this procedure consists of metal extraction from the
aqueous solution at pH 3 in the presence of 100- to 1000-fold excess of the reagent (/?-
diketone). The excessive reagent mainly distributing into the organic phase is removed
by scrubbing the extract with alkali solution at pH 11. Then the extract which quanti-
tatively retains the spin-labeled compound of mercury is used for recording the ESR
spectrum. The intensity of the extract triplet spectrum being recorded (the first-deriv-
ative amplitude was used as a measure) is proportional to the mercury concentration
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FIGURE 10. Dependence of distribution ratio of iminoxime
80 in the chloroform-water system on pH (ji - 0.1, NaCIO,;
reagent concentration 5 x 10"J M).

in aqueous solution before the extraction.170 With the use of the Soviet-made ESR
spectrometer RE-1306, the detection limit for mercury was found to be 1 x 10"' g-ion/
i ; relative standard deviation of the determination of mercury well above the detection
limit does not exceed 0.03 to 0.04."7 Tenfold amounts of copper, iron(III), and lead
do not affect the results of the determination; tenfold amounts of zinc, cadmium, and
silver distort the results by 15 to 30%.

The determination of mercury is slightly hindered by the background ESR signal
from the decomposition products of /3-diketone, which also pass into the extract, how-
ever, careful purification of the reagent and the use of optimal procedures allow one
to overcome these obstacles.170247

Thus, the investigations of the nitroxide-containing /?-diketone 1 have resulted in
working out the method of the ESR-spectroscopic determination of the diamagnetic
mercury with a rather good detection limit. They demonstrated once again the possi-
bility of excluding the interfering effect of the excessive reagent signal by applying
extraction procedures and made possible the quantitative description of the effect of
the commonly distributed spin-label (imidazoline derivative) on the acidic properties
of the chelating reagents and their distribution in two-phase systems.

C. Iminoxime
Oxime 80, possessing the same spin-label as /3-diketone considered above and capa-

ble of forming chelates through coordinating the metal ions by the nitrogen atoms of
the oxime group and the imidazoline cycle, appears to be a much weaker acid than the
radical-containing xanthate and /3-diketone: pKo is 9.25 Qt = 0.1; NaCIO4). However,
for the reagents of the oxime class this value is rather low, which confirms the conclu-
sion about a high electronegativity of the spin-labeled substituent on the basis of imi-
dazoline.170-242 The distribution behavior of this reagent is shown in Figure 10.

The radical-containing iminoxime is capable of extracting palladium,243 copper, co-
balt, and nickel (Figure II)242 into chloroform; thus, with respect to selectivity this
reagent resembles diamagnetic oximes. Extraction of palladium was not studied in de-
tail; it was only found that the metal is extracted quantitatively as a chelate PdAi (A is
the anion oxime) at pH 1.6 in the presence of the tenfold excess of the reagent.243
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FIGURE 11. Extraction of copper ( • ) , cobalt (D), and
nickel (A) with iminoxime 80 into chloroform, depending
on pH. Concentrations: copper and cobalt — 10"5 M;nickel
— 10"1 M; reagent: ( • ) 5 * 10"3 M, (D) lO"5 M. (A) lO'2 M;
sodium acetate (A) — 0.01 M.

Copper is extracted as the chelate CuA2 (log pi = 15.8), though not quite completely:
the maximum extraction equals about 90%.

Cobalt is extracted quantitatively in the presence of the 100-fold excess of the reagent
in the form of two nitroxide-containing complexes drastically differing in their chro-
matographic properties and ESR spectra (Figure 12). It is assumed that the compound
with a quintet spectrum contains the metal in the trivalent state and has CoA3 compo-
sition, as reported by Ovcharenko et al."5

The compound with a more complicated spectrum may be either the chelate of a
paramagnetic cobalt(II) ion with considerable intramolecular spin-spin interactions or
an adduct of this chelate with paramagnetic molecular oxygen, participating in the
spin-spin interactions.242-247

Nickel can be extracted from the aqueous phase into chloroform quantitatively only
after two successive extractions at pH 10.8 in the presence of the 500-fold excess of
acetate ions, which prevent the hydrolysis of the metal. The extraction system reaches
equilibrium after shaking for 30 min.242

The entirely extractive separation of the excessive reagent from chelates described
above cannot be used in developing the procedures for the determination of metals
with the oxime, due to the fact that the distribution ratio of this compound in the
conditions of quantitative extraction is not sufficiently low and that the extraction of
metals in the region of high pH, where the reagent completely passes into the aqueous
phase, is not quite effective. This problem promoted the development of the two new
techniques for detecting the chelate ESR signal.

The first technique was used in developing the method of the determination of pal-
ladium.243 As has already been said, the chelate of this metal with the spin-labeled
iminoxime is quite stable, so that the presence of only tenfold excess of reagent is
required for its complete extraction into chloroform. On the other hand, the ESR
spectrum of this chelate contains two lines which only slightly overlap the spectral lines
of the reagent (Figure 13). After extracting palladium at pH 1.6 with the minimum
excess of the reagent, it is possible, by making use of such a combination of the prop-
erties, to determine the chelate concentration in the extract (and, .therefore, the metal
concentration in the initial aqueous solution) according to the amplitudes of these lines
without removing the unbound reagent which is present in the extract.
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FIGURE 12. X-band ESR spectra of the extracting complexes of
cobalt with iminoxime 80 in a chloroform (undeoxygenated) solu-
tion, (a) Dominating complex (97% of cobalt in extraction sys-
tem); (b) admixed complex (room temperature, ~5 x 10"* M, mi-
crowave power 5 mW, modulation amplitude 0.1 Oe).

The determination is performed with the aid of a calibration plot. The exact value
of the detection limit of palladium is not known from the literature, however, it has
been reported that by using the ESR spectrometer Varian E-3 it is possible to carry out
the determinations within the concentration range of 5 x 10"6 to 4 x 10"5 g-ion/i with
the relative standard deviation 0.05.243

The procedure used in this case is attractive due to the simplicity of performance.
However, the area of its application does not seem very large. It requires a combination
of a considerable difference between the chelate ESR spectrum and the reagent spec-
trum with a very high stability of the complex. Until recently the method of the deter-
mination of palladium described above remains the only example of its application.
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FIGURE 13. ESR spectra of chloroform (undeoxygenated) solutions of iminoxime
80 (a), chelate of this reagent with palladium(II) (b), and the extract containing both
compounds (c) (X-band, room temperature; concentrations MO"4 M).

The spin-labeled oximates of cobalt do not possess the necessary stability. For this
reason the determination of the metal without separation of the complex is impossible,
despite a very substantial difference between their ESR spectra and the ESR spectrum
of the reagent (Figure 12). Since extraction separation failed to reach the required
results, the method of liquid chromatography was applied.

The method involves quantitative extraction of cobalt into chloroform at pH 9 and
in the presence of a 100- to 1000-fold excess of the reagent with a succeeding chroma-
tographic separation on a silica gel column (h = 75 mm; d = 6 mm), with the use of
ethyl acetate-chloroform mixture in the ratio 1:2 as the mobile phase.242 The excessive
reagent which remained in the organic phase after extraction quantitatively leaves the
column in the first portions of the eluate. In the following portions, the prevailing
cobalt complex (the metal content is 97%) with a complicated ESR spectrum is eluated
quantitatively (Figure 12a). The admixed complex containing no more than 3% cobalt
remains in the upper part of the column. The measurement of the maximal amplitude
of the complicated ESR spectrum of the eluate fraction with the dominating complex
is a measure of cobalt concentration in the aqueous solution before extraction. The
detection limit of the metal upon direct use of the eluate for recording the spectrum on
the RE-1306 spectrometer is equal to 2 x 10'6 g-ion/i; if the eluate is evaporated and
the remainder (cobalt chelate) is dissolved in chloroform exhibiting less dielectric
losses, the detection limit decreases to 3 x 10"7 g-ion/l. The relative standard deviation
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FIGURE 14. Distribution of oxyazocompound 76 in the
chloroform-water system, depending on pH (ji = 0.1,
NaCIO,).

in determining 10~s g-ion/i of cobalt does not exceed 0.04. The results of the determi-
nation of cobalt are not affected by the presence of the tenfold amounts of nickel; the
presence of copper in the same excess affect the results slightly, while iron(III) and lead
more markedly interfere with the determination.

The procedure for the determination of nickel using this oxime also involves chro-
matographic isolation of the spin-labeled chelate from the extract obtained under op-
timal conditions.242 However, in this particular case the isolation is reached much eas-
ier due to the fact that the spin-labeled nickel oximate is absorbed very effectively on
silica gel. The extract is applied on a 2-mm silica gel layer covering the porous bottom
of a glass funnel and the reagent excess is eluted by passing through this layer the
chloroform-ethyl acetate mixture (1:2). The nickel chelate quantitatively remaining on
the sorbent is then washed out with ethanol, which is a more effective effluent. Since
ethanol as a solvent is not quite suitable for highly sensitive ESR-spectroscopic deter-
minations, the procedure envolves its evaporation and 'dissolution of the chelate in
chloroform. The amplitude of the ESR spectrum of the chelate chloroform solution,
which is a usual triplet, is a measure of the nickel concentration in the aqueous phase
prior to extraction. The relative standard deviation for the determination of nickel by
this method is 0.15 to 0.20, which is rather high and seems to be due to incomplete
dissolution in nonpolar chloroform of the wet chelate remaining after evaporation of
ethanol. An increase in the relative standard deviation results in a greater detection
limit, which amounts to 1 x io~6 g-ion/i when recorded on the RE-1306 ESR spectrom-
eter.

The development of the methods for the determination of cobalt and nickel has
shown that simple chromatographic procedures make possible determinations with the
aid of such spin-labeled reagents which do not exhibit prominent acidic properties and
do not form the chelates with the ESR spectra markedly differing from the triplet;
thus, the method described becomes universal with respect to the nature of the reagent
through the use of chromatography.

D. Oxyazocompound 89"4

The spin-labeled oxyazocompound 76, similarly to oxime 80, is a very weak acid;
pKa amounts to 10.94 (pi = 0.1, NaClO4). This property, along with a high distribution
ratio in the chloroform-water system (log KD = 2.94), makes the reagent predominantly
be in the organic phase even by highly alkaline solutions (Figure 14).

The investigations by the method of partition reversed-phase chromatography on
paper have shown that the oxyazocompound quite well extracted into chloroform co-
balt, mercury, palladium, gallium, copper, indium, and scandium. Extraction of co-
balt, copper, mercury, and palladium is studied in detail with the aid of radioactive
indicators (Figure 15)."4

Cobalt is quantitatively extracted as a chelate CoA2 (A is the oxyazocompound an-
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FIGURE 15. Dependence of the distribution ratios of cobalt (O), copper (A), mercury (•) , and palladium
(•) by extraction with oxyazocompound 76 on pH. Concentrations: cobalt, copper, and mercury — 10"5 M;
palladium — 2 x 10~s M; reagent —-10"3 M.

ion) from borate solutions at pH 8.8 to 9.4 in the presence of a 100-fold excess of the
reagent. Copper is efficiently extracted from acetate solutions at pH 5 to 8, also, in the
presence of a 100-fold excess of oxyazocompound. On the basis of the extraction data
the partition and stability constants of the copper chelate CuA2 being extracted were
calculated. Mercury can be quantitatively transferred into the organic phase only after
two consecutive extractions in the presence of a 500-fold excess of oxyazocompound
and 5% of pyridine by volume. It is assumed that the metal is extracted either in the
form of the mixed-ligand complex HgAX or in the form of the ion pair [HgA]*X~,
where X" is NO3 or CIO;.

Recovery of palladium under optimal conditions (pH 3.4 to 4.3, the 100-fold reagent
excess) amounts to 94%, though it does not proceed very quickly; in the presence of a
150-fold excess of the spin-labeled oxyazocompound, the phase equilibrium is reached
for 40 min; with the 1000-fold reagent excess 15 min are required. Extraction of the
metal is probably followed by the formation of the dimer:
2PdCU;,. + 2HA_ ^ [PdACl]2or,. + 6C1" + 2H\

Rather high distribution ratios of the spin-labeled oxyazocompound in the chloro-
form-water system within the entire pH range and not very high stability of the metal
complexes being extracted, which requires a great excess of the reagent for the quanti-
tative extraction of the metal, make it necessary to apply chromatographic separation
of the spin-labeled components of the extracts. Using the methods of column liquid
absorption chromatography, the chelates of cobalt (cellulose as a sorbent) as well as
mercury and palladium (silica gel as a sorbent) were isolated from the extracts. The
ESR spectrum of the mercury complex is a quintet; the spectra of cobalt and palladium
complexes are presented in Figure 16. The sufficient quantitative elution from the col-
umn is achieved only for the palladium complex; it is this system which was used as a
basis for the development of the analytical method.
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FIGURE 16. ESR spectra of the complexes of cobalt (a) and palladium (b) with oxyazocompound 76 in a
chloroform (undeoxygenated) solution (room temperature, X-band, ~10"s M, microwave power 5 mW,
modulation amplitude 0.8 Oe).

Palladium is extracted into chloroform under the optimal conditions described
above. The extract to be separated is transferred to the top of the column with a silica
gel (h = 70 mm, d = 10 mm) and the complex, which is more mobile than the reagent,
is eluted with a chloroform-ethyl acetate mixture (20:1). A considerable difference in
the chromatographic behavior of the chelate and the reagent (on the thin layer chro-
matograms R, are equal to 0.59 and 0.15, respectively) makes the separation of these
radical-containing components readily available. The amplitude of the ESR spectrum
of the eluate fraction containing the spin-labeled palladium chelate is proportional to
the palladium concentration in the aqueous phase prior to extraction. With the use of
the RE-1306 ESR spectrometer the detection limit was 1 x 10"7 g-ion/i. Relative stand-
ard deviation of the determination of 1 x 10"6 g-ion/i of palladium does not exceed
0.06.

Thus, the work with the spin-labeled oxyazocompound gave one more example of
the application of weakly acidic chelating reagent for the determination of the metal
with the aid of chromatographic separation.

E. Hydroxyimine ' "
The spin-labeled hydroxyimine 50 exhibits acidic properties in much less degree than

oxyazocompound: the value of pKo exceeds 14. The distribution ratio logarithm value
of this compound in the chloroform-water system is also very large: when the aqueous
phases are being put to equilibrium with the chloroform solution of hydroxyimine, this
spin-labeled reagent remains quantitatively in the organic solvent irrespective of pH of
the aqueous solution.

According to the data of the investigations by the method of partition paper chro-
matography, the reagent is capable of extracting copper, cobalt, zinc, gallium, molyb-
denum, and vanadium into chloroform. The investigation of the extractive ability of
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FIGURE 17. Dependence of the distribution ratios of copper and cobalt in the chloroform-water system
by extraction with enaminoketone 50 on pH. Concentrations: copper and cobalt — 1 x io~5 M; reagent —
10"2 M(copper) and 5 x 10"3 M(cobalt).

hydroxyimine by the traditional method with the use of radioactive indicators has
shown that cobalt is quantitatively extracted at pH 8.3 to 9.4 in the presence of the
500-fold reagent excess (Figure 17). The regularities of extraction correspond to the
composition of the compound CoA2 being extracted (A is the hydroxyimine anion).
Copper is recovered by 99% in the chelate of similar composition at pH 5.7 to 8.8 and
in the presence of the 1000-fold excess of hydroxyimine (Figure 17). Zinc is quantita-
tively extracted into chloroform from 0.1 Macetate-ammonium buffer solution at pH
8 to 10 in the presence of the 500-fold reagent excess. The extraction constants of these
metals were calculated.182

Nitroxide-containing hydroxyimine was used for the development of the method of
ESR determination of copper.182 Determination is based on quantitative extraction of
the metal into chloroform from the aqueous solution at pH 7 in the presence of no less
than a 500-fold excess of the spin-labeled reagent. Separation of the nitroxide-contain-
ing copper chelate and the excessive reagent contained in the extract is attained by the
method of liquid absorption thin layer chromatography on silica gel with the use of
acetone-hexane-chloroform mixture (volume ratio 1:2:10) as a mobile phase. After
completing the development of the chromatogram, the sorbent thin layer area possess-
ing nitroxide-containing copper chelate is removed from the plate, transferred to a
glass filter, and the chelate is washed out of the silica gel by chloroform. The ESR
spectrum of the solution obtained represents a triplet which is not distorted by ex-
change interaction, despite the presence of the paramagnetic ion in the composition of
the complex." Having measured the amplitude of this spectrum, the copper concentra-
tion in the aqueous solution prior to extraction is determined from the calibration
curve plotted preliminarily. The detection limit with the RE-1306 ESR spectrometer is
5 x 10'7 g-ion/i, which is 1.5 to 2 orders of magnitude less than the detection limit of
the copper obtained by the ESR method with respect to its own paramagnetism.30
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Thus, the work with the spin-labeled hydroxyimine exemplifies a possibility to deter-
mine paramagnetic metal ion with the nitroxide-containing reagent and demonstrates
advantages of such approach in sensitivity.

V. CONCLUSIONS

The reviewed papers on the application of nitroxide-containing reagents for the ESR
determination of metals have confirmed the universality of this approach. In fact, with
the aid of spin-labeled compounds it is possible to determine both diamagnetic and, at
least, some of paramagnetic metal ions, their detection limits being only slightly de-
pendent on the nature of the element determined. Moreover, five compounds of five
various classes of chelating reagents were used for analytical purposes, which indicates
that the possibility of determining the metals with nitroxide-containing reagents is of
universal character and is not confined by specific properties of separate systems.

To a certain extent many other analytical characteristics of the method were studied.
The detection limits obtained even with the use of not very sensitive ESR spectrometers
and amounting to about 10~7 g-ion/l were markedly lower than the detection limits of
metals obtained with spectrophotometric and many electrochemical methods; they are
comparable with the detection limits of the metals obtained by atomic absorption and
atomic fluorescence methods. As has already been mentioned, there exist perspectives
for lowering the detection limits to 1.5 to 2 orders of magnitude, provided a higher
sensitive ESR spectrometer is available. Preliminary degassing of solutions before ESR
spectrometric investigation and the application of computer accumulation of spectra
were not used in the reviewed works, but surely they will favor the further lowering of
the detection limits. The procedures of the determination of metals with nitroxide-
containing reagents can also readily include the supplementary operations of extractive
and chromatographic concentration.

The method of spin-labeled reagents is quite competitive with the majority of other
modern physical methods of analysis with respect to accuracy and precision of the
results.

It is difficult at this stage of development to evaluate inambiguously the selectivity
of the method. In general, the selectivity of metal determinations with the use of ni-
troxide-containing reagents is lower than that of direct ESR determinations based on
intrinsic paramagnetism of metal ions. The selectivity of the analysis with free-radical
reagents is based mainly on the selectivity of the formation and extraction of com-
plexes. It may be predicted that the method of spin-labeled reagents is closed in selec-
tivity to the extraction-spectrophotometric one. It is well known that with the use of
effective reagents the extraction-spectrophotometric determinations can be very selec-
tive, but the high selectivity is not typical of all the metal ions and the complexing
reagents. The first radical-containing reagents investigated cannot be considered as
very selective; currently, the study of much more selective reagents is in progress. The
understanding of the selectivity possibilities of the method is hampered, also, by the
lack of information concerning regularities of the interrelation between the ESR spec-
trum of the spin-labeled chelate and the nature of the metal ion bound. Therefore, the
final evaluation of the selectivity of the method of spin-labeled reagents should be
made in the future. Chromatography applied for the separation of the excessive re-
agent can serve as a means of increasing the determination selectivity. The development
of a combination of liquid high-performance chromatographs with ESR
spectrometers249-250 can give perspectives for the further development of the method of
radical-containing reagents.

The quickness of the analyses performed by following the method described is deter-
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mined mainly by the duration of chemical operations, particularly, extraction. In fa-
vorable cases (e.g., in determining zinc with xanthate), the analysis lasts 10 to 15 min,
though it may also last 1.5 to 2 hr as, for instance, in the case of the mercury-/?-
diketone system. Such a duration of extraction allows simultaneous performance of
parallel analyses; it is also possible to use automatic flow-type extraction systems.

Thus, when highly sensitive ESR spectrometer and spin-labeled analogs of highly
selective organic reagents are used, the method described can be competitive with other
analytical methods. Its major advantage, in our opinion, is that rather low detection
limits depend only slightly on the nature of the metals being determined, a fact char-
acteristic of very few analytical methods. The drawbacks of this method are the neces-
sity of preliminary chemical operations and its inability to perform simultaneous mul-
tielement determinations.

The investigations carried out to date are only initial steps in the use of spin labels
in analytical chemistry. In the future, the method can be developed in two main direc-
tions.

The first direction is to improve the approach already applied and tested. It can
include, in particular, synthesis of nitroxide-containing analogs of more selective re-
agents among the analytical reagents already known, development of the theory relat-
ing ESR spectra of the nitroxide-containing chelates to the structure of these com-
pounds, application of modern chromatographic methods (including high performance
ones), and application of the techniques developed to specific objects of analysis. Fur-
ther progress in the direction described will be promoted by comprehensive use of the
material accumulated during the long years of work with traditional diamagnetic or-
ganic reagents. To make use of the data, it is necessary to take into account the correc-
tions for the effect of the spin-labels upon the analytically important properties of the
chelating reagents. The first attempt to elucidate these corrections, i.e., the character-
istics of the effects of spin-labeled substituent IX, has already been made.170-247-365

The second direction of the development of the method of spin-labeled reagents is
to test entirely new varieties of its application. Thus, for example, it can be applied to
determine metals in the form of complexes in which the nitroxide group of the ligand
is directly coordinated to the metal ion. It follows from the literature226""2 that as a
result of such coordination the nitroxide spectrum is usually greatly changed, which
can be of great importance for coping with the problem of interferences from the signal
of the reagent excess and for increasing the selectivity of determinations. Spin-labels
are also likely to be used along with some procedures of radioanalytical methods. Ni-
troxide radicals can be used for the indirect determination of the compounds which
react with them, yielding diamagnetic products.3" Thus, an attempt can be made to
use the reduction reaction of nitroxides as an indicator in catalytic kinetic methods of
analysis. Spin-labeled reagents are likely to successfully replace photometric methods
for functional analysis of organic compounds and thus decrease their detection limits
substantially.

In a word, the use of stable free radicals along with ESR spectroscopy seems to be a
promising direction of research in analytical chemistry.
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