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Vorwort

Bei dem vierten (und letzten) Teilband 11/9d des Ergédnzungsbandes 11/9 zu dem 1965
verdffentlichten Band II/1 der Neuen Serie, »Magnetische Eigenschaften freier Radikale“,
. “sind zwei Anderungen des urspriinglichen Planes, wie er in den bisher erschienenen Teil-
binden abgedruckt wurde, nétig geworden. -

Die wichtigste ist sachlicher Art: die vorgesehenen Tabellen iiber spinmarkierte Bio-
molekiile werden noch nicht erscheinen. Die tabellarische Bearbeitung des Gebietes ist
nach ausfiihrlicher Diskussion mit den Fachkollegen auf einen spiteren Zeitpunkt ver-
schoben. 1

Trotz dieser Kiirzung ist der Teilband II/9d noch so umfangreich, daB er aus techni-
schen Griinden geteilt ‘werden muBte. Wie der im Umschlag-Deckel abgedruckte Plan
zeigt, enthalt jeder Teil in sich abgeschlossene Sachgebiete. Der hier vorgelegte Teil 11/9d1
behandelt die organischen Anion-Radikale.

Der letzte Teil, I1I/9d2, wird die organischen Kation-Radikale und Polyradikale be-
handeln. Er wird Anfang 1980 erscheinen und auch das kumulative Substanzenverzeichnis
fiir den gesamten Band I1/9 und den Band II/1 enthalten.

Unser Dank gilt wie immer den Autoren fiir ihre schnelle und sachkundige Arbeit und
die angenechme Zusammenarbeit. Zu danken ist wiederum auch der Landolt-Bérnstein-
Redaktion, besonders Frau H. Weise, fiir ihre Miihe bei der Fertigstellung des Manuskrip-
tes und beim Lesen der Korrekturen sowie dem Springer-Verlag fiir die sorgfiltige Be-
treuung bei der Buchherstellung. Dieser Band wird wie alle anderen Landolt-Bornstein-
bénde ohne Zuschiisse von anderer Seite publiziert.

Darmstadt/Ziirich, Oktober 1979 Die Herausgeber



Preface

For the fourth and last subvolume, 11/9d, of the supplement I1/9 to volume II/1 of the
New Series, “ Magnetic properties of free radicals” published in 1965, it was necessary to
modify the original program printed in the parts published up to now.

The main alteration concerns the planned tables on spin labelled biomolecules which
~ will not be published within volume I1/9. After thorough discussions with specialists, the
compilation of data in this field has been postponed. ‘

In spite of this, part I1/9d is still so voluminous that it has to be divided. As the survey
given on the inside of the front cover shows, each part is treating a well-defined field. The
present part, 11/9d1, is dealing with organic radical anions.

The last part, 11/9d2, will refer to the organic radical cations and polyradicalg It will
be published early in 1980 and will also contain the cumulative index of substancesifor the
whole volume I1/9 and for volume II/1.

We again wish to thank the authors for their quick and experienced work as well as for
the agreeable cooperation, the Landolt-Bornstein office, especially Frau H. Weise, for

their untiring and careful checking of manuscripts and galleys, and Springer Verlag for
their customary care in the preparation of the volumes which are published without

financial support from any other source.

Darmstadt/Ziirich, October 1979 L iy The Editors
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Ref. p. 3] General introduction

General introduction

A Definition and substances

The free radicals considered in these tables are paramagnetic atoms, molecules and ions which derive their
paramagnetism from a single unpaired s- or p-electron. They may be chemically stable or transient.

It is usual in organic chemistry to define a free radical as a paramagnetic molecule with one unpaired electron
(see for instance: J. B. Hendrickson, D.J. Cram, G.S. Hammond: Organic Chemistry. 3rd ed. New York: McGraw -
Hill 1970). However, alternatively all species can be classified as free radicals “that have a short lifetime in the
gaseous phase under ordinary laboratory conditions” regardless of their electronic states (G. Herzberg: The
Spectra and Structures of Simple Free Radicals. Ithaca: Cornell University Press 1971). The substances included
in these tables are all paramagnetic and fulfill the first definition. Most of them also are transient and would
fulfill the requirements of the alternative definition.

In particular, the tables include:

a) Atoms and atomic ions in 2S and 2P states,

b) Molecules or molecular ions which arise or may be thought to arise from the break of a single bond in
a diamagnetic organic or inorganic molecule or molecular ion,

¢) Mono-(tri-, penta-, etc.)-negative or -positive ions of neutral organic or inorganic compounds,

d) Several molecules which are paramagnetic in their normal binding states and have one unpaired electron
(e.g. NO, NO,).

Not classified as free radicals are atoms or molecules in ground or excited electronic states with multiplicities
larger than two (e.g. O,), transition metal ions and their complexes deriving their paramagnetic properties
from d- or f-electrons, charge transfer complexes, aggregates of free radicals as for instance pairs of radicals
not chemically linked to one another in solid matrices, and polyradicals, i.e. molecules or molecular ions, with
more than one unpaired s- or p-electron and exchange couplings which are of the same order of magnitude as
the hyperfine interactions.

The following tables deal with substances of type a) to d). In addition one table lists available information
on polyradicals. It has been included because the magnetic properties of polyradicals often resemble those of
the corresponding monoradicals.

Only compounds with unambiguously verified or at least very plausible structures are included. Papers
which only state the presence of free radicals in a sample and do not give detailed structures nor magnetic pro-
perties of the radicals have not been reviewed. Also not reviewed are papers which deal exclusively with other
topics than experimental determinations of magnetic properties of free radicals. Such papers may however be
mentioned in footnotes or as further references at the appropriate entries.

The ordering of the substances classified as free radicals into subclasses is to be seen in the general table of
contents. The ordering within the subclasses is explained, where not self-explanatory, in introductory sections
to the individual tables.

B Magnetic properties

The magnetic properties of free radicals are represented by the parameters describing their interaction with
external magnetic fields and the parameters of intramolecular hyperfine interactions. For many free radicals,
in particular *S-atoms and radicals in liquid or solid environments where the orbital and rotational components
of angular momentum are quenched, the parameters are conveniently given by the elements of the tensors g
and a; of the spin-Hamiltonian

X=un-§-g-ﬁo—2#u'gm~7;'ﬁo+):'§-aa-E-
2 2

g is the spectroscopic splitting or g-tensor. It is symmetric, and for many radicals its principal elements deviate
only slightly from the g-factor of the free electron

g.=2.002319278 +0.000000006.
The isotropic part of g, i.e. the average of the principal elements,
gis=% Z 8ii

is called the g-factor of the free radical.
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a,, the hyperfine coupling tensor, describes the magnetic interaction between the electronic spin momentum
and the nuclear spin momentum of the nucleus 1 of the radical. If a radical contains several nuclei which interact
with the electron spin, then there are several tensors a,. The coupling tensor is also often considered symmetric,

its isotropic part

-
A =3 Zan
i

is called hyperfine coupling constant or splitting parameter.

For polyatomic radicals in the gaseous phase the above spin-Hamiltonian does not apply. Here, the presence
of unquenchend orbital and rotational angular momenta necessitates the introduction of several magnetic
hyperfine coupling constants to describe the interaction between one nucleus and the’free electron. These are
defined and explained in the introduction to the tables on inorganic radicals.

Polyradicals have magnetic properties derived from Zeeman (g) and hyperfine (a) interactions and in addition
from exchange and dipolar coupling of the individual radical electrons. The display of the appropriate parameters
is explained in the introduction to the tables on polyradicals.

There are a variety of techniques for the determination of the various parameters of the spin-Hamiltonian.
Often applied are Electron Paramagnetic or Spin Resonance (EPR, ESR), Electron Nuclear Double Resonance
(ENDOR), Electron Electron Double Resonance (ELDOR), Nuclear Magnetic Resonance (NMR), occassionally
utilizing effects of Chemically Induced Dynamic Nuclear Polarization (CIDNP), Optical Detection of Magnetic
Resonance (ODMR), Atomic Beam Spectroscopy and Optical Spectroscopy. The extraction of the magnetic
parameters from the spectra obtained by application of these and related techniques follows procedures which
may in detail depend on the technique, the state of the sample (gaseous, liquid, unordered solid, ordered solid)
and on spectral resolution. For particulars, the reader is referred to the general references (D). )

Further, magnetic moments of frec*radicals can be obtained from static susceptibility measurements. In the
last years such determinations are rare, and they are only occassionally mentioned in the tables. For a list of
references covering the literature up to 1964, see:

H. Fischer: Magnetic Properties of Free Radicals, Landolt-Bornstein, New Series, Group II, Vol. 1. Berlin,
Heidelberg, New York: Springer 1965.

C Arrangement of the tables

The following tables give the spin-Hamilton parameters g and a, of free radicals as determined mainly by
spectroscopic measurements on liquid or solid samples. Gaseous phase di- and tri-atomic radicals are included
in the tables on inorganic radicals. There is a special table on organic polyradicals and a collection of information
on spin-labelled biomolecules. '

For the display of the data the substances which are classified as free radicals are subdivided into several
classes, and one individual table contains the information on the radicals of one particular class. Each table is
headed by an introduction to the subject of the table which may specify the chemical species belonging to the
class, details of the arrangement and ordering of the substances, and in some cases also special abbreviations.
The table is followed by the list of references.

Within the individual tables the radicals are grouped into families. The data are arranged in columns in the
following manner which, as far as possible, is applied to all species:

The first column describes the structure of the radical and contains the gross formula, the name (where
useful and appropriate) and the structural formula (or a footnote referring to the structural formula).

The second column briefly describes the generation of the radical and specifies the matrix or solvent in which
the radical was measured. For stable radicals (naturally occurring or synthesized by common chemical routes)
the generation may not be specified.

The third column specifies the method used to determine g and a. The abbreviations for the methods most
frequently used are explained in the list of abbreviations, p. 4.

If other abbreviations and other methods appear they are explained in footnotes. The third column also states
the sample temperature during the measurement in units K. 300 normally means room temperature.

The fourth column (g-factor) states the absolute values of the elements of the g-tensor g. If for one radical
four values are given, the first three are the principal elements of g, the fourth is the isotropic part g;,. If only
one value is given without further explanation it is the isotropic part. Principal axes of g are not given. Errors
are quoted in parentheses after the values.

The fifth column (a-value) contains the elements of the hyperfine coupling tensors a, of the coupling nuclei
and states the nuclei. Where possible the signs of the tensor elements are given. The unit is mT (milli-Tesla),
except for gaseous radicals where Mc/s (= MHz) is applied. In many original papers Gauss or Mc/s are used as
units.
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The conversion is:
1mT =10 Gauss = 28.0247 (g/g.) Mc/s

If column five gives four values of a for one nucleus the first three are the principal elements of the coupling
tensor, the fourth is the isotropic part. If only one value is given without further explanation it is the isotropic
part. Errors are quoted in parentheses.

- The nucleus to which the parameters belong is characterized by its chemical symbol, a left superscript may
indicate the isotope, if another than the most abundant is meant. Entries within parentheses after the chemical
symbol specify different positions of the nucleus in the radical (e.g. 1"O(2): The values belong to the isotope 7O
in position 2 of the structural formula). If several nuclei with the same chemical symbol couple with the same
hyperfine coupling constants the parameters are given only once and the number of equivalent nuclei is stated
before the chemical symbol (e.g. 3H: The values belong to 3 equivalent H atoms of the molecule).

The arrangement of columns four and five may differ for the cases of gaseous radicals and polyradicals from
that described above. For these cases the entries are explained in the individual tables.

The sixth column (Ref./add. Ref)) lists the reference from which the data are taken. This reference is followed
by additional references to the same subject. All references belonging to one individual table are found in the
bibliography after that table.

The literature was considered for the period from 1964 to the end of 1975. For several tables literature of
1976 has also been included. Magnetic properties of free radicals published before March 1964 are to be found in:

H. Fischer: Magnetic Properties of Free Radicals, Landolt-Bornstein, New Series, Group I, Vol. 1. Berlin,
Heidelberg, New York: Springer 1965.
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67Cal Carrington, A., McLachlan, A.D.: Introduction to Magnetic Resonance. Harper International 1967.
67Gel Gerson, F.: Hochauflésende ESR-Spektroskopie. Weinheim: Verlag Chemie 1967.

67Pol Poole, C.P., Jr.: Electron Spin Resonance. New York: Interscience 1967.

68Al1 Alger, R.S.: Electron Paramagnetic Resonance. New York: Interscience 1968.

68Kal Kaiser, E.T., Kevan, L.: Radical Ions. New York: Interscience 1968.

70Sc1 Scheffler, K., Stegmann, H.B.: Elektronenspinresonanz. Berlin, Heidelberg, New York: Springer
1970.

72Gel Geschwind, S., Editor: Electron Paramagnetic Resonance. New York: Plenum Press 1972.
72Mul Muus, L.T., Atkins, P.W., Editors: Electron Spin Relaxation in Liquids. New York: Plenum Press
1972.

728wl Swartz, H.M., Bolton, J.R.,, Borg, D.C.: Biological Applications of Electron Spin Resonance.
New York: Wiley 1972.

72Wel Wertz, J.E., Bolton, J.R.: Electron Spin Resonance. New York: McGraw-Hill 1972.

73At1 Atherton, N.M.: Electron Spin Resonance, Theory and Applications. New York: Halsted 1973.
73Bul Buchachenko, A.L., Wasserman, A.L.: Stable Radicals. Weinheim: Verlag Chemie 1973.
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74Cal Carrington, A.: Microwave Spectroscopy of Free Radicals. London: Academic Press 1974.

E Symbols and abbreviations

Symbols
A, A, empirical parameters, Uy nuclear magneton
see vol. II/9a, section 1.1.4 g g-tensor
a,b,c,d[MHz]  magnetic hyperfine coupling i isotropic part of g (g-factor)
constants in Mega-Hertz, N2 nuclear g-factor of nucleus 4
see vol. II/9a, section 1.1.4 H spin-Hamilton operator
a,, [mT] isotropic part of q in milli-Tesla H, external magnetic field vector
a, [mT] hyperfine coupling tensor of 5 nuclear spin operator of nucleus A
nucleus 4 in milli-Tesla S effective electron spin operator
Uy Bohr magneton T[K} temperature in Kelvin




