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INTRODUCTION

HIS paper is restricted to electron spin reso-
nance phenomena in free radicals. We shall
choose a few topics in which significant advances
have been made recently, especially topics reflecting
more directly on some aspects of electron correlation.
We shall, therefore, largely be concerned with dis-
cussing the electron spin resonance (ESR) spectra
of organic free radicals. These species exhibit electron
spin resonance because they have an unpaired =
electron.
The spin Hamiltonian 3C for a system of = electrons
such as one has in a r-electron radical can be written
as

JC=3C1+5C2, (1)
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For radicals in solution (or in the gas phase) the
term between [ ]in Eq. (3) averages out to zero,' so
for these cases the second term, the Fermi contact
interaction which is isotropic, is important and gives
rise to the hyperfine splitting observed for free radi-
cals in solution. Weissman' neglected spin-orbital in-
teraction effects which can also lead to isotropic
hyperfine splittings for radicals in solutions?; but the
effects are about 100 times too small to account for

1S. I. Weissman, J. Chem. Phys. 22, 1378 (1954).
2 H. M. McConnell and D. B. Chesnut, J. Chem. Phys. 28,
107 (1958).

any of the observed splittings in aromatic free radi-
cals. Considering, therefore, only the hyperfine inter-
action between the z components of the electron and
nuclear spins (valid in the Paschen—Back region), the
Fermi contact Hamiltonian which gives the non-
vanishing isotropic hyperfine splitting for free radi-
cals in solution is

_ 8”%‘3\ (‘L}V) S Sulvd(t) . (4)
k

In Eq. (4) |8] is the absolute magunitude of the
Bohr magneton, §(r.y) is the Dirac delta function of
the distance r.y between electron k and nucleus N,
wy is the magnetic moment of proton N, and Iy, is
the z component of the spin of proton N, in units of
h. This equation can be expressed more simply in
terms of the “coupling constant’ for the proton N,ay
as

ICw

Iy = h(ZNSzINz .
SPIN DENSITIES IN =-ELECTRON RADICALS

(3)

Equation (5) is frequently written in the form in-
troduced by McConnell?

ay = Qox . (6)

Here Q is negative and has been given various values
such as —22.5 G for the benzene negative ion,
—25.67 G for the cyclooctatetraene radical anion,’®
and values of about —30 G,® which are necessary to
fit the observed electron spin resonance spectra of
polynuclear hydrocarbon radical ions, if it is assumed
that the odd electron densities py’s are given by the

3 H. M. McConnell, J. Chem. Phys. 24, 632, 764 (1956).

48. I. Weissman, T. R. Tuttle, and E. de Boer, J. Phys.
Chem. 61, 28 (1957).
( 5’1;.) J. Katz and H. L. Strauss, J. Chem. Phys. 32, 1873
1957).

6 E. de Boer and S. I. Weissman, J. Am. Chem. Soc. 80,
4549 (1958).
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simple Hiicke]l LCAO molecular orbital theory.
Equation (6) would predict that the total width of
the esr spectrum of a free radical would be >_py = 28
where S is the total spin. If only positive values of
px are allowed, as in the simple Hiickel LCAO
theory, then the total width of the ESR spectra would
be @ gauss since py (Hiickel) = 1. Spectra are ob-
served, however, to extend over a range greater than
25-28 G, and it must, therefore, be concluded that
py may be either positive or negative. Brovetto and
Ferroni’ were the first to propose, on theoretical
grounds, that the proton hyperfine splittings in the
triphenyl methyl radical can be positive and nega-
tive as a result of their valence-bond calculations
carried out for the assumed planar structure of this
radical. Negative spin densities have been shown to
be necessary in the interpretation of the electron-
spin-resonance spectra of aromatic radicals by Me-
Connell and Chesnut® who, as mentioned above,
have given a detailed theoretical treatment of the
isotropic hyperfine interactions in m-electron radi-
cals? and have shown that in Eq. (6) the spin density
can assume positive or negative values. Equation (6)
must then be written as ay = Q|pn]|.

MecConnell has shown® that Eq. (6) is the ap-
proximate form of a more elaborate Eq. (7):

ay = Tr(Q"p) , Q)

where Q¥ = Q¥ is a hyperfine-interaction—ex-
change-interaction matrix and p(=p""") is a spin-
density matrix. It is readily shown that the largest
term in the matrix Q¥ is the diagonal element Q¥~
and it can, to a first approximation, be assumed to be
the same for all carbon atoms in a w-electron system.
Thus, the form of Eq. (6) which results is ax = Qpww,
where @ = Q¥y, and pyy represents the diagonal
elements of the spin-density matrix pwx’.

If the eigenfunction ¥ for the r-electron system is
expressed in terms of orthonormal molecular orbital
functions ®;, then the normalized spin-density func-
tion p(x,y,2) can be developed in terms of the mo-
lecular orbital density matrix p:;:

p(2,y2) = 2oipudi®: . ®)

WhenV¥ is expressed in terms of a set of normalized
atomic orbitals ¢, which are not necessarily ortho-
normal, the atomic orbital density matrix px, = p can
be defined as

7 P. Brovetto and S. Ferroni, Nuovo Cimento 5, 142 (1957).

8 H. M. McConnell and D. B. Chesnut, J. Chem. Phys. 27,
984 (1957).

9H. M MecConnell, J. Chem. Phys. 28, 1188 (1958).
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p(x,y,z) = Z)\#P)\M‘ﬁt‘#)\ . (9)

The matrices p and p can be related to one another
when the molecular orbitals ®; are expressed as linear
combinations of atomic orbitals,

P; = Z)\a)\id))\ ; (10)

then

P = Ziiﬁiiaﬁﬂm . (11)

If electron correlation is neglected as in simple
molecular orbital theory where the eigenfunction of
the molecule (radical) is written as a single configura-
tion, all the nondiagonal elements p:; are zero, and
the diagonal elements are positive. Thus, when no
electron correlation effects are included in the eigen-
function, the spin density p is positive everywhere.
Under these conditions the diagonal elements of py,
are also positive but the nondiagonal elements may
be negative.

When electron correlation is included, as it is par-
ticularly in the case of free radicals, the matrix p; is
nondiagonal because of the configuration interaction.
Both diagonal and nondiagonal elements can now be
negative. With electron correlation included, some of
the diagonal elements of py, may be negative which
implies that the spin density p(z,y,2) can be nega-
tive at all points in the vicinity of one atom. By the
application of this theory to the allyl radical
(-CH,-CH-CH,), McConnell,? using the eigenfunc-
tions calculated by Chalvet and Daudel,’® showed
that there was a negative spin density on the central
carbon atom C; of pzs = —0.1055.

The simple Hiickel LCAO molecular orbital theory
provides a useful first approximation interpretation
of the ESR spectra of many radicals, though it can-
not yield negative spin densities. In those cases where
negative spin densities do not arise, or when they are
of very small magnitude, then the Hiickel simple
LCAO theory is still useful. It has been used with
some success in the interpretation of the ESR spectra.
of many ion radicals such as those of benzene,™
naphthalene,’? anthracene,'* diphenyl,*? etc.,”* ™ and

10 Q. Calvet and R. Dandel, J. Chim. Phys. 49, 629 (1952).

1§, I. Weissman, T. R. Tuttle, and E. de Boer, J. Phys.
Chem. 61, 28 (1957).

12 K. de Boer and S. I. Weissman, J. Am. Chem. Soc. 80,
4549 (1958).

13 A. Carrington, F. Dravnieks, and M. C. R. Symons, J.
Chem. Soc. 1959, 947.
( 14 Cj A. McDowell and K. F. Paulus, Can. J. Chem. 40, 828
1962).
( 15 T) J. Katz and H. L. Strauss, J. Chem. Phys. 32, 1873
1960).

16 J. R. Bolton and A. Carrington, Mol. Phys. 4, 497 (1961).

17V, V. Voevodskii, S. P. Solodovnikov, and V. M. Chib-
rikin, Doklady Akad. Nauk S.S.S.R. 129, 1082 (1959).
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in heterocyclic anions,’®* 22 many semiquinone ions,? %
the cation of phenylene diamine,® and many other
cases.

Although there was good agreement between the
simple Hiickel LCAO molecular orbital theory and
the experimental results for many ions of even alter-
nate hydrocarbons, there were some serious dis-
crepancies. It must also be recalled that the simple
Hiickel theory did not lead to a correct calculation
of the over-all width of the ESR spectra of these
radicals.

Two cases where it became most apparent that
negative spin densities were necessary to explain the
observed spectra may now be discussed. The first
case is that discussed by Hoijtink, Townsend, and
Weissman,® who drew attention to the serious dis-
crepancy existing in the case of the anion of pyrene.
The simple Hiickel theory predicts that the singly
occupied orbital in the anion is antisymmetric in the
plane passing through positions 2, 12, 15, and 7 (see
Fig. 1), and yields a splitting into 25 lines by the two

F1a. 1. The pyrene molecule.

sets of equivalent protons at positions 1, 3, 6, and 8
and 4, 5, 9, and 10. High resolution studies yielded a
well-resolved 75-line spectrum which is required if
there is also some spin density on carbon atoms 2
and 7. The spectrum is well represented by the as-
signment of the coupling constants of 4.75 and 2.08 G

18 R. L. Ward, J. Am. Chem. Soc. 84, 332 (1962).
19J. C. M. Henning and C. de Waard, J. Chem. Phys. 35,
2258 (1961).
20C. A. McDowell, K. F. Paulus, and J. R. Rowlands,
Proc. Chem. Soc. (London) 1962, 60.
2LN. M. Atherton, F. Gerson, and J. N. Murrell, Mol.
Phys. 5, 509 (1962).
( 22 A) Carrington and J. dos Santos-Veiga, Mol. Phys. 5, 21
1962).
2 B. Venkataraman and G. K. Fraenkel, J. Am. Chem. Soc.
77, 2707 (1955).
24Y. Matsunaga and C. A. McDowell, Can. J. Chem. 38,
1158 (1960).
25Y. Matsunaga and C. A. McDowell, Can. J. Chem. 38,
1167 (1960). -
26 D. C. Reitz, J. R. Hollahan, F. Dravneiks, and J. E.
Wertz, J. Chem. Phys. 34, 1457 (1961).
27D. H. Anderson, P. J. Frank, and H. S. Gutowsky, J.
Chem. Phys. 32, 196, (1960).
( 2861\/)1. T. Melchior and A. H. Maki, J. Chem. Phys. 34, 471
1961).
29 G. J. Hoijtink, J. Townsend, and S. I. Weissman, J.
Chem. Phys. 34, 507 (1961).
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to the protons of types 1 and 4, respectively, and a
coupling constant of —1.09 G for the protons of type
2.

A simple configuration interaction treatment based
on earlier studies by Hoijtink® leads to results in good
agreement with the experimentally observed spec-
trum. The principal configuration of the ground state
of the pyrene anion with 2n carbon atoms is repre-
sented by the antisymmetrized product

Yy = Wl%' . '%‘.‘;j' : "Pn+1| . (12)

In this equation each ¢ is taken as a linear combina-
tion of atomic orbitals ¢, i.e.,

Yi) = D it (v) - (13)

Inclusion of doubly excited configurations of the type

Y, = 6 {2y Pnate] — Wilan| + [l |}
Xji<n; k>n+2, (14)

which interacts with ¥y, leads to nonvanishing spin
densities at those carbon atoms ¢ where the spin
density vanishes when ¥y alone is used (i.e., at car-
bon atoms 2 and 7). p. is given by the following equa-
tion on the application of first-order perturbation
theory:

CiiCe « (15)

Gm + 1kmn + 1)
=220 X,

As self-consistent field orbitals were not available,
Hoijtink, Townsend, and Weissman used Hiickel
orbitals. Equation (15) shows that if p. is not to be
zero, the matrix element and the coefficients c;jcu
must not vanish. The pairs of Hiickel orbitals for
pyrene with j = 7,k = 13 and j = 4, k = 10 con-
tribute strongly to the spin densities at positions 2
and 7. Using appropriate one-electron excitation en-
ergies the spin densities at positions 2 and 7 are found
to be p: = p; = —0.039. These results, with Q = 27
G, on substitution into Eq. (6) give the coupling con-
stant at positions 2 and 7 as —1.05 G which is in
good agreement with the experimentally required
value.

A theoretical interpretation of the esr spectrum of
the dimesityl methyl radical (Fig. 2) in toluene solu-
tion was given by McLachlan,® who used a modified
valence-bond treatment.

If K is the exchange integral between the carbon
atoms in the rings and the control carbon atom C(1),
the use of perturbation theory with the perturbation
H' = —% K(1 + 0103) yields the following expression

30 G. J. Hoijtink, Mol. Phys. 1, 157 (1958).
31 A. D. McLachlan, J. Chem. Phys. 32, 1488 (1960).
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for the spin density p, at carbon atom r:

-3 (OIKZ’An)(nlon‘O)

n=0

(16)

Yo is taken to be the exact valence-bond ground

HC, CH, HC CH

CH, b CH,

Fig. 2. The dimesitylmethyl radical.

singlet state of benzene, and ¢, to be the other nine
excited triplet states. The exchange integral K
= J cos? a, where « is the angle of twist of the rings
and is 60°-70°, and J is the exchange integral be-
tween ring carbon atoms.

This theoretical treatment yields a negative spin
density at carbon atom 2 of —0.263 if « = 0°, and
—0.069 if @ = 60°-70°. The agreement between the
“observed” or experimental spin densities®® and the
calculated values is not wholly satisfactory; it does
not provide evidence for the existence of negative
spin densities nor support a nonplanar configuration
for the dimesityl methyl radical.

In addition, McLachlan® has developed a self-con-
sistent-field molecular orbital theory of electron spin
distribution in r-electron radicals. This theory yields
negative spin densities at certain positions in neutral
alternate hydrocarbon radicals and also in the anions
and cations of alternate hydrocarbons. The calculated
over-all spectral widths are in good agreement with

the experimentally observed values. McLachlan
writes the wave function for radicals as
xo = |[¥ivs- - -¥igill, a7

in which 2n electrons occupy the orbitals ¢:- - ¢, in
pairs and the odd electron with spin « is in the ¥
orbital. Because this wave function (17) is not self-
consistent in the full sense, a more elaborate form
due to Pople and Nesbet® is used. These authors pro-
posed the self-consistent wave function

® = [lyivi®- - vl (18)
in which electrons of « and 8 spin occupy independent
sets of orbitals Yo, 1+ - -¢, and ¢1 - - -¢;. For this type

32 D. B. Chesnut and G. J. Sloan, J. Chem. Phys. 35, 443
(1961).

33 J. A. Pople and R. K. Nesbet, J. Chem. Phys. 22, 571
(1954).
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of wave function the spin density is given by Eq. (19):

p = Wl + 3 vl = IviF),

so that if |¢i|? is greater than |¢.|? at a node of Y, p
becomes negative. McLachlan® showed that using the
LCAO semiempirical method of Pariser and Parr,®
with the notation and approximations of Pople and
Brickstock,® the following equation is obtained for
the spin densities:

(19)

‘Y Z 7rraCOa ] (20)

where Co, and Cm are the coefficients of the two sets
of LCAO orbitals

= cOr

kI/O = COr¢r;¢1 = Cirq’r,w(' = c:‘r¢r . (21)

If Hiickel orbitals are used, the term 3 v in Eq. (21)
is replaced by the empirical constant N which has a
value = 1.0-1.2 8. 7., is the mutual polarizability of
the two atoms r and s and can be calculated from the
expression

— _4 Z Z CrzCs}Cszcr]

(22)

where 7,7 are occupied and vacant orbitals. Applying
this theory to a series of alternant hydrocarbon
anions it was found to lead to the prediction of nega-
tive spin densities at certain positions in the radicals.
Further it was possible using values of A = 1.0 and
Q = —24.2 G to obtain good agreement between the
calculated and experimental values for the over-all
widths of the ESR spectra of many ions. Table I gives

Tasre 1. Widths of ESR spectra of hydrocarbon anions.

Anion Obs. width (G)  Cale. width (G)
Benzene 22.5 24.2
Naphthalene 26.9 26.0
Diphenyl 23.8 22.4
Anthracene 28.4 26.9
Phenanthrene 24 .52 27.1
Perylene 28.3 28.1
Pyrene 31.22 29.5
Acenaphthylene 29 .28 28.1
Fluoranthene 21.92 21.5

a Spectra incompletely resolved. Width is average of that between the
ends of the derivative curve and that between the extreme peaks.

the results and it is evident that the theory is fairly
satisfactory.

3¢ A, D. McLachlan, Mol. Phys. 3, 233 (1960).

3 R. Pariser and R. G. Parr, J. Chem. Phys. 21, 466, 767
(1953).

36 A. Brickstock and J. A. Pople, Trans. Faraday Soc. 50,
901 (1954).
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NUCLEAR MAGNETIC RESONANCE EVIDENCE FOR
NEGATIVE ELECTRON-SPIN DENSITIES

Evidence from nuclear magnetic resonance studies
points to the existence of negative electron-spin densi-
ties at certain atomic centers in paramagnetic mole-
cules and free radicals. McConnell and Holm* ob-
served that the proton resonance in polycrystalline
nickelocene, and also for the same compound in
toluene solution, was shifted ~ 1.0 4+ 0.02 G to
higher fields relative to the normal resonance for
protons in toluene. Later, Gutowsky and his col-
leagues %% found that the proton magnetic reso-
nance spectra of solid free radicals such as DPPH and
trio-p-chlorophenylaminium perchlorate (TPPAP) at
77°K showed two different resonance lines, one
shifted up-field and one down-field from the normal
resonance frequency.

The origin of the shift in the proton magnetic reso-
nance line can be understood from the simple theory
due to McConnell and Chesnut.? In a system of pro-
tons characterized by a paramagnetic relaxation
time 77, or an exchange time 7', such that 77* or
T > ay (the hyperfine splitting constant), then pro-
ton N will see a single average hyperfine magnetic
field corresponding to the effective spin Hamiltonian
for proton N,

3 = —uwn:{Ho — 2max(Ih/ux){S},  (23)
where (S.) is the time-average value of the Z com-
ponent of the electron spin. For paramagnetic mole-
cules or radicals obeying the Curie law,

(S.) = —glBlS(S + 1)Ho/3kT ; (24)
hence,
50 = —;m[l + 2wan| If )g"%ﬁ] 25)

Since uy is positive for the proton, it is seen from
Eq. (25) that when the proton resonance of N is ob-
" served at a fixed frequency, the contact shift will be
to lower applied fields when ay is positive, and to
higher applied fields when ay is negative. The experi-
mental results quoted above substantiate these
theoretical requirements. Furthermore, a valence
bond treatment yields positive densities at the ortho

37H. M. McConnell and C. H. Holm, J. Chem. Phys. 27,
314 (1957).

38 H. S. Gutowsky, H. Kusumoto, T. H. Brown, and D. H.
Anderson, J. Chem Phys. 30, 860(1959)

39 T. H. Brown, D. H. Anderson, and H. 8. Gutowsky, J.
Chem. Phys. 33, 720 (1960).
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and para carbon atoms in the benzene rings and a
negative spin density at the meta atoms. These re-
sults agreed with the assignment of the large up-field
shift of the proton resonance to the ortho and para
protons. Similar results have been obtained for pro-
ton resonance measurements on DPPH at 4.2°K by
Anderson, Pake, and Tuttle,” and also by Hervé,
Reimann, and Spence.*! Proton resonance shifts have
also been observed in the pyrene anion at 4.2°K by
Anderson, Zandstra, and Tuttle,** who assign the
positive proton coupling constant to the protons at
positions 2 and 7 which, from Eq. (25), implies
negative spin densities at the corresponding carbon
atoms.

High-resolution proton magnetic resonance studies
on paramagnetic molecules have also shown shifts in
the positions of the resonance lines from which values
for electron deusities at different carbon atoms can
be calculated. We have already mentioned the studies
of McConnell and Holm on nickelocene in toluene
solution at room temperature.® Qualitative studies®®
of the same sort have been made on vanadium tris-
acetonylacetate. These studies indicate that the sign
of the spin densities for directly attached hydrogen
atoms is opposite to that for the hydrogen atoms of
the methyl group.

Recently, high-resolution nuclear magnetic reso-
nance studies on a large number of nickel (II) chelates
have been reported by Eaton, Josey, Phillips, and
Benson.*** From the observed shifts, these workers
have estimated electron densities at various positions
in the compounds studied. They have attempted to
interpret their findings in terms of calculations of the
spin densities from valence-bond theory. Valence-
bond theory was used for the nickel (II) amino-
troponeimineates because these systems are non-
alternant, and also because negative spin densities
were predicted from the nuclear magnetic resonance
studies.

There is evidence that spin density in these chelates
is transferred from the nickel atom to the ligands as
a result of metal-ligand = bonding. Valence-bond cal-

40 M. E. Anderson, G. E. Pake, and T. R. Tuttle, J. Chem.
Phys. 33, 1581 (1960).
g, Herve R. Reimann, and R. D. Spense, Arch. Sci.
(Geneva) 13, 306 (1960).
42 M. K. Anderson, P. J. Zandstra, and T. R. Tuttle, J.
Chem. Phys. 33, 1591 (1960).
BA. Forman, J. N. Murrell, and L. E. Orgel, J. Chem.
Phys 31, 1129 (1959).
4D R. Katon, A. D. Josey, W. D. Phillips, and R. E. Ben-
son, J. Chem. Phys 37, 347(1962).
% D. R. Eaton, A. D. Josey, R. E. Benson, W. D. Phillips,
and T. L. Cairns, J. Am. Chem. Soc. 84, 4100 (1962).
4 D. R. Eaton, A. D. Josey, W. D. Phillips, and R. E.
Benson, Discussions Faraday Soc. (to be published).
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culations carried out for the ligand fragment

X

in which R is a nonconjugated substituent, i.e., CHs
or C;Hs, yield the values for the spin densities shown
in Fig. 3.

The results quoted show that if the calculated spin
densities are reduced by a factor of 10, theve is good
agreement between theory and experiment. The
valence-bond method, thus, seems to be a useful
approximation for estimating spin densities in these
nonalternant systems. The scaling factor of 1/10 re-
quired to bring the calculated and experimental re-
sults into agreement represents the total spin density
transferred from the metal atom to the w-electron
system of each ligand.

038
-0.23, N +o21
-0.15
+0.57 -
N

(@) F16. 3. (a) Theoretical spin den-

sities; (b) experimental spin densi-

004l ties for nickel (II) aminotropon-
N cimineate.

b

-0.021

+0057

(b)

LINEWIDTH VARIATIONS IN THE ELECTRON
RESONANCE SPECTRA OF FREE RADICALS IN
SOLUTION

Having outlined the experimental evidence show-
ing the existence of negative spin densities in free
radicals, as well as discussing the theoretical inter-
pretation of the results, we must now turn to con-
sider other phenomena which sometimes arise be-
cause of negative spin densities. The ESR spectra of
many free radicals in solution consist of large num-
bers of lines which are often quite narrow ~ 20-100
mG. A subject of considerable current interest is the
study of relaxation mechanisms in the narrow line
systems. Frequently the spectra are asymmetrical as
corresponding components on the high- and low-field
sides of the spectra may have differing apparent in-
tensities and linewidths. We now discuss theories of

the origins of these asymmetries and their dependence

on the form of the hyperfine interaction and g-value
tensors. In several cases the observed linewidth vari-
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ations of the various hyperfine components indicate
that at least the isotropic coupling constants have op-
posite signs due to the existence of positive and nega-
tive spin densities in the radicals.

—H—

sl

One fairly simple spectrum which exhibits asym-
metry and variations of linewidth is that of diphenyl
nitric oxide as reported by Deguchi.*” Figure 4 shows
a diagrammatic representation of this spectrum.

The lines in the central group are the sharpest com-
pared with the outer groups. Each line on the low-
field side is sharper than the corresponding one on the

F1g. 4. The elec-
tron spin resonance
spectrum of the di-
phenyl nitric oxide
radical.

— Ua™ +12804q.

H —> 0" 2.00g.

H

F1a. 5. The pyracene molecule.

high-field side. Another particularly interesting ex-
ample is the esr spectrum of the monopositive ion of
pyracene in concentrated H.SO,. Pyracene (Fig. 5) is
a novel hydrocarbon which has two sets of equivalent
protons. The spectrum consists of nine groups of
quintuplets and, as it is well resolved, the analysis is
quite straightforward.*® Within any one of the quin-

F1c. 6. The tetracene molecule.

tuplets, the component on the high field of the central
line is smaller and wider than the corresponding mem-

47Y. Deguchi, Bull. J. Chem. Soc. 35, 260 (1962).
48 B. de Boer and E. L. Mackor, Mol. Phys. 5, 493 (1962).
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ber on the low-field side. A somewhat similar varia-
tion in the intensities of the hyperfine components
was found for the case of the ESR spectrum of the
tetracene (see Fig. 6) positive ion in concentrated
H.SO,.

In the tetracene positive ion there are obviously
three classes of protons each with four protons in each
class. Of the expected 125 lines 85 were found by
Hyde and Brown*; the occurrence of accidental de-
generacies being largely responsible for this discrep-
ancy. An analysis of the spectrum which was observed
at room temperature shows that lines 5 and 15 from
the central line are narrower on the high-field side and
correspondingly seem more intense than are lines 5
and 15 on the low-field side; the reverse was found to
be true for line 3.

Similar variations in linewidths and hence intensi-
ties of certain hyperfine components have also been
observed in the case of the negative ions of m-
dinitrobenzene by Freed, Rieger, and Fraenkel® and
independently by Fischer and Mc¢Dowell.** In these
cases the anion of m-dinitrobenzene was prepared by
electrochemical reduction. Fraenkel et al. used N,N-
dimethyl-formamide as a solvent and obtained their
spectrum at —50°C. Fischer and McDowell used a
50-509% mixture of N,N-dimethyl-formamide and
dimethoxyethane and obtained a completely resolved
60-line spectrum at room temperature. The spectrum
obtained (see Fig. 7) can be analyzed completely and
the analysis shows that the hyperfine components
corresponding to My = =1 are considerably broader
and correspondingly appear to be less intense than

( 49 J. S. Hyde and H. W. Brown, J. Chem. Phys. 37, 368
1962).
5 J. H. Freed, P. H. Rieger, and G. K. Fraenkel, J. Chem.
Phys. 37, 1881 (1962). )

51 P. H. H. Fischer and C. A. McDowell (unpublished).

He=—>
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those for which My = 0, = 2. Here My is the total z
component of the nitrogen nuclear spin angular mo-
mentum.

Rather large anomalous alternating linewidths
were observed in the ESR spectra of 1:4 dinitrotetra-
methylbenzene by Freed and Fraenkel.® In the case
of the 1:4 diydroxydurane cation radical an altera-
tion of line widths is also apparent.”® These latter
cases are at once seen to be apparently similar to the
effect observed earlier by Maki,** who found that in
the cases of the p-nitrobenzaldenhyde and the
terephthalaldehyde the restricted rotation of the
aldehyde group lead to an altered appearance of the
hyperfine structure of the spectra. In these cases
the ring proton hyperfine coupling constants for
the cis and trans isomers of the para-substituted
benzene derivatives are influenced by the hindered
rotation of the group substituted in the 1 and 4
positions. The linewidth variation observed for
the 1:4 dihydroxydurene cation indicates that the
methyl proton hyperfine coupling constants are
likewise modulated.

For the substituted methyl benzene derivatives
like the dinitrodurene anion radical, Freed and
Fraenkel® assume that the pair of nitro groups un-
dergo a correlated hindered rotation while the methyl
groups rotate rapidly. The rotational modulation of
ax(¢), where ¢ is the angle of orientation in the plane
of the nitro group with respect to the plane of the
benzene ring, causes line broadening by inducing
secular and nonsecular relaxation processes deter-
mined by the Fourier spectrum of the deviation of the
matrix elements of [ax(¢1) i + ax(¢2);]- S from their

52 J, H. Freed and G. K. Fraenkel, J. Chem. Phys. 37, 1156
(1962).

5 J. R. Bolton and A. Carrington, Mol. Phys. 5, 161 (1962).
5 A. H. Maki, J. Chem. Phys. 35, 761 (1961).

3395.21 3399.23
339697

MMWWMWWWW

2 2 2 422 412 ele2 s]|le2] o2 Oule2]|{}
+ oM 0 - 00

< R

100 -1 04 |[OW]-2[ 0 24 0)
k -ij-10 21 22
2 0

-2
N | i

Fig. 7. ESR spectrum of meta di-
nitrobenzene negative ion. (Fischer and
MecDowell, reference 51.)
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average value (ay(¢))(I: + I2)-S. The line shape is
Lorentzian and if J1;(0) is the secular spectral density
for the motion of one nitro group relative to the
plane of the ring, it can be shown for Ji:(0) being
large, that the M; = 0 line should be broad, while the
M; = 0 line should be so broad that it might not be
observed. The amplitudes of the M; = =42 lines and
the M; = 0 line would be nearly the same.

The variations in the linewidths observed for
hydrocarbon ion radicals are due to relaxation mech-
anisms which depend on the nuclear spin quantum
numbers and which vary as M and M2 There are
several theories which have developed to account for
these phenomena.®~% All, to some extent, derive from
the earlier work of Bloembergen, Purcell, and
Pound® on nuclear relaxation phenomena in liquids.
The case of relaxation phenomena in the ESR spectra
of free radicals was first examined by McConnell.*
He showed that if a nuclear spin in the radical had
an anisotropic electron hyperfine interaction, then
the electron spin is subject to a fluctuation as the
radical undergoes Brownian rotation. This time-de-
pendent perturbation induces the electron to reverse
its spin and also modulates the frequency of each
electron resonance line. It was shown that the width
of a line would depend on the nuclear spin quantum
numbers of the levels involved in the transition.
Kivelson®” and Stephen and Fraenkel® have de-
veloped more elaborate theories which, though de-
riving from MecConnell’s work, have made use of the
ideas developed by Kubo and Tomita.®® More re-
cently, a somewhat simpler theoretical treatment has

-been given by Carrington and Longuet-Higgins,* and
we shall now present an outline of this treatment.
Later we show that these theories help to explain the
experimental observations on the variations of line-
widths which have been mentioned above.

A radical containing one set of equivalent mag-
netic nuclei can be represented by the Hamiltonian

X = BHugaﬂSa + IaTaﬂSa 3 (26)
where I, is the sum of all the nuclears pins in the
equivalent set. If there are several magnetic nuclei,
even equivalent nuclei, each should strictly be as-
signed a hyperfine interaction tensor:

3¢ = BHogupSe + D iluTesSq - (27)

5 N. Bloembergen, E. Purcell, and R. V. Pound, Phys. Rev.
73, 679 (1948).

5 H. M. McConnell, J. Chem. Phys. 25, 709 (1956).

57 D. Kivelson, J. Chem. Phys. 33, 1094 (1960).

58 M. J. Stephens and G. K. Fraenkel, J. Chem. Phys. 32,
1435 (1960). .
( 59 R) Kubo and K. Tomita, J. Phys. Soc. Japan 9, 888
1954).

60 A, Carrington and H. C. Longuet-Higgins, Mol. Phys. 5,
447 (1962).
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Only if the principal axes of all the 7% are parallel
will (27) reduce to (26). The Hamiltonian 3C can be
written as the sum of an isotropic term 3¢, and a
perturbation 3¢’ which depends on the orientation of
the radical in the external field. Thus, we write

3C=5Co+f}c,, (28)

where
3o = BgHaSa + DT TaSa . (29)

We have made the substitutions ¢ = 3} gaa, and
T: = % Ti.

We write

5" = BHaghsSs + > ilatesSa ; (30)

gas and tig being the anisotropic parts of g.s and Tig,
namely,

(31)

The eigenstates of 3C, are characterized by the
quantum numbers Ms and M}, namely, the near
eigenvalues of S, and If, where z is the direction of
the external magnetic field.

Since z is the direction of the applied field, H.
= H, = 0, and I and Ii have zero matrix elements
between states with the same values of M3. There-
fore, the matrix elements of 3¢’ within the two states
of an observed transition are the same as those of

Gap = Gap — G0ap, tas = Tap — T'0us -

3¢l + 3el, + 3c.
where

5l = (BH.gk + > Iit)S., ete. (32)

The fluctuations in 3¢, etc., may then be associ-
ated with the time dependence of the direction co-
sines L., etc., between the space-fixed axes and the
molecule-fixed axes. With this notation, we have

Jciz = (6Hzlzagz,xﬁ + Z I:lzatfzﬂ)lﬁxsr . (33)

The effect of the time-dependent perturbation (33)
is first considered. There are off-diagonal elements
between the pair of states |=3,M1); it, therefore, in-
duces transitions between them, but does not modu-
late their energies. The transition probability de-
pends on the statistical properties of the matrix ele-
ment

X(l) = (%J M;IC‘C;I[ - %y M;> . (34)

If X (t) has an exponentially decaying autocorrela-
tion function of the type

(XX ) = (Xo)exp (=[t|/r) ,
by application of the Wiener—Khintchine theorem,
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the probability per unit time of the X-induced
transition

|3,M$y — | —%,M3) becomes equal to

2r(XGo)/R(L + &), (35)
where Aw is the energy of the transition. The mean
square value of X ) is given by the equation
{XTo) = (BH.Laghs + 25 Mil.tas)

X U (BH Lougr + 20 Milutin)be
X (318 — 8" (36)

Similar calculations can be made for (¥ ) and
{Z&). The characteristic lifetime 7T'; associated with
X (t) and Y (f) together is given by

1/T" = +P/10R* (1 + w’7°) , (37)
where P is defined as the tensor invariant
P = (BH.gks + D i Miths) (BH.gts + s Mitag) -
(38)
The broadening due to Z(¢) is given by
1/T% = 2rP/15%° . (39)

P can be expanded into three terms. The first is
B2H’gl.sg%s which is independent of the nuclear quan-
tum numbers and is of little interest to us here.
Another term in the expansion of P is bilinear in the
nuclear quantum numbers M} and is Y, MiMitigtis.
This term is considered later. The remaining cross
term

28H.ghs D Mitas = 28H. D MighsTis . (40)

As this is an odd function of the nuclear quantum
numbers, this term will affect the two sides of the
spectrum in opposite ways. When the radical has sets
of equivalent magnetic nuclei, Eq. (40) may be writ-
ten in the form

26H, 3°: M{" (gsTS3) (41)
where M} is the sum of the M; values for all the
nuclei in the set represented by the symbol (¢), and
T} is the hyperfine tensor for any nucleus in the set.

Equation (41) shows that if one considers a par-
ticular multiplet of lines which differ only in their
M values, the lines with positive M@ will be
broader or narrower than those with negative M @
according to whether their inner product gas7} is
positive or negative.

The above equations agree with those derived by
Kivelson®; it is, however, to be noted that Kivelson
allows for nuclear relaxation in the anisotropic case.
Hyde and Brown* have interpreted their data on the
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TasLE II. Electron spin resonance spectrum of diphenyl nitric
oxide.

Half-width at maximum slope
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tetracene cation in sulphuric acid solution in terms of
Kivelson’s theory. Their arguments are equivalent to
saying that because of the difference in the angles of
the C-H bonds for classes a and b protons of the
tetracene cation (Fig. 6) compared to the class ¢ pro-
tons, the sign of the inner products gisT%s will be
different so that the term linear in M, Eq. (41),
changes sign. This is in agreement with the experi-
mental results. Measurements of the relaxation times
Ty and T for this system indicates, however, that the
data can be fitted to an expression of the form

1/T: = a + bM,; + cM7, (42)

which is the relation suggested by the Kivelson
theory for the case of one set of equivalent nuclei.
The results which deBoer and Mackor® obtained for
the pyracene cation in sulphuric acid solution obey
Eq. (42) very well indeed. In that case, since the
isotropie g value for the ion is 2.0025, it is likely that
dg is small and so the anisotropic dipole-dipole inter-
actions mainly determine the linewidth. Since wr.
> 1, asin the case considered, the broadening effects
of the relaxation mechanisms should be proportional
to 7.. Measurement of the linewidth difference be-
tween components having the same absolute value of
M;(B) (where 8 refers to the four aromatic protons),
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as a function of the correlation time . indicated that
this expectation was fulfilled.

Deguchi? interpreted his results on the ESR spec-
trum of the diphenyl nitric oxide radical in terms of
Kivelson’s theory which is, of course, equivalent to
the one just outlined. As the spectrum was not com-
pletely resolved, Deguchi chose to calculate, from
Kivelson’s theory, the expected linewidths of the
central three lines in each group. Here we may note
that recently a better resolved spectrum has been
obtained by Pannell.® In the case considered, the
values available for the I, component of the nuclear
spin of the nitrogen nucleus are 1, 0, —1. The six
ortho- and para-protons in the phenyl rings will have
I.: £3, &2, +1, 0, and the four meta-protons have
I.: £2, 41, 0. For the central three lines in each
group, the half-widths calculated at the point of
maximum slope are given in Table II. The observed
linewidths, where available, are also given and it is

61 J, Pannell, Mol. Phys. 5, 291 (1962).
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seen that good agreement exists between the the-
oretically calculated values and the experimental re-
sults. It is to be noted that Deguchi’s spectrum shows
that the sharper lines, i.e., those with My = +1
are at the low-field side of the spectrum.

We have already pointed out that the linear equa-~

‘tion (41), and the linear term in Eq. (42), implies that

the widths of lines with different M values will de-
pend on the sign of gisTs%. For nitrogen atoms in
aromatic systems there are reasons®® for believing
that ghsT3 is negative. The lines in the spectrum
with positive M; for the nitrogen atom should be
narrower than those lines with negative M;. In the
case just discussed, the narrow lines with M; = +1
lie at low field. It follows, therefore, that the iso-
tropic hyperfine splitting constant for the nitrogen
atom must be positive. A similar conclusion has been
reached for the nitrogen atoms in other aromatic
systems.50-62

62J. C. M. Henning and C. de Waard, Physica Letters 3,
139 (1962).

Discussion on Spin Resonance and Hyperfine Splitting

C. T. OKonskr anp L. C. ALLEN, Chairmen

GoopmaN: Why isn’t spin-orbit interaction included in the triplet splitting expression?

McWEENY: It would seem that examination of the g values would be sufficient to show whether
or not the spin-orbit coupling was important. The derivation of the spin Hamiltonian shows that
the g values involve matrix elements of the spin-orbit operator. When spin-orbit coupling is small
the ¢ values are close to 2, and this is the usual case in hydrocarbons; the coupling may then be
absorbed into empirical ¢ values and the electron spin—spin coupling calculated quite independ-
ently. Only in higher orders of perturbation theory would the spin-orbit coupling lead to spin—
spin terms, and one might therefore expect such contributions to be negligible unless the g values

differed considerably from the spin-only value.

GoopmaN: It doesn’t appear as if all of the spin-orbit interaction is included in the spin—spin
Hamiltonian. When the atomic spin-orbit coupling vanishes as in the triplet state of a conjugated
hydrocarbon, it is satisfactory to neglect the second-order term, but when there is persistence of
atomie spin-orbit interaction (as in ketones, for example) then the interaction between the triplet
and singlet probably becomes important to the splitting.

McWEeENY: This comment concerns the general question of how the empirical constants in
the spin Hamiltonian can be understood in terms of the electronic wave function. The full Hamil-

tonian is

3¢ = 3C, + (terms involving electron and nuclear spins) ,

where 3C, is a spin-independent electronic Hamiltonian, whose eigenfunctions are made the basis
of a perturbation calculation. The remaining terms include interactions between electron and
nuclear spins and the magnetic field, spin-orbit coupling, contact couplings, and dipole—dipole
couplings. It can then be shown [M. H. L. Pryce, Proc. Phys. Soc. (London) 63, 25 (1950)] that,
to a certain approximation, the eigenvalues of the 3¢ coincide with those of a spin Hamiltonian,
JCoin, Operating within a manifold of electron-nuclear spin states and containing constants which
are determined by the electronic wave function. These constants are in fact expressible in terms
of the spinless components of certain one- and two-electron density matrices. If we write the
transition density matrices between electronic states ¥,, ¥, as



