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A large number of free radicals have been studied by the
electron paramagnetic resonance method!-3, and it is of
interest to give a theoretical explanation based on the mole-
cular orbital method of new characteristics such as spin
density, the magnitude of which can be judged from the
hyperfine structure of the electron paramagnetic resonance
spectra.

Let us examine briefly the origin of hyperfine structure
in the spectra of paramagnetic substances. In an external
magnetic field the spin of an unpaired electron is known to
acquire two orientations, either in the same or in the oppo-
site direction to the field, corresponding to two energy
states, -3¢BH, and +3gBH, (where H, is the external magnetic
field, B the Bohr magneton, and g the spectroscopic split-
ting factor, the so-called “g-factor”, which for a free elec-
tron has a value of 2.0023). When a high-frequency field
is applied, transitions from one energy level to the other
may occur if the condition of resonance is satisfied, i.e.
if the energy quantum of the high-frequency field is equal
to the difference between the energy levels: hv = ggH,,
where & is Planck's constant and v the frequency of the field
(Fig.1). In any system a larger number of electrons are
present in the lower, ground level than in a higher level,
and therefore more transitions will occur from the lower
level: energy will be absorbed from the high-frequency
field, and a resonance absorption line will be produced.

> +lega,
—-—-—-—(i hy=gpH,
N,
h ~YegpH,
A
= ”0
Fig.1.

Fig.2. Hyperfine splitting produced by
coupling with one proton.

576

If the unpaired electron is located in a molecular orbital
embracing one or more nuclei having magnetic moments,
the energy levels of the electron will be split owing to
interaction of the electron with these nuclei. In the parti-
cular case of interaction with one proton (nuclear spin I=1)
two spin orientations of the proton are possible, parallel
and antiparallel to the electron spin and the direction of the
field; i.e. each electronic level is split into two. Since
an electronic transition is not accompanied by a change in
orientation of the nuclear spin, the selection rule is written
AMy =0, i.e. transitions will take place between states
having identical components of the nuclear spin. The
values of the magnetic field at which absorption of energy
from the high-frequency field will occur will then be

H =" _AH,
28

h .
Hy :E.:zi + AH (Fig. 2).

Thus interaction with the proton results in two lines
instead of one. This is termed “hyperfine splitting”, and
the complex structure of the spectra is termed a “hyperfine
structure”. The number of components of the hyperfine
structure is 27 + 1, where [ is the nuclear spin. When an
electron interacts with one nucleus, all components of the
hyperfine structure are separated from one another by the
same distance, which is termed the “hyperfine coupling
constant”. When an unpaired electron interacts with more
than one nucleus, it is necessary to introduce several
hyperfine coupling constants.

Since the hyperfine splitting is caused by interaction of
the electron with the nucleus, the constant should clearly
depend on the unpaired-electron density on the given nucleus.
In 1956 McConnell suggested ¢ that in aromatic hydrocarbon
radicals there is a direct relation between the proton split-
ting an and the unpaired-electron density pc on the carbon
atom adjacent to the proton: au = @pc, where @ is a con-
stant. (The theoretical derivation of this relation and the
origin of a hyperfine structure in aromatic free radicals
will be discussed in Section 1.)

Subsequent work by Weissman, de Boer, and others
showed that the McConnell relation is obeyed quite accu-
rately with positive and negative ions of naphthalene %5,
anthracene ®78, and also many other aromatic hydrocarbon
radicals. Theoretical values can be calculated for the
unpaired-electron density in these compounds by the sim-
ple Hiickel molecular orbital method®. Since, when one
unpaired electron is present in a hydrocarbon radical sys-

N
tem, the total density Zp;c is unity (N being the number of
1=)

carbon atoms in the radical), it is evident from the above
equation that the constant @ is identical with the total proton
splitting. The overall width of the spectrum with the ions
of naphthalene and anthracene and in some other aromatic
radicals is about 28 oersteds: i.e. the constant @ has a
value of 28 oersteds.

As experimental data accumulated, it became clear that
by no means all the results could be explained on the basis
of McConnell's hypothesis about the relation between hyper-
fine structure and unpaired-electron density. Thus, for
example, the total proton splitting in the negative pyrene
ion® and that in perinaphthenyl?® are far larger than 28 oer-
steds (32 and 49 oersteds respectively).

Similarly, theoretical calculations of the unpaired-elec-
tron density by the Hiickel method cannot explain, either
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qualitatively or quantitatively, the spectra of alternant
hydrocarbons containing an odd number of carbon atoms.
The atoms in the molecule of an alternant hydrocarbon can,
by definition, be divided into two groups, such that a mem-
ber of one group; say an atom marked by an asterisk, has
only atoms of the other system (without an asterisk) as

neighbour:
O

*

If the molecule contains an odd number of carbon atoms,
the Hiickel theory predicts that the coefficients for the
atomic orbitals of the atoms without asterisks are zero,

and hence zero unpaired-electron densities for these atoms.

Brovetto and Ferroni!! pointed out that hyperfine inter-
action may be either positive or negative, and in general,
therefore, it is necessary to calculate not the unpaired-
-electron density but the spin density, which may be posi-
tive or negative depending on the polarisation of the z-com-
ponent of the electron spin. In this case the total splitting
of the resonance spectrum is Q%pc, i.e. the sum of the

moduli taking into account negative values of the spin den-
sity may be greater than unity, and therefore the splitting
itself becomes greater than 28 oersteds. Negative spin
densities can be obtained in the valence bond method. In
particular, if all the 2n + 1 carbon atoms in an alternant
hydrocarbon are numbered from 1 to 2» + 1, the valence
bond method predicts the presence of negative spin densi-
ties at the even-numbered atoms 12,13 (the atoms without
asterisks in Hiickel's theory). Up to the present this
method has been used to investigate the distribution of spin
density in a large number of compounds: triphenylmethyl!,4,
benzyl!®, dimesitylmethyl!®, diphenylpicrylhydrazyl!?,

1- and 2-methylnaphthenyls 15, cyclopentyl and cyclohexyl 8,

and the polystyrene radical 9.

In order to obtain negative spin densities by the mole-
cular orbital method, it proved necessary to carry out the
calculations not by the simple Hiickel method but including
the interaction of the electrons with one another. Under
the influence of the unpaired electron (which has a definite
spin direction), orbitals with previously balanced spins be-
come partly uncoupled, ¢.e. an electron density appears
having a spin opposite to that of the unpaired electron. In
this way, owing to the different projections of the spins,
the electrons have densities of opposite sign. For a
detailed examination of the appropriate methods of calcu-
lating spin densities and comparing theoretical and experi-
mental results, we must first attempt an analysis of hyper-
fine structure in aromatic radicals and a theoretical defini-
tion of spin density.

1. CONCEPT OF SPIN DENSITY

As already remarked, the cause of the complicated
structure of the electron paramagnetic resonance spectra
of polyatomic free radicals is the hyperfine interaction be-
tween the unpaired electron and magnetic nuclei within the
molecule. To a first approximation this coupling is in
effect that between the spin magnetic moments of the elec-
tron and nucleus and the electric field of the electron and
the quadrupole moment of the nucleus. In free radicals,
however, the latter coupling can be disregarded, since the
nuclei usually investigated, 'H, !3C, and !¢N, have either
small or zero quadrupole moments.

The hyperfine coupling energy between the magnetic
moments of the electron and the nucleus can be repre-
sented, in the form of a Hamiltonian, as the sum of two
parts ®:

=A% 4+ A% (1.1)

(the strong magnetic field is directed along the z-axis),
where

6,4 Ozn (1 —3cos? O,)

1‘{m=u02"" == , (1.2)
kin ’k—",.l'
. 8 ..
H(’)=—?ul"ozl’«n0zk0m6(fk—fn)- (1.3)
k.n

Here p, is the Bohr magneton and p, the magnetic moment
of nucleus n, 0z, and 0zr are Pauli operators for the
z-component of the spin of the nucleus »# and the electron &
respectively, 75 and 7} are the radius vectors of nucleus n
and electron k2, © is the angle between the z-axis and
(#-7n), and 6 is the Dirac delta function.

The first part HY of this Hamiltonian represents dipole—
dipole coupling of the magnetic moments, leading to a
hyperfine structure dependent on the orientation of the
magnetic moments of electron and nucleus in the external
magnetic field. This type of hyperfine structure can be
observed in single crystals. Since, however, most free
radicals are studied in liquid solutions or glasses, the
anisotropic splitting H” averages out at zero owing to
rapid molecular rotation, and therefore makes no contribu-
tion to the hyperfine structure®. Thus with free radicals
the greatest interest attaches to the term H'®, the so-called
Fermi contact term 22, which represents isotropic splitting.
It is evident from Eqn. (1.3) that the contribution made by
isotropic coupling with the nucleus is proportional to
Eozké(ﬁ-ﬁ). The mathematical probability of this quan-

tity is termed the spin density at 77: 2

P () = (T | Bowd Ga— ) | W), (1.4)
k

i.e. it is a spin-weighted charge density. Here ¥ repre-

sents the complete wave function of the paramagnetic mole-

cule.

A convenient unit for spin density is that at the proton in
a hydrogen atom in its 1s state. Many theoretical calcula-
tions of density are based on this unit.

Since the §-function occurs in Eqns. (1.3) and (1.4), it is
clear that it will differ from zero only if the amplitude of
the wave function of the molecular orbital of the unpaired
electron differs from zero at the point where the given
nucleus is situated. If the odd electron is located in a
7 orbital, it has zero density at the nucleus, and therefore
only o-type orbitals, which have their maximum amplitude
at the nucleus, can given isotropic hyperfine splitting. In
aromatic free radicals the unpaired electron is in a 7 orbi-
tal, while the aromatic ring lies in the nodal plane, where
the odd-electron density is zero. It could therefore have
been expected that the unpaired electron would not couple
with the ring protons. However, this clearly contradicts
experiment, which shows that a distinct hyperfine structure
occurs in such compounds as the radical-ions of benzene,
naphthalene, and other hydrocarbons, which contain no
magnetic nuclei other than *H, and therefore the hyperfine
structure can arise only from the ring protons. Several
writers have explained this apparent anomaly by taking into
account 7—0 configurational interaction at the carbon
atom 24726, Weissman 2* used molecular orbital theory to
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discuss proton hyperfine splitting in an aromatic system (a
detailed account of his method will be found in the book by
Ingram!). A simpler discussion of this question is given
by McConnell %,

Let us consider, following McConnell, the C-H part of
an aromatic system. Fig.3 gives a diagrammatic repre-
sentation of one of the C—H bonds (side-view). We assume
that the bond is localised and consists of a hydrogen 1s or-
bital (s) and a carbon hybridised spZ orbital, which we shall
denote by o, directed towards it. Perpendicular to the
plane of the o bond is the p. orbital of the carbon atom,
which contains the unpaired electron. The other two hybri-
dised sp? orbitals of the carbon atom are disregarded to a
first approximation, and are not shown in Fig.3. We are
thus dealing with a three-electron system in which one
electronis located in the orbital s, another inthe hybridised
orbital o, and the third in a p orbital. The orbital part
of the wave function is then written

©(1,2,3) = p:(1) 0 (2)s(3), (1.5)
and the spin-orbital configurations of the ground state
O, = 46(1,2,3) aaf,
D, = A6(1,2,3)apa, (1.6.)

@, = 46(1,2,3) act-

Let us form linear combinations of these spin-orbital con-
figurations:

o =1/V2(0,— @), (1.7)
@y = I/VE((DI + @, — 20,). (1 .8)

One of the combinations ¢, is associated with the singlet
C-H state (the ground state), while the linear combination
@, represents an excited triplet state. The combined wave
function of the ground state becomes, according to pertur-
bation theory,

‘P;:(Pl -+ s (1.9)
where f = -H, /AW, H,, =< g, |H!(pl >, and [f’ « 1,
H being the complete three-electron Hamiltonian.
Exact calculation shows that
Hoy = —(X2) (o — I, (1.10)
where
Jpa={ P2 (@) 0 (i) e¥/ry; ps (1) 0 (D, (1.11)
Jos =2 s (V€1 p2 (5 () dvady. (1.12)
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Neglecting Jps in comparison with Jpo, we obtain
¥3 ,
f=Y%(,/AW).

The two-electron exchange integral Jpo can be estimated
from atomic spectra by the Slater method?’. AW is calcu-
lated by finding the energies W, and W, corresponding to ¢,
and @,.

The above position corresponds to an idealised C—Hbond
system, in which the odd electron is entirely located in the
pz orbital. In aromatic free radicals this odd electron is
delocalised over the whole set of carbon atoms, ¢.e. the
spin density at a C atom in this C—-H system is not unity.
The wave function of the ground state must then be written

(1.13)

where p is the spin density, while the subscript j refers to
the C and H atoms, and indicates that it is usually neces-
sary to employ different ¥ for different C-H bonds in the
aromatic system.

Wj = @ -+ pjfj Pes

Let us examine the hyperfine coupling in such a system.
The energy of first-order hyperfine interaction with the
proton j for a doublet electronic state having spin s = } is

g+ ) = <G HIY, > =2pf <o [He.>  (1.14)
where H is defined by Eqn. (1.3) and
& (1) = — (oifi/V'3) 83 o | s (O)* L.

Since €j (-3) = -€;(+3), Iz = +3 for the proton, and Az =0
for the electronic spin transition, the hyperfine interaction
with the proton j produces the splitting a(H;), which is
given by

a(H) =2 V3 3 o ml s @, (1.15)

a(Hj) = 2/V3 (o;f;) 1420 Mass. (1.16)

If we assume that f; is constant for all C-H bonds, we ob-
tain on denoting the constants by

a(H;) = Qp; (McConnell equation). (1.17)

Hence we see that from the hyperfine proton couplings we
can determine the odd-electron spin densities on the carbon
atoms.

The constant @ was first calculated by Jarrett 2 by the
valence bond method for hyperfine splitting due to one pro-
ton, on the hypothesis that the odd electron is located the
whole time on one carbon atom (.e. pc = 1). The numerical
value of |Q| = 28 oersteds showed excellent agreement with
experiment. Later work by McConnell and Chesnut and
the most recent investigations 12:29:% have confirmed the
proposed mechanism of hyperfine coupling, and have shown
that @ is negative. Physically this means that, if the re-
sultant electron spin is parallel to the applied field, elec-
trons in the vicinity of protons will have a spin which is
antiparallel to the field; and conversely. A theoretical
basis was also provided for the hypothesis of negative spin
density. Let us again examine Eqn. (1.4), but for con-
venience determine the spin density at the point (x, y, 2):

p(x,y,z>=(\v|gozw(m)|~v) : (1.18)
I3

where, as previously, ¥ is the complete wave function of
the paramagnetic molecule. When ¥ is expressed in terms
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of normalised molecular orbitals &;, then p(x, y, z) can be
expressed as the molecular-orbital density matrix ps; = p:

plx.y,2)= Z.Ei/‘q);-‘bi‘ (119)

i

If ¥ is given in terms of a set of atomic orbitals, which
have not necessarily been normalised, the atomic-orbital
density matrix pxy = p can be determined

P y,2) =3 ors ©, Dy,
Ap

(1.20)

where ®p and ®) are atomic orbitals. When the molecular
orbitals ¢; are expressed as linear combinations of atomic
orbitals (LCAO):

(I),-:Zau(Dx, (1-21)
A

the matrices p and p can be correlated with one another:

(1.22)

_ .
= ZP:‘/‘ Ay Qi
0of

In the simple molecular orbital theory disregarding
electron correlation, when the complete wave function is
written as one configuration, all the non-diagonal terms
pij are zero, while all diagonal terms are positive. Thus
the spin density function is everywhere positive. The dia-
gonal elements pjy are in this case positive, but the non-
-diagonal elements may be negative. However, this does
not mean that the density is negative at this point, since
(PApGun + puaOay), where 0y, = <&&, > is the overlap,
defines the total spin between the atoms, and cannot be as-
cribed to only one of the neighbouring atoms.

A description by the simple molecular orbital method of
a free radical having (24 + 1) electrons shows that each or-
bital, in conformity with the Pauli principle, is occupied
by not more than two electrons. The lower orbitals are
occupied in pairs, while the odd electron occupies one of
the lower orbitals remaining free or a higher orbital.
Electrons having different spins in the same orbital interact
with one another. This phenomenon (the correlation effect)
may be taken into account by writing the wave function of
the system in terms of molecular orbitals including differ-
ent configurations. As a result of the introduction of cor-
relation interaction, the p;; matrix is now non-diagonal,
and any of its elements (diagonal or non-diagonal) can be
zero. Moreover, in the Pux matrix the diagonal elements
can be negative, which means that the spin density function
p(x, v, z) can be negative at the given atom. Spin densities
have been calculated by the molecular orbital method with
configurational interaction for allyl3!s32 and the negative
pyrene ion 33, .

Below we shall examine other ways of describing free
radicals which similarly yield states having negative spin
density at the carbon atoms.

2. SPIN DENSITY IN THE SIMPLE HUCKEL MOLE-
CULAR ORBITAL THEORY

In Huckel's molecular orbital method (the simple
LCAO-MO method) charge densities at any atom in a

system can be calculated by means of the atomic orbital
coefficients according to the relation®

q:=2n;cf[. (2.1)
i

where #nj is a number (0, 1, or 2) representing the extent
to which the orbital is occupied, and c;; are coefficients of
the atomic orbital ¢ in the molecular orbital j .

As already noted in the Introduction, the charge density
is not in general identical with the spin density. In some
regions, where there is a high charge density, the spins
may be paired, and thus the spin density may be zero. I,
however, the projection of the spin on a fixed axis z does
not vanish, for some free radicals the spin densities are,
to the simple LCAO-MO approximation, proportional to
the squares of the Hiickel coefficients in the orbital of the
odd electron. In this case Eqn. (2.1) is in fact identical
with Eqn. (1.22).

Use of this simple molecular orbital theory to find spin
densities and calculate hyperfine structural constants gave
surprisingly good agreement with experiment for several
positive and negative radical-ions of alternant hydrocarbons
containing even numbers of carbon atoms. Asindicated above,
this theory proved valid for naphthalene 5s6 and anthracene®-8,
and also for naphthacene®, biphenyl?, perylene?2,4,35,
a-methylstyrene ¥, pentaphenylcyclopentadienyl®?, and
for compounds containing heteroatoms — the tetra-
cyanoethylene anion %, the cation of p-phenylenediamine 39,
the ions of semiquinones 742, and for several metal ketyls 3.

The spin density was determined experimentally from
the hyperfine structure of the spectra by means of McCon-
nell's equation au = Qpc. The constant @ is usually given
the empirical value -22.5 oersteds, obtained from the spec-
trum of the benzene minus ion, although the theoretical value
of -28 oersteds is sometimes used.

McConnell's equation has been derived to determine spin
densities from hyperfine proton splitting in aromatic rings.
But the protons of amino- and methyl groups also often con-
tribute to the hyperfine structure. Bersohn® investigated
several ions of methylated semiquinones by the molecular
orbital method, and calculated the spin densities on the
protons of the methyl groups, taking into account the de-
localisation of the odd electron in these groups. Com-
parison of his calculated spin densities with experimental
values in various quinones gives @ - 25 oersteds. McLach-
lan 4% showed that, in the case of methylated semiquinones
and for the hyperfine couplings of amino-group protons, we
can use an equation analogous to au =@p, but with @ = -28 oer-
steds for the ring protons and @ = +25 oersteds for protons
of methyl or amino-groups, p denoting in the latter case the
density at the nitrogen nucleus. This agrees with Bersohn's
calculations %.

Bolton and Carrington used the molecular orbital
theory to explain the hyperfine structure in the spectra of
the anions of toluene and p- and m-xylenes. The methyl
group was regarded as an electropositive substituent,
exerting an inductive effect on the aromatic ring carbon
atom to which it was linked. The form selected for the
Coulomb integral of such a carbon atom was a - 0.138,
where « is the Coulomb integral for all the other carbon
atoms in the ring and B is the resonance integral of the
C-C bond. Values of the hyperfine coupling constants of
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the ring protons, calculated from the McConnell equation
with @ = 22.5 oersteds, gave good agreement with experi-
ment.

For the hyperfine splitting due to the fluorine nuclei in
fluorinated semiquinones Anderson et al.%® derived the re-
lation ar = -39.3pc, where pc is the density at the carbon
atom adjacent to the fluorine atom. The equation was ob-
tained on the assumption that the configurational interaction
in the -(C-F) bond is the same as in the -(C—H) bond and
that pc, the total spin density, is the same inthe tetrahydro-
semiquinones and the fluorosemiquinones. Confirmation
of the correctness of this relation was provided by a recent
study of the negative ion of p-fluoronitrobenzene4’. The
results differed only by 20% from those of the previous
paper. Agreement is obtained with experiment when @ =
= -47.5 oersteds.

As an example of the use of the basic equation with dif-
ferent values of @, let us consider in greater detail the
positive ion of p-phenylenediamine 3°:

The observed electron paramagnetic resonance spectrum
gives the following values for the isotropic hyperfine
coupling constants:

ay = 5.29 oersteds,
ay (NII,) = 5.8 cersteds,

ayy(ring) = 2.13 cersteds.

The McConnell equation (with @ = 28 oersteds) gave spin
densities of pc = 0.07 at the carbon atoms numbered 2, 3, 5,
and 6. A simple calculation was made of the molecule by
the LCAO-MO method, in which all the resonance integrals
B were taken as equal, while the Coulomb integral for the
nitrogen atom an was represented by a parameter defined
in such away that it corresponded to the value found for
pc. This value was an = ac + 0.858, where ac is the
Coulomb integral for the carbon atom. Using this para-
meter, the odd-electron density in the pz orbital of the
nitrogen atom was calculated to be pn=0.236. K Q is
taken as -25oersteds, weobtain from the equation au(NH,) =
= -5.9 oersteds, in excellent agreement with the constant
obtained empirically.

It is more difficult to explain the isotropic hyperfine
coupling at the !*N nitrogen nucleus. In the paper under
consideration hypotheses were put forward as to possible
mechanisms for the formation of the hyperfine structure.
Such a structure requires the presence of odd-electron
density in a 2s orbital at the N nucleus. Transfer of odd-
-electron density to the o system, and thus to a 2s orbital
at the nitrogen atom, can, in the opinion of these authors,
take place in two ways: (1) by -0 coupling at the neigh-
bouring carbon atom, transferring spin density to the C-N
bond, or (2) by m—c coupling at the nitrogen atom, trans-
ferring the spin density to all three ¢ bonds of the nitrogen.
The ratio an/an(NH,) can be calculated on the assumption
that the second mechanism is responsible both for the
hyperfine splitting due to the nitrogen nucleus and for the
splitting caused by protons in the amino-groups:

. 0) 12
o _ 0.0723 L™ ! (2.2)

ay : | O
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It is postulated that the ion has a planar configuration and
sp? hybridisation at the nitrogen atom. The three hybrid
o orbitals are approximately orthogonal linear combina-
tions of the atomic orbitals (2s)n, (2px)n, and (Zpy)n.
Assuming the (N-H) bond to be non-polar, we write it as

1
Yo = TN {(sp®)n + (18)u}+ (2.3)

where A is the overlap integral. Remembering that the
main contribution at the nitrogen nucleus is made by the
2s function, we write

(2.4)

285 (0) 12
°N _ _go7e3'2nOF
ay s O F

The negative sign arises from the fact that a particular
polarisation of electron spin at the nitrogen nucleus pro-
duces a polarisation of opposite sign at the proton..

Estimating |25n(0) |2 by the Hartree-Fock method and
| 1s1(0) |2 from the Schrédinger function (7ag)-!, we have

|25 (0) |2 = 33.4 X 10% cm™, (2.5)
| 15y (0) 2 = 2.15 X 10% cm™,
an/an = — 1.12. (2.6)

Experiment gives 0.9. Thus in this ion mechanism (2) does
actually provide the main proportion of the hyperfine split-
ting due to the nitrogen nucleus. For this splitting we can
then use an expression of the McConnell type, where the
quantity @~ = 22.4 oersteds satisfies the experimental data
when the simple molecular orbital theory is applied. How-
ever, the mechanism of hyperfine coupling at the nitrogen
nucleus is far more complicated. As Karplus and Fraen-
kel “® have recently shown, a complete discussion of the
splitting due to the nitrogen atom requires consideration of
the effect not only of 2s butalsoof 1s electrons (see Section 3,
below).

Hyperfine splitting due to the nitrogen nucleus and spin
densities have been computed empirically also in phenazine
semiquinone (spin density at the nitrogen nuclei of the NH
groups pn = -0.256) and in other semiquinones containing
nitrogen 51, Bersohn®2 made a theoretical calculation of
spin densities at the nitrogen atoms in diphenylpicryl-
hydrazyl by the simple LCAO~-MO method. The estimated
spin densities at the two central nitrogen atoms were p, =
=0.1416 and p, = 0.1518. Holmberg ef al.53 calculated spin
densities using experimental data on isotropic and aniso-
tropic hyperfine splitting in diphenylpicrylhydrazyl, and
obtained values of p, = 0.274 and p, = 0.605 (or 0.396). Two
values are given for p, because of uncertainty in the choice
of the hyperfine coupling tensor.

3. HYPERFINE SPLITTING DUE TO THE !3C NUCLEUS

Several papers have dealt with the distribution of spin
density in hydrocarbons in which a considerable proportion
of the 12C atoms have been replaced by the !3C isotope,
which has non-zero spin, and which can therefore yield
information on the spin density in a molecule not only from
the proton splitting but also from that caused by the 13C
nucleus.
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Tuttle 5 suggested for the spin distribution in the nega-
tive naphthalene ion containing *C atoms the empirical
equation

a; = kipr + Zkﬁpl, (3.1)
i
where a; is the hyperfine splitting in position ¢ due to 3C,
pi the density of the unpaired 7 electron in this position,
and p; the unpaired 7 electron density at the neighbouring
carbon atoms.

Reitz ef al.% used this equation to determine spin densi-
ties in semiquinones by means of the 13C splitting. The
value of &; is known for the proton splitting kc-n (.e. @ in
the McConnell equation), while values of kc-c were taken
from Tuttle's calculations for 13C splitting in the a- and
B-positions in the negative naphthalene ion. The results
show good agreement with Bersohn's calculations4:

0o Spin density accord- Spin density accord-
. ing to Cersohn ing to Reitz
po=0.206 po=0.221
'|/ p1=0.090 £1=0.078
Y pe=0.113 pa=0.123

The spin density at the '3C nucleus was determined in
benzonitrile 3¢ in which 64% of the carbon atoms in the
nitrile group had been replaced by the isotope. The 13C
splitting was 6.4 oersteds, and the spin density at the 3C
carbon nucleus was 0.051 compared with the hydrogen atom
in the 1s state.

In triphenylmethyl®, in which the methyl carbon had been
replaced by !3C, the splitting in liquid solution was 26 oer-
steds, the corresponding spin density at the !3C nucleus
being p,,. = 0.22. Similarly, we can determine the spin
density a% the protons (from the total proton splitting of
35 oersteds) as pu = 0.068 and the total density at the car-
bon atoms numbered 2, 3, 4, 5, and 6 as pc = 1.57.57 The
value of p 4 calculated from the McConnell equation, with
@ taken as the isotropic splitting in the negative naph-
thalene ion, is 0.68, which is close to the spin density cal-
culated theoretically (for one of the configurations of tri-
phenylmethyl the valence bond method®? gives p,;. = 0.616).

The empirical equation (3.1) has received theoretical
justification3°. The hyperfine coupling constant for a 13C
nucleus linked to three other carbon atoms was found to be
represented by the relation-

Ac= Qo7 + Qa (pT + 07 + p3), (3.2)

where p] is the spin density at the atom having the 13C
nucleus, p], pj, and pT are the spin densities at the ad-
jacent carbon atoms, and the @ are m—o configurational
interaction constants. This equation was used to deter-
mine the hyperfine structural constants in the negative
naphthalene ion having the natural content of the !3C iso-
tope 8. The agreement with experiment is quite good, but
some discrepancies are inevitable, since some quite crude
assumptions were made in deriving Eqn. (3.2).

Ward?®® used this equation to determine the constants @,
and @, in the negative bipyridy! ion. Spin densities at the
nitrogen and carbon atoms were calculated by Hiickel's mole-
cular orbital method, the resonance integrals being put equal
for all the bonds, while the Coulomb integral for the nitrogen
atom was chosen as an=ac+ h, where ac is the Coulomb
integral for the carbon atom, Sthe resonance integral, and % .
a parameter which is adjusted to give the best agreement
with experiment. When /2 = 0, the spin densities in the

negative bipyridyl ion coincide with those in the biphenyl
ion. The simple LCAO-MO method then leads to values of
pN =0.159, po =0.019, pm = 0.089, and pp =0.123 for the
spin densities at the nitrogen atom and in the ortho-, meta-,
and para-positions respectively. The experimental values
of po and py, are 0.02 and 0.10 respectively. Application
of Eqn. (3.2) to these spin densities and the experimental
splitting due to the nitrogen nucleus yields @, = 19 and

Q, = 9.5 oersteds. With these values of @ the Hiickel
theory can be used to estimate the hyperfine coupling con-
stants in other nitrogen-containing ions. In particular,
Ward's estimate of the hyperfine splitting due to the nitro-
gen atom in the negative phenazine ion agreed well with
experiment.

However, Eqn. (3.2) does not always yield results agree-
ing with experiment. In order to examine hyperfine split-
ting due to 3C (or *N) nuclei, the effect of the inner,
coupled 1s electrons must be taken into account*®. The 2s
and 2p electrons are involved in the formation of molecular
orbitals extending throughout the molecule. It is supposed
that the contribution of the 1s electrons to the hyperfine
coupling arises primarily from their transition to anti-
bonding molecular orbitals. For the lowest doublet state
of the carbon atom in the CH, radical, for example, the
wave function is written as a determinant of the form

W, = (@)1 1s (1) (1) 15(2)B (2) 01 (3) * (3) 01 (4) B (4)
x 03 (5) & (5) 03 (6) B (6) 05 (7) %(7) 05 (8) B () % (D = (9){. (3.3)

where 1s and 7 represent 1s and 7 orbitals of the carbon
atom, while the o; (i =1, 2, 3) represent bonding molecu-
lar orbitals of the type

o6: =N 125+ V2(2pa)] + .. ). (3.4)

Here the 2po; orbitals are directed along the o; bond, the
leader denoting orbitals of the neighbouring atoms. They
need not be discussed in detail, since they do not overlap
the 1s orbitals.

After transfer of a 1s electron to the antibonding mole-
cular orbital

o =N{@ 125+ V2@podl—-. .},
the excited state is written

T, =@ o (Da (1) 15 (B 0, (3)a(3)... 0z (B)BB) 2 (9 (9)] . (3.5)

The contribution of the 1s electrons to the spin density at
the nucleus, which is proportional to that at the atom con-
taining the nucleus, can then be determined exactly by
means of perturbation theory. This contribution can be
written Sp”, and from the atomic model for CH,, we have
S€ = -12.7 oersteds.

The final expression obtained by Karplus and Fraenkel 4
for the hyperfine splitting due to the !3C nucleus in an atom
linked to three other atoms X,, X,, X, (sp? hybridisation) is
of the form

ac = (Sc + 2 ng,) P+ D ol (3.6)

i=1 i=1

where p” is the spin density at the carbon atom and p;-r the
spin density at the atom X;. The contribution of the 1s
electrons is determined by the value of S¢, while those of
the 2s electrons are determined by Q(C:x,- and Q;ch, the
former @ determining the hyperfine splitting due to the
nucleus of the carbon atom C and the transfer of spin den-
sity to the CX; bond, while Q%,-c governs the contribution
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TABLE 1, where one electron from the orbital i passes to the vacant
] ] Value of o€ orbital . The matrix element between these states is the
Radical Position | SPin density M B exchange integral
of atom P
i cale. r expt,
Methyl 1.000 | 43.8 | 4143 CRHD> = — —V= SS \p.,lp,(l)—— Vi, (2) dr, dvy. (4.3)
(HOOC),CH 0 3'392 31.8 33.0
(radical of malonic acid) 2 0.05 ) Some workers have suggested using a different form of
N i .2087 oo h ey .
Negative naphthelene fon 8 8.(2)7% _1_33 ﬂ 2 wave function in radicals. Hoijtink®! took as the function
—0.0746 | —7.06
Negative benzene ion i 0.1667 1.30 +2.4 for the ground state
Negative cyclooctatetraene 0.1250 0.97 413
'l":;:heny]methyl 0 0.68 26.2 26 W+ 2 Aurky (4 '4)
L
( ‘Q,-)-c" 3 —0.0468 instead of x,, and regarded the exchange energy as a small
o 4 0.1168 perturbation. But, as McLachlan points out, here the cal-

to the hyperfine splitting of the spin densities at the atoms
X; and the transfer of spin density to the X;C bond. These
contributions are of opposite signs.

It is evident from Eqn. (3.6) that knowledge of the 7—o
interacticn parameters (Q and S€) and of the m-electron
spin densities p; is necessary in order to estimate theore-

tically the hyperfine splitting due to the 3C (or !4N) nucleus.

Karplus and Fraenkel obtained theoretmal values (in oer-
steds) for the CHC, radical of S =-12.7, Q& = 19.5,
QEc’=14.4, and Q& = -13.9.

These quantities, together with values of pg obtained
either by the Hiickel method or from the proton splitting by -
means of the McConnell equation, have been used to deter-
mine the constants a€ for the methyl radical, the radical of
malonic acid, the negative ions of naphthalene, benzene,
and cyclooctatetraene, the ion of p-benzosemiquinone, and
triphenylmethyl. In calculating spin densities by means of
the McConnell equation, a value of -23.72 oersteds was used
for the 7—o configurational interaction constant Q%4. This
value was obtained by examining the contribution of 2s
electrons to the 13C splitting by the valence bond method.

Table 1 compares the experimental constants a© with
values calculated by means of Eqn. (3.6). It is seen that
the two results are in excellent agreement.

4. SPIN DENSITY IN THE SELF-CONSISTENT FIELD
METHOD

McLachlan® has recently shown that the self-consistent
field theory may give the best values for the spin density
in both alternant and non-alternant 7-electron radicals.
The wave function in radicals is usually written as a deter-
minant:

%o =|| $ivz. .. ¥ava Il @.1)
in which the 2n electrons occupy the ¥, orbitals in pairs,
while the odd electron with spin @ occupies the orbital ¥,.
This function is not self-consistent in the full sense, since,
in contrast to self-consistent wave functlons, it can com-
bine with excited doublet configurations X:

4.2)

X7 =[] .. babpmbo || —’,—;.—(2“8—«9« —Baa),
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culations are compllcated especially with large molecules,
where there are many excited configurations.

Pople and Nesbet 2 suggested a self-consistent wave
function of the type

O =l vfyP. .., i |l (4.5)

in which electrons with spins @ and 8 occupy independent
sets of orbitals ¥, ¥,, ..., ¥p; ¥, ..., ¥z.

The spin densities in the Pople—Nesbet function

p =102+ Jilb:r—1w: 1%, (4.6)

may be negative at the nodes of ¥, if |¥;|2 exceeds |¥; |2.

The spin density may be negative also in the Hoijtink
function
P=9o+227"ir<xo‘9\x5>. (47)
or
In the case of radical-ions McLachlan suggested apply-
ing Pariser and Parr's semiempirical method®3 to the

Pople~Nesbet function. The LCAO-MO coefficients for
the two sets of orbitals

\po = Coron "-Pl = Clrmr "«l’ll = Ctiror (4 .8)
are then defined by the equations
2 F, rscz's = E,C;r
: =1..... o+ 1,
s=1 n -+ (4 9)

S FiCie = EiCie
s

ZFrans = EyCor ZngCos = EC, .
s s

The quantities F, F’, and F° represent the self-consistent
field for electrons having spins @ and B and for the odd
electron, and they depend on the bond orders and electron
densities for the electrons with spins @ and 8, which are
defined as

n n
Prs = Z Clrcls P;x = E Clrcls P:s = Corcos . (410)

i=1 i=1
The operators F and F’ can then each be written as a sum
of three terms:
F=V+K—J, (4.11)
F'=V4+K—1J', (4.12)
where V is the field of the nucleus and the ¢ electrons, K

the Coulomb field of all the 7 electrons, J and J’ repre-
sent the exchange field for 7 electrons having spins « and B,
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and F° is the field due to all the electrons other than the odd

electron; F°is obtained from F by omitting terms propor-
tional to PO:
Vis = Brs — brs zTrt. (413)
t#r

Krs = ér‘: 3 (Ptt Pn + Pu) Yrt » (4.14)

t
Jrs:(Prs+P?s)Trs- (4-15)
I = Prstrs. (416)

Hence it can be seen that the difference between F and F’
arises from the exchange field J - J’ of the odd electron.
In Eqn. (4.13) the resonance integral Brs is a non-diagonal
matrix element, which is zero for atoms 7 and s not
directly linked to one another and has the value § for all
C-C bonds; the Coulomb integral By is a diagonal matrix
element with respect to the one-electron integral containing
the kinetic energy; and y»s is the Coulomb electrostatic
coupling of the electrons in &, and &g.

With neutral radicals the spin density can be estimated
by the molecular orbital method taking into account pertur-
bation theory. Self-consistent orbitals are taken as the
starting point, while the exchange interaction of the odd
electron with other, coupled electrons is regarded as a
perturbation. If the unperturbed molecule is alternant,
Pyy = B}y = 3. Furthermore Prs = P/g, and these vanish
if the atoms » and s belong to the same set. The operator

F is then

FO)r =B + 1727, (417)
F (O)fs = Br! - P(O)rsTrs o (4 -18)

The first correction to F(0) is given by F°(1)ys = FO(0)rs.
K (1)rs— K (O)rs =3} PO(O)eeY rbrs (4.19)

t

J (== J (O)rs = PO O)rstrs = Gra. (4.20)
Fo(1) = FO(0),;. (4.21)

Here Gys is the exchange potential of the odd electron.
Even to this first approximation the orbital of the odd elec-
tron and the total electron density are found not to vary,
while the change in spin density is caused entirely by the
exchange term Gys. The exchange potential G of the odd
electron affects the spin density by changing the effective
values of the Coulomb integrals o4 and the resonance inte-
grals Bys for electrons having a spin @. The method of
Coulson and Longuet- Higgins ®¢, which takes into account
the coefficients of mutual polarisability 7y Jtu, gives for
the perturbed spin density

Prs =P (O)rs - %%}‘ Trs4uGtu. (4 .22)

Equating the vy and replacing Trs,tu by 7ys (since the
polarisabilities of the atomic bonds are zero if ¢ and « are
located in different systems), we have
1
Per'é,*-z—'rg}ﬂuC:s- (423)

where 7ys is the mutual polarisability of the two atoms. It
is calculated from the expression

iC
T = —4 Z 2 E]‘.’_’;C’I

i

(4.24)
where i and j are occupied and vacant orbitals, and E; is
the energy of the Hartree-Fock parameters.

From a comparison of the results obtained for spin den-
sity calculated by means of self-consistent orbitals and the

Hiickel orbitals used in Eqn. (4.23), McLachlan concludes
that the latter can give almost the same result as the for-
mer if the right value is chosen for the resonance integral.

According to the self-consistent field theory, the re-
sonance integral is given by
Brs(eff)=Brs_%‘PrSTrs- (425)
where Pyrg is the overall bond order. Using the Pariser

and Parr parameters y = 10.53 eV, B,, = -2.39 eV, 7,, =
=17.30 eV, and B about -4.5 in most cases, we obtain

129/~ —12=—h. (4.26)

Thus we can replace (4.23) by

or = Cho— A S, Chr 4.27)
where Ty¢ is a numerical quantity, and the only parameter
which must be aribtrarily chosen is A.

McLachlan calculated the hyperfine structural constants
on the assumption that each constant depends not only on @
but also on A. The latter varies only slightly on passing
from one compound to another, while @ is constant, its
value being -24.2 oersteds. Although the simple Hiickel
theory proved successful for many hydrocarbons, the spec-
trum of the negative pyrene ion can be explained only by

TABLE 2,
Spin densities
Free radical Hickel | Hartree —Fock
expt. method method
Naphthalene
s -
a a 0.076 0.069 0.055
b 0.2u3 0.181 0.211
Anthracene
A B a0.230 | 0.193 0.256
b 0.113 0.0J6 0.118
¢ 0,064 ¢ 048 0.032
Diphenyl a0.227 | 0.150 0.208
b < . b 0.01Y 0.019 —0.023
S c0.113 | 0.08) 0.105
d 0.085 0.123 0.128
Perylene
e_ & |-
e a 0.128 C.083 0.115
b 0.01Y 0.013 -—(.031
¢ 0,146 0.108 0.145
Pyrene
ro e T
o s a 0,054 —0.052
e b 0.240 0.187
d 0.054 0.092
Perinaphthenyl
° a 0.008 —0.098
b 0.327 0.247
Triphenylmethyl a 0.68 0.516
ae N . c 0124 0.101
<, AN d 0.062 —0.041
3 e 0.124 0.087
Fluoranthene
N a 0.215 0.227
» b 0.161 0.157
c 0.05% 0.037
. d 0.000 —0.023
‘
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means of the self-consistent field theory. On the Hiickel
theory the orbital of the odd electron has nodes at atoms a
and e, and hyperfine splitting should be caused by the pro-
tons in positions b and d:

c_b
a

The spectrum should then consist of 25 lines. Experiment
gives 75 lines, which indicates the presence of consider-
able spin density at position a. The self-consistent field
method predicts the presence of negative spin density at
this position, and gives a good numerical estimate.

Non-alternant ions as well as alternant radical-ions
were studied in this work. In the former the electronic
states are not coupled as in the alternant type, and this
affects to some extent the calculations of spin density,
although for simplicity the equations derived for alternant
ions were utilised. The negative acenaphthylene ion, the nega-
tive fluoranthene ion, and the positive and negative aceplei-
adylene ions were investigated. The spectraof thetwoace-
pleiadylene ions are quite different, and for them neither the
Hiickel theory nor the self-consistent field theory agrees
with experiment. Spin density was calculated also for the
neutral radicals triphenylmethyl, perinaphthenyl, allyl,
and benzyl. Table 2 compares experimental and theoreti-
cal values of spin densities calculated by the Hiickel mole-

cular orbital method and by the self-consistent field method.

5. SPIN DENSITY IN ALIPHATIC RADICALS

In contrast to aromatic free radicals, comparatively
little study has been made of aliphatic free radicals by
electron paramagnetic resonance, and hardly any work
has been done on the theoretical determination of their spin
density distributions. The difficulty in investigating ali-
phatic radicals is that they are usually obtained either
during irradiation or by being trapped in solids, and it is
often difficult to identify the spectrum of the resulting
radical, since rupture of bonds may take place at different
points. Sometimes anisotropy must also be taken into
account, since most work on aliphatic radicals is not done
in solution.

Whereas in aromatic free radicals the total extent of the
spectrum is independent of the number of protons involved
in hyperfine coupling, for aliphatic radicals the total width
of the spectrum is sensitive to the number of protons.

Chesnut ® gave a molecular orbital treatment of aliphatic
radicals, the ethyl, isopropyl, and t-butyl radicals being
considered. Hyperfine coupling in these radicals can be
explained by means of the theory of hyperconjugation 6,87
which, although a very crude approximation, nevertheless
gives comparatively good qualitative agreement with ex-
periment.

It is supposed that combinations of the atomic orbitals
of hydrogen form hydrogen group orbitals of the type

Ay = D, j:02+‘;1’n ,
B+ 68y
gy = =D Oy
) 6 —6Sy)
0y — By
(2 — 254y "

(5.1)

(5.2)

Xy = (53)
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If the wave functions of the methyl carbon atom [in the
ethyl radical (Ed. of Translation)] are denoted by sp,, p,,
and p,, the one of the hybridised sp, orbitals forms a
o bond with x,, while the p, and p, orbitals form bonds of
T type with x, and x; respectively. The second carbon
atomic sp, orbital is utilised for a ¢ bond with the other
atom (see Fig.4).

If the methyl group adds on to a 7 system, the hydrogen
group H, can be regarded as a speudoatom X, contributing
one electron to the total pseudo-7 and the hyperconjugated

. system. Thus if y/; denotes a 7 orbital at the atomn Z, the

molecular wave function for the energy level 2 is written

O = Z Cintbs. (5.4)
where in the case of hyperconjugation some of the ¥; will
be m orbitals of the methyl carbon atom with the pseudo-:
atom X.

The condition for normalisation of the wave function &z
allowing for overlap of the atomic orbitals S;; = <y; ]z//j >
is represented by

1= | D> = D CaCite <l Wi > = D) CunCinSsi = 3, CueY¥ o (5.5)
i

i i

where Y = _§c,-ks,-j.
z

If &, is the wave function of the odd electron, itsdensity .
at atom k is given by the expression 68:69
(5.6)

In this case this definition of odd-electron density is the

qr = CroY no-

same as McConnell's definition of spin density 2. Here
pr =< D, | Ap| Dy > = 2 CioCio <Y A > =Cr¥, (5 . 7)
i
where the operator Ar satisfies the equation
Appj = O, (5.8)

8jr being non-zero only if the electron £ is in orbital j. To
this approximation the spin density should always be posi-
tive, which, as has been remarked several times, is not
always the case.

Chesnut calculated the isotropic hyperfine coupling and
the distribution of spin density for ethyl radicals using dif-
ferent values of the parameter p, which is taken as the
ratio of two resonance integrals

(5.9)

P = Tii/Yo» where Ty = | H|p; >
and
Ty Sy
p=-L =4
To S

Fig.4.
radical.

Hyperconjugation in the ethyl
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Here S;j is the overlap of the atomic orbitals ¢ and j, while
S, and 7, relate to values of these quantities for unsubsti-
tuted benzene 7. The results of Chesnut's calculations are
given in Table 3.

Table 3 shows that the hyperfine coupling constant does
not decrease a great deal if more than one methyl group is
involved in the hyperconjugation. This explains the de-
pendence of the width of aliphatic radical spectra on the
number of protons producing hyperfine splitting. The width
of the spectrum can then be expected to increase with the
number of groups involved in hyperconjugation at the car-
bon atom having the odd electron. The density pc at the
central carbon atom varies little for a given value of p,
and the hyperfine splitting is, to a good approximation,
proportional to this spin density.

A series of radicals was studied experimentally by
Symons ™, the spin densities being calculated by means of
the McConnell equation, although Symons himself points
out that the application of this equation is not entirely jus-
tified with aliphatic radicals when p is large and both @ and
B hydrogen atoms couple with the odd electron. Spin den-
sities were estimated in this paper for the radicals 'CH,,
-C(CH,),, '‘CH,CH,, and -CH(CH,),, and a series of radicals
derived from alcohols: -CH,OH, CH,C(CH,),0H, -CH(CH,).
.C(CH,),OH, 'CH(CH,)CH(CH,)OH, etc.

In a study of irradiated malonic acid [the -CH(COOH),
radical] McConnell et al. 8 estimated the hyperfine splitting
from the isotropic and anisotropic coupling and also esti-
mated the spin density. They showed that @ in the equation
an = ¢pc should be negative, as had previously been pre-
dicted theoretically, since it is only then that agreement is
obtained between theoretical values of the hyperfine split-
ting and the experimental data.

This work was extended to a study of succinic acid? fthe
.CH(COOH)CH2COOH radical]. Here, as in Chesnut's work,
consideration was given to the hyperfine coupling of the odd
7 electron with a “m proton”, i.e. with a proton situated
near the aliphatic carbon atom in a plane above or below
the plane in which the m-electron spin density is distri-
buted. In this work, however, anisotropic splitting of the
“7 protons” was determined experimentally for the case in
which there was no free rotation of these protons.

It is postulated that, similarly to the equation an = Qpn
for o protons, the isotropic hyperfine coupling at the N
nucleus with the “7 proton” is directly proportional to the
spin density at the adjacent unsaturated carbon atom:

by = R (0) px- (5.10)

The coefficient of proportionality depends on 6, the angle
of rotation of the alkyl group attached to the unsaturated

TABLE 3.
Spin it
Coupling pin densities

Radical constant of

methyl protons Pc Px
p=0.7
Fithyl 16.9 0.9160 0.0815
Isopropy] 15.5 0.8%33 0.0743
t-Butyl 16.2 0.7825 0.068%
p =093
Fithyl 27.8 0.8577 0.1307
Isopropy] 24.2 0.7568 0.1137
t~Butyl 21.5 0.6847 0.1008

carbon atom. The angle 6 is defined so that 6 = 0 corre-
sponds to the “eclipsed” configuration of the C~H bond re-
lative to the axis of symmetry of the 7 orbital of the odd
electron, whereas 8 = 37 corresponds to the proton situated
in the nodal plane of the odd-electron orbital. Thus when
6 = 37 the proton of the alkyl group is a “o proton”. It is
shown in the paper that the hyperfine splitting of the “m pro-
ton” is almost isotropic, and therefore the mean value of
R(8) -~ < R > can be estimated. In the case of the radical
-C(CH,),0OH the splitting amounts to 56 Mc/s, 7 which is
probably the best value of < R > at the present time. The
angular variation of R(6) can be approximately represented
by the equation.

R (0) = A + Bcos®0. (5.11)
Theoretical calculations of hyperfine coupling of the protons
of methyl groups ™ indicate that, when 6 = 37, R ~ 0, and
hence that A = 0. The experimental value of B is then as
follows

CR(U)> = Ya B = 56 Mo,

B =112 Mo/s. (5.12)

Isotropic splitting of the order of 112 cos? 30° = 84 Mc/s
can be expected in this case for the “m protons” in succinic
acid, provided that the two protons are oriented exactly as
in the non-irradiated molecule of the acid.

6. APPLICATION OF THE ALTERNANT ORBITAL
METHOD

Papers have recently appeared in which the distribution
of spin density is calculated by Lowdin's so-called alter-
nant orbital method (AOM)74-7, The wave function with
which the matrix elements of the spin density operator are
calculated is obtained by applying the double state projec-
tion operator to the determinant

Ty =1(a®; + bD;) (a®, + 6D;) .. (@b, + bD,) x

x (@@, — 6@, (a®, — b D) . . . (D, — bD;) ; (6.1)

a=cos0, b=sinb, ¢* +-p2=1.

Here & is the wave function with spin @, & the wave func-
tion with spin 8, 6 a parameter which combines the excited
configurations and the lowest molecular configurations, the
& representing bonding orbitals, and & antibonding orbitals.

According to Lowdin, the projection operator for N par-
ticles having a spin of % is

kxy
HO = [ (st — k(e 4+ WA+ H—kk+1) . (6.2)
k

The spin operator s? has the eigenvalues I(! + 1) where
I=%N, $N -1, ..., 0 or ; depending on whether N is even
or odd, and the product is to be taken over all # # [ from
0or3toiN.

Application of 2*'0 to T, gives

21-“07‘0 = 2 C;eTk.

k=0

6.3)

and for the cases of lowest and highest multiplicity (I = 0
and n):

0T, = € $ (— 1 (”) “r., (6.4)

kezo k

*HOT, =C 3 T,

k=0

{6.5)
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where Tk = n(2k + 1) - 2k2 is the sum of the determinants
obtained by & changes in the spin functions in T, between

the two or1gmal groups of orbitals <I>z and &;. The value
of C, is % for three electrons, and $ for five electrons.

Application of the doublet operator yields

0T, =G, E (—

k=0

1)"("": l)’l‘,;:a”‘lthld),,4..®,.®,,7(-),_1D,...£_D,-..<5,,|+

e
2 n— . — —_—
+ (?) a lb;z'l (6),/’ (OD,...0; .. 0O0,D,..0,|—

— DD, Dy ODD,D,. . D, .. Dy (6.6)
+2|0,D,... 0;...0,0,D,... ... ;... O, —
(12)/ _ —_ —
127 q,zz(m,h 2| 0,0, .. D,0;0,0,0,D,...D;..D;..D,| +
+2|0,0,... ;... 00,0D,0,..D,..0;..D,|—
—|q>,q>2..cb' cp' 0,0 D, D,..0,0;..3,| +
+( DD, ... D, L O0,0,B,...0,0;...D,| -+
+10,D,..... (D m . 0,0,0,,...0,0,...0,]—
—|cplcpg...m‘-... e @ D D, —
n
—an S DD, .. .. ;.. 0;...0,0,0,..0;D,. D

i=1

For normalisation, this function must be divided by N *,
where

N = a* 4 (2n/3) a®—262 -+ gvi—4b (2n2 + n)/3. 6.7)

On calcﬁlating by means of the expectation value of the spin
density operator

1/ms 2 &(r—ry) Suz

n
for the molecular-orbital spin density, we obtain
p(r)=N7"lavdy + = & quip Z 8u - 1 g
{ 3 9 (68 )
x Z (4m,/—2om,+4o,,1+( n4+2 )aw—sbeZ i+ [(2n2+n)/3] aw—db‘bm}‘,
=1 =1
where
O, () @; ().

If we pass to atomic-orbital spin density and represent by
pa the spin density at the starred atoms, and by ps the den-
sity at the non-starred atoms, we obtain the following re-
lations:

Ogo = (D: (’), Oip = @ (f) D, (r)r by =

pa = (N') {c?,,,y +2tm o % tan0 + ((4n -+ 2)/9] tan’e} XA (0. (6.9)

pp = (N')? {-—% tan 0 + %mza — {(4n -+ 2)/9] tan 99} %% (), (6.10)

N’ =1+ (2n/3) tan?0 + [(2n% + n)/3] tan6, (6.11)
Y =1—= t.m 0 — [(21 -}- 4)/9] tan®0 — [(4n + 2)/9] tan®0 + [(2n® -+ n)/3] tan 6.
(6.12)

It can be shown that tan 6 is always positive, so that the
sign of ps will depend on that of the right-hand expression.
In Eqns. (6.9)-(6.12), x,(») represents an atomic orbital
centred on a starred atom A, while xz(r) represents an
atomic orbital on a non-starred atom B.

These formulae were used to calculate spin densities in
alternant hydrocarbon radicals containing an odd number of
carbon atoms: triphenylmethyl, perinaphthenyl?, and
allyl 7.
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In the triphenylmethyl calculation terms of the order of
b? were neglected, so that

Pa = (]——3 lane).CzJA‘*'E tan 6,
3 3
- 2 [}
pB-———Etan .

The parameter § was calculated from the experimental
value of the spin density at a non-starred atom, its value
was substituted in pa, and the result was compared with
experiment. Reitz showed that for triphenylmethyl?
lps| =1ps|=2]ps|. Itfollows from Adam and Weiss-
man's work5? that the sum of the absolute spin densities at
all the carbon atoms linked to a proton is p = 1.57. On
comparing the results, we obtain

5
3{2]psl+21pal 4105} =24] 04| = 1.57,
oy = -— 0.065.

Loy = 0.065,

1] 4

7 3

Then p; = p; =0.137.

For the perinaphthenyl radical 1°, the measured spin
density is |p, | =0.098. According to the alternant orbital
method, p, = -0.098, whence p, = 0.2477 (the experimental
value is p, = 0.327).

(
)

With the allyl radical the spin densities obtained by the
alternant orbital method showed good agreement with those
calculated by the configurational interaction method 32:

Configuration

AOM interaction
p;=0.6388 0,=0.6363
pe=—0.2645 pa=—0.2394
p3=0.6588 ps=0.6363

7. SPIN DENSITY AND NUCLEAR MAGNETIC RESON-
ANCE

As McConnell *2 has shown, the magnitude and sign of
the spin density can be judged from the chemical shift
developed in the proton magnetic resonance of paramag-
netic substances. The chemical shift AH at the proton and
the spin density pc atthe carbon atom adjacent to the pro-
ton are related as follows:

AH = Qpc (te/1s) 8BS (S + 1)/6kT, (7.1)

where @ is the proportionality constant in the McConnell
equation, ye and yn represent the gyromagnetic ratio for
the electron and the proton respectively, g is the spectro-
scopic splitting factor, 8 the Bohr magneton, % the Boltz-
mann constant, T the absolute temperature, and S the spin
of the odd electron. A paper by Lefebvre™ gives a
theoretical derivation of this equation and discusses the
form of the proton resonance line in polycrystalline radi-
cals.
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Eqn. (7.1) was first used to estimate spin densities in the
organometallic compounds vanadocene, chromocene, and
nickelocene 78,  In contrast to nickelocene, in which the
spin density at the carbon atoms in the ligands is positive,
that in the ligands of vanadocene and chromocene was
found to be negative with values of pc = -0.06 and -0.12
respectively. The sign of the spin density is determined by
the direction of the chemical shift at the proton. If the
spin of the proton is polarised in the direction of the exter-
nal magnetic field, the shift takes place towards lower
fields. If the proton spin is in the direction opposite to the
applied magnetic field, the proton shift occurs at higher
values of the magnetic field.

Nuclear magnetic resonance made it possible to deter-
mine spin densities in diphenylpicrylhydrazyl17,81. The
resonance line of this radical consisted of two partly re-
solved components of equal intensity but different widths,
one being shifted to increasing field by 2.95 oersteds, while
the other is shifted in the opposite direction by 1.75 oer-
steds. As already remarked, the spin polarisation of the
proton is opposite to that of the adjacent carbon (or nitro-
gen) atom ., Therefore the sign of the proton shift should
be the same as that of the spin density pc, as is reflected
in Eqn. (7.1) (@ = -22.5). If one line (up the field) is as-
signed four ovtho- and two para-protons, while the nar-
rower line is given six mela-protons, the shift agrees with
calculations on diphenylpicrylhydrazyl by the valence bond
method, according to which the spin densities in the ovtho-
and para-carbon positions are positive, while those in the
meta-position are negative. These results confirm not
only the existence of negative and positive spin densities,
but also the sign of the equation a = -22.5pc.

Anderson ef al.? studied the shifts in nuclear magnetic
resonance of the negative pyrene ion in its potassium com-
pound, and estimated the isotropic hyperfine coupling con-
stants. The values obtained were very close to those ob-
tained from experiments on electron paramagnetic reson-
ance. Some divergence in the values of the constants was
partly due, in the opinion of the authors, to a change in the
odd-electron density distribution in the ion under the in-
fluence of the crystal lattice, accompanied by correspond-
ing changes in the -0 exchange, giving isotropic hyper-
fine splitting. The difference may be due also to the ani-
sotropy observed in the proton resonance lines.

An interesting confirmation of the fact that the spin den-
sity at protons of the methyl group in the C-CH, bond is
opposite in sign to the spin density at the proton in the C-H
bond (in electron paramagnetic resonance this is reflected
in the sign of @ = 25 oersteds for the former, and of @ =
= -22.5 oersteds for the latter case) is given in a paper by
Forman et al.83, who investigated the proton shifts for
vanadium acetylacetonate. Compared with the diamag-
netic cobalt acetylacetonate, the vanadiu.'ﬁ‘_ compound ex-
hibits a shift towards lower fields.

When the hydrogen in the third position in
C(CH\_ )
C
v{fr_c(cm/

is replaced by a methyl group, the shift is changed
markedly, owing to the change in the distribution of spin
density at this position. Since the shifts are opposite, it
is clear that the spin densities at the protons in the C-~CH,
and C~-H groups have different signs.

Similar results were obtained for the distribution of spin
density in the ligands of nickel chelates®. Changes in the
distributions of spin density in such compounds produced by
the introduction of heteroatoms (S and O) into the system
of conjugated bonds, and by -NH- and ~N: N~ groups have
been determined by nuclear magnetic resonance .

Thus the distribution of spin density may also be success-
fully studied in inorganic molecules. The use of nuclear
magnetic resonance for this purpose has started compara-
tively recently, but from the work which has been done up
to the present time it can already be concluded that further
investigations by this method on paramagnetic compounds,
in particular on paramagnetic aromatic complexes of
metals, will undoubtedly be of great value in elucidating
their electronic structure.
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