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l. Introduction

There have been many reviews and books on electron spin resonance
(ESR) and several on transition metal ions. Many of these publications
have been written by physicists or theoreticians and are very compre-
hensive. This review is aimed at inorganic chemists who have had no
experience relating to electron spin resonance and who are becoming
more and more likely either to use the technique or to need to appreciate
the significance of the information available from the technique.

The first part of the review gives an elementary account of the
relevant theory. There are many good books for further reading (25, 44,
46, 78, 118, 121, 122, 457, 458, 642, 651, 662, 591, 629, 650) for the
inorganic chemist who wishes to go deeper into the subject. The second
part of the review is a comprehensive survey of the results of ESR studies
on compounds of transition elements. Inevitably there has had to be
some selection of material, and the criteria for inclusion or rejection has
been based upon the likely interest an inorganic chemist might have in
the spectes. This is particularly so in areas where there is a lot of related
work, e.g., the Mn*" host-lattice data. In the case of copper d? complexes,
there has been much duplication of work and papers devoted to the
spectra of complexes where a minor substitutive change has been made
to a bulky organic ligand. In general, data have been rejected from the
tables where hyperfine structure has not been observed because of
measurements on undiluted samples. Less emphasis is, in general, placed
on ions stabilized by diamagnetic host lattices, e.g., Mn2* in NaF. This
latter type of study is nevertheless of great importance to the inorganic
chemist since unstable complex ions can be studied. In the case just
described, the environment is such that the [MnF]*~ ion can be readily
studied.
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There have been recent reviews on transition metal ESR by
McGarvey (504), Konig (409), Kokoszka and Gordon (400), and Fujiwara
(226). Another review, by Kuska and Rogers (425), is the more complete,
but it covers only the first row of the transition elements. ESR isreviewed
in Annual Reports on the Progress of Chemistry (Chemical Society,
London), Annual Reviews of Physical Chemistry, Analytical Chemistry,
Spectroscopic Properties of Inorganic and Organometallic Compounds
(Chemical Society, London), and Reports of Progress in Physics, the
earlier volumes of which have good reviews on the theory (in particular,
Volumes 16, 18, and 22).

This review covers all ions which might be described by a nominal
electron configuration ranging from d* to d°. The lanthanide and actinide
elements are, however, excluded.

In the tables of experimental data, hyperfine coupling are given in
units of 107* em~! except where the authors quoted their data in gauss,
in which case the symbol G is used after the value,

Il. Principles of Electron Spin Resonance

A. ErecrroN SpiN LEvELS: ONE ELECTRON CASE

The electron has associated with it a magnetic moment so it may
be treated as a tiny bar magnet with magnetic moment yu, given by

pe = —gB.S (erg/gauss) (1)

where B, is called the Bohr magneton and equals eh/47rme = 0.92731 x 1020
erg/gauss, and S is the spin quantum number of the electron, e and m
are the charge and mass of the electron. Free electrons (in the absence
of a crystal or magnetic field) are aligned at random, but in the presence
of an external magnetic field, the lower energy state occurs when the
electrons are lined up with the magnetic field. A higher energy state
oceurs when the electrons line up in opposition to the magnetic field.
This is sometimes called the electronic Zeeman effect, or the first-order
Zeeman effect. The difference in energy between these two states is
proportional to the applied field H,. Thus

AF « B, H, (2)
or
AE =gB,H, (3)

The constant of proportionality ¢ equals 2.0023 for a free electron and
is called the spectroscopic splitting factor, or just the g factor. It is
equivalent to the Lande g factor of atomic spectroscopy.
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In quantum mechanical terms, the allowable electron spin states are
quantized, and the component m, of the electron spin vector in any given
direction can only take one set of discrete values which are +s or —s,
i.e., m;— +1 (sometimes referred to as } or « spin) and —% (|, or 8 spin).

Electrons in the lower state, m, = —}, can now be excited to the upper
mg=+1/2
E=1/2gB,H
W
Induced transition
>0
o AE=hv=gBe H,
e
ul

/

mg==1/2
E=-1/2 gB. H

5

Magnetic field #

Fic. 1. Effect of an external magnetic field upon the energy levels of an clectron
and the transition induced by an electromagnetic field.

state, m; =43} (Fig. 1) and for a given applied field H, (gauss), the
energy AK(ergs) required for the transition will be

AR = hv = gB, Hy (ergs) (4)

where v is the frequency of the applied radiation (cycles/sec or Hz). Since
the energy gap is very small, the most convenient radiation frequencies
occur when the magnetic field is about 3000 gauss and v then lies in the
microwave region of the electromagnetic spectrum (~9000 MHz). Field
strengths are usually measured in gauss and frequency in MHz. The
constant ¢ varies from 2.0023 when the unpaired electron is no longer
free, i.e., when it is in a molecule. The significance of these variations
will be discussed in Section 1V.

An ESR spectrometer thus measures the energy required to reverse
the spin of an electron in an external magnetic field. Experimentally,
this is performed by placing the substance containing unpaired electrons
in an absorption cell in the form of a resonance cavity. The sample is
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adjusted within the cavity in such a way that the microwave magnetic
field is at its maximum and the electric field is at its minimum. The
cavity is placed between the poles of the magnet. The microwave energy
is modulated and the absorption measured by detector coils, amplified
and ultimately displayed on a chart recorder as the first derivative of
the absorption. Since it is easier to vary the magnetic field rather than
the frequency, the resonance condition kv = gB,H, is observed at con-
stant frequency and the magnetic field varied so that an absorption may
be observed. Care must be taken not to saturate the system, i.e., raise
too many electrons to the upper level so that there are as many there
as in the lower level. From the Boltzmann distribution law, the excess
of electrons in the lower level for a separation of 1 gauss is about one
for every million in the upper level.

B. SpEcTRUM DisrrAY AND INTENSITY

The intensity, or area beneath the ESR absorption curve, is propor-
tional to the number of unpaired spins in the sample, but since it is

(a)

(b)

[\— (c)

F1c. 2. Lorentzian line shapes: (a) zero, (b) first, and (c) second derivatives.



140 B. A. GOODMAN AND J. B. RAYNOR

usually the desire of the ESR spectroscopist to study his compound in
a nonmagnetic environment (i.e., in dilute solution or diluted in a
diamagneticisomorphous crystal or powder) the concentration of radicals
is seldom of any concern except when it is too low for the spectrum to
be seen easily, or too high so that magnetic interactions between different
paramagnetic ions occur.

For instrumental purposes and for improved resolution, an ESR
spectrum is usually recorded as the first derivative of the absorption
spectrum instead of the absorption itself. This means that the point
where the derivative crosses the base line corresponds to the peak of
the absorption. In poorly resolved spectra, it often helps to record the
second derivative spectrum, the peak of which is at the same position
as the original absorption peak (Fig. 2). An analysis of the line shapes
has been given by Petrakis (658).

C. NucLEAR SrIN LEVELS

The nucleus also has associated with it the property of spin. This
is given by the nuclear spin quantum number / which may have values
0,1, 1,3, 2, etc. Nuclei having an even number of protons and an even
number of neutrons have I = 0; nuclei having an odd number of protons
and an odd number of neutrons have I = an integer, 1, 2, 3, .... Nuclei
with an even number of protons and an odd number of neutrons (or vice

my=-1/2

Induced transition
AE =hv=g, B/v Ho

=]

Energy £

m,=+1/2

)

Magnetic field #

F1c. 3. The NMR experiment. The effect of an external magnetic field upon
the energy of a nucleus with spin J = }.
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versa) have half-integral nuclear spin I =13}, 2, §, etc. The magnetic
moment of the nucleus uy is given by

px = gu By I (erg/gauss) ()

where Sy is the nuclear magneton (eh/47Mc) and equals 0.50505 x 10723
erg/gauss. Table I gives the magnetic properties of all stable nuclei. In
the presence of a magnetic field, the nuclear spin states are quantized
and the component m; of the nuclear spin vector may take up the
following values,

LA—-1),I—-2),I—-38)...—1I (6)

Thus, for I = %, the energy levels are represented in Fig. 3. This is the
nuclear Zeeman effect and is the basis of nuclear magnetic resonance.
For a field of 3000 gauss, the NMR resonance of a proton (I = 1)
occurs at about 12.673 MHz. This may be compared with the ESR
resonance of a free electron which would occur at 8408 MHz at the same

TABLE 1

MAGNETIC PROPERTIES OF NUCLEI

Magnetic moment py

Natural in multiples of the Spin I in
abundance nuclear magneton multiples
Isotope (%) (eh/4mwMc) of h/2m

1H 99.9844 2.79268 1
2H 1.56 x 102 0.857386 1
3He 10-5-10-7 —2.1274 1
8Li 7.43 0.82192 1
7Li 92.57 3.2560 g
9Be 100 —-1.1773 $
108 18.83 1.8005 3
up 81.17 2.6880 g
18C 1.108 0.70220 3
N 99.635 0.40358 1
15N 0.365 —0.28304 L
170 3.7 x 1072 —1.8930 s
19F 100 2.6273 3
21Ne 0.257 —0.66176 3
23Na 100 2.2161 2
25Mg 10.05 —0.85471 s
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TABLE I—cont.

MAGNETIC PROPERTIES OF NUCLEI

Magnetic moment ux

Natural in multiples of the Spin I in
abundance nuclear magneton multiples
Isotope (%) (eh/4mMc) of h/2m
27A1 100 3.6385 5
298i 4.70 —0.55477 3
ip 100 1.1305 3
338 0.74 0.64274 2
35C1 75.4 0.82091 2
3701 24.6 0.68330 2
39K 93.08 0.39094 2
UK 6.91 0.21488 2
43Ca, 0.13 -1.3153 z
458¢ 100 4.7492 2
47T 7.75 —0.78711 3
4974 5.51 —1.1022 2
50y 0.24 3.3413 6
51v 99.76 5.1392 z
55Cr 9.54 —0.47354 3
55Mn 100 3.4611 £
57Fe 2.245 0.0903 3
59Co 100 4.6388 z
6INi 1.25 0.746 2
63Cu 69.09 2.2206 3
65Cu 30.91 2.3790 2
67Zn 4.12 0.87354 2
69Ga 60.2 2.0108 2
1Ga 39.8 2.5549 2
73Ge 7.61 —0.87677 2
75As 100 1.4349 2
77Se 7.50 0.5325 %
79Br 50.57 2.0991 3
81By 49.43 2.2626 2
83Kr 11.55 —0.96705 2
85Rb 72.8 1.3482 £
87Rb 27.2 2.7414 g
87Sr 7.02 —1.0893 2
89y 100 —0.13682 3
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TABLE I—cont.

MAGNETIC PROPERTIES OF NUCLEI

Magnetic moment uy

Natural in multiples of the Spin I in
abundance nuclear magneton multiples
Isotope (%) (eh/4mMc) of h/2x
917y 11.23 —1.298 5
93Nb 100 6.1435 2
95Mo 15.78 —0.9099 5
97Mo 9.60 —0.9290 5
997 ce — 5.6572 2
99Ru 12.81 —0.63 s
101Ry 16.98 —0.69 2
103Rh 100 —0.0879 1
105Pd 22.23 ~0.57 2
107Ag 51.35 —0.1130 1
108Ag 48.65 ~0.1299 3
1110d 12.86 —0.5922 1
1scd 12.34 —0.6195 3
113In 4.16 5.4960 2
115Tn 95.84 5.5073 2
1158n 0.35 —0.9132 3
1178n 7.67 —0.9949 1
1198n 8.68 —1.0409 1
1218} 57.25 3.3417 2
1238} 42.75 2.5334 %
123Te 0.89 —0.7319 3
125Te 7.03 —0.8824 1
1271 100 2.7937 s
129X 26.24 —0.77255 1
131Xe 21.24 0.68680 2
133Cs 100 2.5642 2
13584 6.59 0.83229 32
137Ba 11.32 0.93107 2
139Ta, 99.911 2.7615 %
141Pr 100 3.92 5
143Nd 12.20 —1.25 z
145Nd 8.30 —0.78 Z
1478m 15.07 —0.68 Z
1498m 13.84 —0.55 %
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TABLE I—cont.

MAGNETIC PROPERTIES OF NUCLET

Magnetic moment uy

Natural in multiples of the Spin I in
abundance nuclear magneton multiples
Isotope (%) (eh/4mMc) of h/2m
151Ky 47.77 3.441 2
153Ku 52.23 1.521 3
155Gd 14.68 —0.25 2
157Gd 15.64 —0.34 2
159Tb 100 1.52 2
161Dy 18.73 —0.38 3
163Dy 24.97 —0.53 5
165Ho 100 3.31 5
167Ky 22.82 0.48 5
169T'm 100 —0.229 3
171Yb 14.27 0.4926 %
173Yb 16.08 —0.677 s
175Lu 97.40 2.230 Z
176Lue 2.60 4.2 6
177Hf 18.39 0.61 %
179Hf 13.78 —0.47 2
181Tq, 100 2.340 Z
183\ 14.28 0.115 3
185Re 37.07 3.1437 2
187Re 62.93 3.1760 s
1870s 1.64 0.12 1
1890s 16.1 0.6507 3
191]r 38.5 0.16 2
193]y 61.5 0.17 2
195P¢ 33.7 0.6004 i
197Au 100 0.1439 2
199Hg 156.86 ©.4979 3
201Hg 13.24 —0.5513 2
203 29.52 1.5960 %
20577 70.48 1.6115 3
207Pb 21.11 0.5837 3
209B4i 100 4.0389 2
209Pqa — I ;
227Aca J— 1.1 %
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TABLE I—cont.

MAGNETIC PROPERTIES OF NUCLEIL

Magnetic moment puy

Natural in multiples of the Spin 7 in
abundance nuclear magneton multiples
Isotope (%) (eh/47Mc) of h/2m
231Pga — 1.96 3
2337a — 0.54 3
235U 0.71 0.35 z
237N pe — 2.5 2
239N pa — — 1
239P 0 — 0.4 3
241pya — 14 3
241Ama — 14 3
243Ame — 1.4 3
244Cma — — %

2 Radioactive.

magnetic field. Thus the resonance frequency in ESR, and therefore the
energy of the absorptions is about 700 times larger than for the NMR
transitions.

D. ELEcTRON SPIN-NUCLEAR SPIN INTERACTIONS : HYPERFINE
STRUCTURE

In an atom subjected to an external magnetic field, the electron spin
and nuclear spin will interact. All combinations of electron and nuclear
spin are allowed, thus for § =} and I =},

1
2
My = +3 my = 4% (7)
The relative energies of these levels are shown in Fig. 4.

At low magnetic fields, the energy levels are no longer parallel to
one another for each electron spin case. This is because even at zero
magnetic field, the orbital angular momentum of the nucleus spin (7)
and the electron spin (S) can interact. For most ESR experiments, the
magnetic field is large and this effect can be neglected. Since g, 8, is much
larger than gy By, it is usual to draw only the central portion of the energy
levels where to a good approximation the m; levels are parallel to each
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TABLE II

LINE INTENSITIES FOR n KQUIVALENT NUCLEI OF SPIN [

1=4° n=1 11
ISTTTTN
9 1251
N
3 163 3 1
4 1 4 6 4 1
5 1 5 10 10 5 1
6 1 6 15 20 15 6 1
7 1 7 21 35 35 21 7 1
8 1 8 28 5 70 56 28 8 1

I=1 n=1 1 1 1
I/ ——————— AN
2 (1 2 3)2 1
3 1 31>6 7 6 3 1
4 1 4 10 16 19 16 10 4 1
5 1 5 15 30 45 51 45 30 15 5 1
6 1 6 21 50 90 126 141 126 90 50 21 6 1

I=2 n=1 1 1 1 1
I/ ________ Z\ 9
2 (1 2 3 4)3 21
3 1 3 6510 12 12 10 6 3 1
4 1 4 10 20 31 40 44 40 31 20 10 4 1

I=2 n=1 11 01 1 1
2 1 2 3 4 5)4 3 2 1
N -
3 1 3 6 10515 18 19 18 15 10 6 3 1
4 1 4 10 20 35 52 68 80 8 80 68 52 35 20 10 4

@ In this case, the relative intensities are equal to the coefficients of the binomial
expansion of (1 + x)7,

other. At constant frequency, the transitions are as shown. Only transi-

tions between the same m; states are allowed. The selection rules for
ESR transitions are

m, = 41 and my=0 (8)
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m=+1/2

m==1/2 } ms= +1/2
-

Magnetic field

(a)

Energy
o

(b)

NN

m1=-l/2
/n5=—l/2
m=+ 1/2

Fic. 4. Effect of an external magnetic field upon the energy levels of an
electron interacting with a nucleus with 7 =1, showing the two transitions.
Encrgy at (a) = ¢84/4; and at (b) E = —3gB4.

Breakdown of these rules can occur sometimes with the result of “for-
bidden” lines in the spectrum. This is described in Section VII,C,4.

Interactions of the electron spin with the nucleus of spin I yields
21 + 1 transitions which are, to a first approximation, equally separated
with a spacing A. If there are » equivalent nuclei of nuclear spin 7, then
each line is further split. The relative intensities of these lines is given
in Table II. Any number, e.g., that arrowed in the table, is the sum of
the 2/ + 1 numbers encircled immediately above it. Hyperfine couplings
are measured in gauss and often converted to cm™!. The choice of units
and their conversion factors are discussed in Section VII,E. The energy
separation between the absorptions is referred to as the hyperfine coup-
ling and in the displayed spectrum such absorptions are referred to as
hyperfine structure.

E. HAMILTONIANS

A Hamiltonian is an operator which operates upon a wave function.
When it is applied to the wave function of a particular system, it gives
the permitted energy levels of that system. A simple form of the general
Hamiltonian for an ion in a crystalline environment and with an applied
magnetic field may be written as

H=Hy+ Hp+ Hps+ Hss+ H g+ Hy
+ Hsy+ H g+ Hs+ Hpg (9



TABLE III

HaMrLronrAN OPERATORS IN ORDER OF APPROXIMATE DECREASING MAGNITUDE®

Magnitude
Hamiltonian Interaction (em—1) Expanded form
n
o2
Sy Electron—electron 105 Z —
Tkj
k>j=1
HLF Ligand field 104 > — eV{xk, Yk, 2x)
£
HLs Spin-orbit 102-103 AL-S
3(4y -7 4.2
Hss Electron—electron dipole 10-1-1 Bez 7"1_23 §1-89 —- (§1~~Q#g~2r‘12):|
Ti2
Hry Nuclear Zeeman 10-1-10-3 —gN ,BNﬁ -I
H Nuclear quadrupole 10-3 Q[1,2 - 1I(I+1)] where@’ 8ol &V
u ol u u — — 5 il _—— e
Q 4 P = 4121 — 1) o2
H sH Electron Zeeman — gBeH-S - R
. often combined as B(L + gS)H
B.L-H
Hsr Electron spin—nuclear spin 10-2-10-4 —gBegn Bn} 3l I-#S-# I8
Anisotropic part 75 =
3cos2a — 1\ . 4 PO
or 9,3e91v,31v<r3 >~I~S or A-I-8
. 87
Isotropic part 10-2-10-4 3 9Begn Bnlho|?
HLi Nuclear—spin orbit — gBegn Bn<r=3> L-I

8¥1

JONAVH 'd 'f ANV NVIWNAOOD 'V ‘4

@ —e, charge on electron; ry;, distance between the kth and jth electron; V, electric field potential; xg, y, 2z, coordinates
of the kth electron; A, spin-orbit coupling constant; L, total orbital angular memonturm operator; S, total electron spin
operator; ; §;, electron spin operator of eleetron 4; and ¢, quadrupole moment.
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Each term may be treated as a perturbation of the previous ones, and
hence they are treated in order of decreasing energy. The form of these
operators is summarized in Table I11.

F. TENSORs

The part of the general Hamiltonian incorporating (in particular) the
g and A factors needs to be explained in more detail, i.e.,

# =BH-g-8+1-4.8 (10)

A, 8, and T are vectors, whereas g and A are tensors. Each expression,
when written in full, has the form

Joz Gyz 9o | [Se
[HZ’HJHHZ] gzy gyy gZ:ll S‘IJ
9oz Gy 921LS.

where H,, S,, etc., are the scalar components of the vectors in the
Cartesian coordinate scheme z, y, and z fixed in the molecule. (The axis
of highest symmetry in the molecule is conventionally taken as the 2
axis.) The g and A tensors are almost always symmetrical with, for
example, g,, = ¢,, The tensor is thus capable of being diagonalized, i.e.,
transformed to a new set of Cartesian axes such that the off-diagonal
terms are zero. The resulting values of g,,, g,,, and g,, are referred to
as the principal values of the g tensor and relate to the directions of
the principal axes. The average g value is equal to one-third of the trace
of the tensor, i.e., }{¢.» + ¢,y + 92). Only this value will be obtained from
the spectra of complexes in fluid solution.

The principal values and directions of the g and 4 tensors are of vital
importance in ESR and the determination and practical significance of
these terms as far as transition metal complexes are concerned will be
the subject of the remainder of this review.

(11)

HI. Hyperfine Coupling

A. ComPONENTS OF THE HYPERFINE CoUuPLING TENSOR

The nuclear hyperfine coupling is the field at the electron due to the
nucleus and its magnitude depends on whether the electron which is
interacting with the nucleus is in an s or a p or d orbital. Since s orbitals
have high electron density at the nucleus, the hyperfine coupling constant
will be large and since s orbitals are symmetrical, it will be independent
of direction. This interaction is called the isotropic hyperfine coupling
(A;,) or the Fermi contact interaction. In p or d orbitals, where there
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is no electron density at the nucleus, the electron is to be found some
distance away from the nucleus. The interaction between it and the
nucleus will be as two magnetic dipoles and consequently the interaction
will be small and dependent on the direction of the orbital with respect
to the applied magnetic field as well as to their separation. This inter-
action is called the anisotropic hyperfine coupling (A4,u:,) and may be
resolved into unique directions (z, ¥, and z). When integrated over all
directions, the magnitude of this hyperfine coupling becomes zero, i.e.,
A, +A4,+A4,=0.

Since any orbital may be considered as a hybrid of suitable com-
binations of s, p, or d orbitals, so also may a hyperfine coupling be divided
into a contribution due to p or d orbitals and that due to s orbitals. In
a fluid solution anisotropic coupling is averaged to zero and the only
observed interaction is the isotropic coupling A4;,. In a frozen solution
or any other solid matrix, e.g., single crystal, however, the observed
interaction will be the sum of the anisotropic and the isotropic inter-
actions. The anisotropic contribution is calculated from the coupling
along the three principal directions z, y, and 2, after the isotropic
contribution has been subtracted. Thus from a spectrum obtained using
fluid and rigid solutions (or single crystal), 4;, and A,,, may be
computed and consequently the unpaired electron population in s and
p/d orbitals calculated. From the ratio of these numbers, the hybridiza-
tion of the orbital under consideration may be estimated.

B. Axnisorropric HYPERFINE COUPLING
1. Dipolar Coupling

In a strong magnetic field, the electron and nuclear spin vectors,
I and § are fully decoupled and each have their axis parallel to the
applied field. If 8 is the angle between the axis of the dipoles (Fig. 5)
and the line joining them, and r is their separation, then the Hamiltonian
representing the energy of dipolar interaction is

-8 s{d-nS-
H=—gbugsbs| y - | (12
or
%=gﬂeglvﬁzv@;30—:i) I8 (13)

When Eq. 13 is applied to the electron wave function by substituting M,
for I and M for S, the energies of the levels M;, Mg are given by

3cos20—1
By s =09Be9n By M MST (ergs) (14)
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For an electron in an orbital centered on the nucleus in question (Fig.
6), the anisotropic hyperfine coupling follows from Eq. 14, but having
in addition a term (3 cos?« — 1> which represents the average direction
of the electron spin vector within the orbital. The anisotropic hyperfine
splitting can now be defined as the separation between adjacent energy
levels, viz. Mg, M, and Mg, M;_,, and equals

A4 :glgegNBN_?’COSZB —1

aniso 2 <r3>
where « is the angle between r and the principal axis of the orbital, and
6 is the angle between the principal axis of the orbital and the direction
of the nuclear magnetic moment vector. { ) indicates the average value.

(3 cos®a — 1) (ergs) (15)

o o
Resultant
Resultant field
field
. 8 Ha
A H, electron
electron _"} Nucleus
7\Nucleu-s
{a) ()]

Fic. 5. (a) The weak field case, Hy < H,. (b) The strong field case, Ho > He.

For any p orbital (3cos?« — 1) is equal to +%. By setting P = gB,9xBx/
>, A gniso becomes 2P(3cos?f — 1) for an electron in a p orbital.

When 6 = 0, the orbital is parallel to the nuclear magnetic moment
which itself will be parallel to the external magnetic field if the latter
field is much stronger than the field at the nucleus due to the electron
(see Fig. 6). This is referred to as the strong-field approximation and
it follows that for a p orbital, A,,;, (4,,)= %P and when 6= 90°,
A gniso (Azz yy) = —2P. The tensor thus has the form |$P,—2P,—£P|, the
principal value being positive.

In the above description, it was assumed that the nucleus lines up
with the applied field in all orientations of the orbital, i.e., the applied
field H ; is much stronger than the field due to the electron at the nucleus,
H,. In practice, however, this strong field approximation is only a good
one when (a) the applied field H, is large (e.g., at ¢-band frequencies);
(b) the anisotropic hyperfine coupling is small (and so the field at the
nucleus is still relatively small); and (¢} the isotropic hyperfine coupling
is large (since the field due to the electron at the nucleus reinforces the
applied field). Often when electrons are confined to p or d orbitals, the
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effective field at the nucleus due to the electron is larger than the applied
field. This is because the field at the nucleus due to the electron is very
many times greater than the field at the electron due to the nucleus. Thus,
a 15-gauss 'H anisotropic hyperfine coupling is equivalent to about a
5000-gauss field at the nucleus and thus is close to the external field at
X-band frequencies. The resultant field may then have a significantly

Ho

r

Nuclear magnetic
moment vector \

Electron

Fi¢. 6. The strong field approximation. The resultant field lies close to the
applied field.

different direction than the applied field. Instead of the dipolar inter-
action varying as (83cos?8 — 1), it may be shown in the weaker field case
that the interaction varies as (3cos?*8 + 1)/2. Plots of the variation of
hyperfine splitting for an electron in a p orbital as a function of orienta-
tion within one plane for the two extreme cases are given in Fig. 7.

The numerical value of the anisotropic hyperfine coupling at the
turning points of the curve (and hence the values computed from a
powder spectrum—uide supra) are the same whichever formula is used,
ie.,$Pand —2P for (3cos®f — 1) and $ Pand 2P for (3cos?6 + 1)}/2, Only
the signs are different and it is only when a single crystal study is under-
taken that the difference manifests itself and then only in the improbable
case of a very small isotropic hyperfine coupling. In practice, the situation
Is intermediate between the two extremes.
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An alternative expression for the variation of the anisotropic hyper-
fine coupling with the angle is

A*=A4 2cos?h+ A *sin®0 (16)

where the parameters have the same meaning as before.

A"“’QB\/_\/
A_+ B+

IMElS

A. +28

150

Aiso llr_ T _’T_r 2
2 2
Aisa_B r:

(b)

F1a. 7. Plot of variation of hyperfine coupling during a rotation for (a) low-
field case (3cos28 + 1)1/2, taking the positive root, (b) high-field case.

For an unpaired electron in a d orbital, the value of (3cos®x — 1>
depends on the magnetic quantum number

For d,., the value is +2% (17)
dys, oo the value is +2 (18)
Ay 4y the value is —2 (19)

The principal value of A, (4,,) is given for each d orbital when 6 = 0
(since the principal axis for each d orbital is the z axis), and so the tensor
for, e.g., dy._,eOrd,, is
z x oy
—2P &P :iP| (20)

i.e., the principal value is negative.
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This is in contrast to the d, tensor, where the principal value is
positive. In Table IV, calculated values are given of the principal value
of A, (4,,) for an electron in a p orbital for nontransition ions or the
dyp_ys O dyy, orbitals for transition element ions, assuming the orbital
contribution is fully quenched. The same problem concerning the use of
(3cos?0 — 1) and (3cos6 + 1)1/2 occurs, as it did for the p orbitals, hut
the magnitude of the principle values are unaffected.

2. Secondary Effects

a. TheQuadrupole Interaction The interaction of the nuclear electric
quadrupole moment with the gradient of the electric field at the nucleus:
results in a mixing of nuclear spin states. This results in a second-order
shift in energy levels and may make a normally forbidden transition
become weakly allowed with both electron and nuclear spins changing
simultaneously. The quadrupole interaction results in a shift in the
energies of the different m; energy levels relative to one another (Fig 8).

When the mnagnetic field is applied parallel to the symmetry axis of
the crystal the shift due to the quadrupole interaction is independent
of m; and does not result in any change in the position of the resonance

Mz Ms

gy +3/2

——= +172

+1/2

T -2
- -3/2

- -1/2

-1/2

(a) (b)

Fic. 8. Effect of eleetric quadruple interaction (b) upon the energy levels of
a S=1,1=23system (a).
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lines. When the magnetic field is not parallel to the z axis, however,
second-order effects cause a change in the shift for each level, and the
resulting nuclear hyperfine lines are unequally spaced. The quadrupole
term can be differentiated from other second-order effects since it does
not vanish in strong fields and the separation of successive hyperfine
lines is greatest in the middle or at the ends, instead of showing a
progressive increase or decrease.

b. The Nuclear Zeeman Interaction The nuclear Zeeman term repre-
sents the direct interaction between the external magnetic field and the
nuclear magnetic moment. This is usually neglected since it cancels for
transitions between states with identical values of m;. When “forbidden
transitions’ are being considered, however, it is sometimes necessary to
take account of this effect. It is applicable to both anisotropic and
isotropic spectra.

C. Isorroric HyrerFINE COUPLING

The isotropic hyperfine coupling is made up of contributions from
several effects Direct unpaired electron spin density at the nucleus
occurs when the electron is in an s orbital Indirect contributions arise
when the electron is in a p or d orbital and from other effects These
will be treated in turn.

1. The Fermi Contact Term

The isotropic coupling A4,,, is related to the electron spin density at
the interacting nucleus, and is also related to the magnetic moment of
the nucleus. The full expression is

8 2
Ao = “5; g Bxlho|® (gauss) (21)

and such values are positive. |fy|? is the probability of finding the
electron in a unit volume at the nucleus The units for such probabilities
are electrons/unit volume. Values for 4, (the hyperfine coupling for an
electron localized in a pure s orbital) and |i|* are given in Table 1V
for different nuclei.

Calculated values rely on having accurate equations for the wave
function The values given in Table 1V make use of the best wave
function available at the time of writing The wave function for the
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TABLE IV

CALCULATED VALUES OF ANISOTROPIC AND IsoTROPIC COUPLINGS FOR FREE ToNse

Principal
Electronic value of
configura.  (r%  Agmist  [fol2  Auso
Ton tion (au.) (gauss) (a.u.) (gauss) Reforence

1Ho 1s1 — — 0.318 508 (506a)
2HO 151 — — 0.318 78 (506a)
SHe? 1s2 — — 1.798 2192 (506a)
6110 2sl — —_ 0.166 39 (606a)
7Li0 28l — — 0.166 103 (506a)
9Be0 252 — — 0.569 —128 (606a)
10Bo 2pt 0.7756  17.3 1.408 242 (606a)
1130 2pl 0.7756  38.1 1.408 723 (506a)
13Co 2p2 1.6618  63.8 2.785 1119 (506a)
14N0 2p3 3.0205  33.5 4.814 557 (506a)
15N0 2p3 3.0205 —46.6 4.814 781 (606a)
17Qe 2p4 4.9490 —102 7.646 —1659 (506a)
190 2pd 7.5451 1085 11.378 17160 (606a)
21Ne0 2p8 10.906 —132 16.232 —9886 (506a)
23Na0 3s1 17.004 687 0.530 224 (506a)
25M g0 352 24.919 -233 1.217 -119 (606a)
27A10 3pl 1.088 43.2 2.355 983 (506a)
298310 3p? 2.027 —61.5 3.827 -1218 (506a)
31po 3p3 3.266 202 5.673 3676 (806a)
3350 3pt 4.8364 56.6 7.941 975 (506a)
35C10 3ps 6.7688 102 10.662 16872 (506a)
37C10 3ps 6.7688  84.8 10.662 1391 (506a)
39K0 4l 8.9747  64.1 0.695 51.9 (506a)
41K0 4s1 8.9747  35.2 0.695 28.6  (806a)
43Ca0 452 17.7403 —182 1.384 —150 (606a)
458¢-1 3d2 452 1.0585 ~27.97 0.7122 276 (139a)
4580 3d4 0.7647 —20.21 — — (220)
458c0 3d1 4s2 1.4279 -37.74 1.6883 654.1 (139b)
458c+1 3d? 1.1891 —-31.43 — — (139¢)
455c+2 3d1 1.57556  —41.65 — — (139c, 220)
47,49T-1  3d3 452 1.6236 9.96 0.779 ~70.06 (139a)
47,4970 3d4 1.2658 7.76 —- — (220)
47,4970 3d2 4s2 2.0148 12.36 1.964 —175.7 (139b)
47,49Ti+1  3d3 1.7169 10.53 — — (139c)
47,49Ti+2  3d2 2.1368 13.08 —_ — (139¢, 220)
47,497+3 31 2.5433 15.60 — e (139¢c)
51y -1 3d4 452 2.2250 —63.23  0.869 364.3  (139a)
510 3d5 1.8355 —52.53 — — (220)

@ Deduced from the wave function given in the reference. A partial list of data
is given in references (44, 46, 282, 506a).
b A,, for p or A y,—y;, zy Orbitals,
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TABLE IV-—cont.

CALCULATED VALUES OF ANISOTROPIC AND IsoTroPIC COUPLINGS FOR FREE JoNs

Principal
Electronic value of
configura- {r=3) Aaniso? |fo]2 Aiso
Ion tion (a.u.) (zgauss) (a.u.) (gauss) Reference
51y0 3d3 4s2 2.6434 ~75.60 2.224 932.3 (139b)
51y +1 3d4 2.2936 —65.67 — — (139c, 220)
51V +2 3d3 27539 71877  — — (139¢, 220)
SLY+3 3dz2 3.2209 -92.11 — — (139¢)
51y +4 3dt 3.6765 —105.18 —_ — (139a, 139¢c, 220)
53Cr-1 3d5 4s2 2.9077 17.88 0.949 —85.5 (139a)
53Cr0 3d$ 24255  14.89 — (220)
53Cr0 3d4 452 3.3466 20.58 2.495 —224.9 (139b)
53Cr+1 3d5 2.9740 18.29 — - (139c¢, 652)
53Cr+2 3d4 3.4528 21.23 — — (139¢, 220, 652)
53Cr+3 3d3 3.9614 24.36 — — (139¢c, 220, 652)
53Cr+4 3d?2 4.4820 27.56 — — (139¢c, 220, 652)
53Crt5 3d1 4,9925 30.66 — — (139¢c, 652)
55Mn—1 3d6 452 3.6143 —97.45 1.097 433.8 (139a)
55Mn0 3d7 3.1215 —84.15 — — (220)
55Mno 3d5 42 4.1524 —-112.0 2.765 1093 (139b)
55Mntl  3d6 3.6754 —99.13 — (139¢, 220)
55Mn+2 3d5 4.2546 —114.6 — — (139¢, 220)
55Mn+3 34 47915 —129.2 — — (139¢, 220)
55Mn+4 3d3 5.3698 —144.5 — —_— (139c)
55Mn+5 3d? 5.9438 —160.3 — — (139¢)
55Mnt6 3d1 6.5138 —175.6 — — (139¢)
57Fe-1 347 452 44277 1557 1.225 63.2  (139a)
57Fe0 348 3.8822 —14.34 — — (220)
57Fe0 3d6 452 4.9769 —-17.51 3.113 160.5 (139b)
57Fe+tl 3d7 4.4897 -15.79 — — (139¢)
57Fet2 3d6 5.0839 —17.88 — — (139c¢c, 220)
57Fe+3 3d5 5.7260 —-20.14 — - (139¢, 220)
59Co-1  3d8 452 5.3443 —138.0  1.225  519.6 (139a)
59C00 3d9 47877 —123.7 — — (220)
59Co0 3d7 452 5.9261 -—-153.0 3.455 1308 (139b)
39Co+. 348 5.3985 —139.4 — — (139¢)
59Co+2 3d7 6.0376 —155.8 — — (139c, 220)
59Co+3 346 6.7011 —172.9 — — (139¢, 220)
61Nj-1 3d9 452 6.3613 —61.58 1.529 216.9  (139a)
61N/{0 3410 57251 —5541  — — (220)
61N 10 3d8 4s2 6.9825 —67.59  3.803 539.7 (139b)
61Nj+1 3d% 6.4216 —-62.16 — — (139c¢)
61Nj+2 3d8 7.0963 —68.69 — — (139c, 220)

6INi+3 3d7 7.7974  -T75.47 — — (139c¢, 220)
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TABLE IV-—cont.

CALCULATED VALUES OF ANISOTROPIC AND ISOTROPIC COUPLINGS FOR FREE IoNs

Principal
Electronie value of
configura- (=3 Aaniso? [ho[2 Aiso
Ton tion (a.u.) (gauss) (a.u.) (gauss) Reference

63Cu-! 3410 452 7.4902 -216.0 1.643 694.5 (139a)
63Cu¢ 3410 45 7.5072 -216.5 — — (139a)
63Cu® 3d9 4s2 8.1511 -235.0 4.180 1767 (139b)
63Cu+*! 3d1o 7.5407 2174 — —— (139c, 220)
83Cut2 3d9? 8.2580 —238.1 — — (139c¢, 220)
65Cy—1 3410 452 7.4902 -231.4 1.643 744.0  (139a)
6500 3d10 451 7.5072 —216.5 — — (139a)
65Cu0 3d9 4s2 8.1511 -—251.8 4.180 1893 (139b)
85Cy +1 3d10 7.5407 -232.9 — — (139c, 220)
65Cu+2 3d° 8.2580 —250.1 — — (139c, 220)
87Zn0 3410 9.450 64.5 4.535 454 (5606a)
89Ga0 4pl 2.8908 106 6.946 2667 (506a)
1Gal 4pl 2.8908 135 6.946 3389 (5606a)
73Ge0 4p? 4.7334 -25.2 9.549 533 (606a)
75A80 4p3 6.8542 179 12.493 3431 (5606a)
778e0 4p4 9.2715 270 15.754 4816 (506a)
79Bro 4p5 11.9994 459 19.335 7764 (606a)
81Br0 4p5 11.9994 495 19.335 8370 (506a)
83Kr0 4pb 14.8867 —87.2 23.313 1439 (506a)
85Rb0 5sl 20.097 297 1.297 200 (5606a)
87Rb0 5sl 20.097 1005 1.297 678 (506a)
87810 5s2 25.8947 —1715 2.387 —1656 (506a)
89yo 4d1 52 1.7117 9.1 2.992 233 (506a)
89Y+1 4d? 1.5898 7.81 — — (220)

89y +2 4d1 2.0336 9.98 — — (220)

917r0 4d? 5s? 2.3974 24.3 3.509 522 (506a)
917+l 4dl 581 5pl — — 10.443 —1548 (59a)
917+l 4d3 1.9845 19.70 — e (59a)
91Zr+2 4d2 2.7057 26.86 — - (220)
917r+3 4d1 3.1600 31.37 — — (220)
93Nbo 4d3 552 3.1220 -83.3 3.978 1556 (5606a)

9 Nb+1 4d?2 5sl 5p! — — 11.740 4577 (69a)
93Nb+1 4d4 2.5334 —67.36 — — (59a)
93Nbt+2 4d3 3.4141 —90.80 — — (220)
93Nb+3 442 3.9134 -104.1 — — (220)
95Mo0 4d4 52 3.9001 27.8 4.424 462 (506a)
95Mo+1 4d3 5sl opl — — 12.110 -—-1259 (69a)
95Mo+1 4d5 3.6623 25.96 — — (220)
95Mot2 4d4 4.1745 29.60 — — (220)
95Mo+3 4d3 4.7066 33.37 — — (220)

97Mo?® 4d4 5s2 3.9001 28.4 4.424 —471 (606a)
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TABLE IV—cont.

CALCULATED VALUES OF ANISOTROPIC AND IsoTROPIC COUPLINGS FOR FREE IoNs

Principal
Electronic value of
configura-  {r=3>  Aaniso®  |ihol2 Agso
Ton tion (a.u.) (gauss) (a.u.) (gauss) Reference
S7Mo+1 4d3 551 5pt — — 12.110 —1285 (69a)
97Mo+1 4dd 3.6623 26.51 — — (220)
97Mo+2 4d4 4.1745 30.22 — — (220)
97Mo+3 4d3 4.7066 34.06 — — (220)
990 4d5 552 4.7390 -—116 4.855 1749 (506a)
99T +1 4d4 bl 5pt — — 14.380 5162 (59a)
99Ruf 4d8 552 5.6438 27.4 5.267 376 (506a)
99Ru+t 443 5s1 5pl — — 15.682 —1129 (59a)
99Ru+1 448 4.8792 23.95 — — (59a)
9Ru+2 4d5 5.8582 28.76 — o (220)
99Ru*3 4d4 6.4961 31.84 — — (220)
101Ru0 4d6 552 5.6438 30.4 5.267 —416 (506a)
101Rutl  4d5 58l 5pt — — 15.682 —1236 (59a)
101Ru+l  4d7 4.8792 26.23 — — (59a)
101Ru+2  4dS 5.8582 31.50 — — (220)
101Ru+3 445 6.4961 34.92 — — (220)
103Rh0 4d7 552 6.6185 22.7 5.673 —286 (506a)
103Rh+1  4d8 551 5p! — — 16.901 —849 (59a)
103Rh+1 448 5.7243 19.60 — — (59a)
103Rh+2  4d7 6.8040 23.85 — — (220)
103Rh+3 445 7.4467 26.10 — — (220)
105p(0 4d8 5s2 7.6666 34.1 6.071  —397 (506a)
105pd+l 447 5sl 5pl — — 18.238 1187 (59a)
105pd+l 449 6.7609 30.02 — . (59a)
105pd+2 448 7.8144 34.70 — — (220)
105pd+3 447 8.4871 37.69 — e (220)
107A g0 4d9 5s2 8.7911 38.8 6.469 —419 (506a)
107Ag+l 448 58l 5pl — — 19.455 —1256 (59a)
107Ag+l 4410 8.2232 36.21 — —- (220)
107Ag+2 449 8.9054 39.20 — e (220)
107Ag+3 448 9.6110 42.31 — — (220)
169A g0 4d9 5s2 8.7911 44.5 6.469  —482 (606a)
109Ag+l 448 5sl 5pl — — 19.4556 —1443 (59a)
109Ag+1 410 8.2232 41.62 — - (220)
109Ag+2  44° 8.9054 45.06 — — (220)
109Ag+3 448 9.6110 48.63 — — (220)
111Cdo 4d10 552 9.9041 —229 6.851 —2326 (506a)
113Cdo 410 5s2 9.9041 240 6.851 —2433 (506a)
113/115Tpn0  5p! 4.4572 149 9.787 3417 (506a)
115800 5p2 6.7468 —335 12.731 —6669 (606a)
1178n0 5p? 6.7468 367 12,731 —7268 (506a)
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TABLE IV—cont.

CALCULATED VALUES OF ANISOTROPIC AND IsoTrRoPIC COUPLINGS FOR FREE lons

Principal
Electronic value of
configura- (=3 Agnise® |2 Agso
Ion tion (a.u.) (gauss) (a.u.) (gauss) Reference
115800 5p? 6.7468 —385 12.731 -7603 (606a)
12180 5p3 9.2313 338 15.913 6089 (606a)
12350 5p3 9.2313 183 15.913 3297 (506a)
12370 5pt 11.9366 —478 19.255 —8081 (506a)
125760 5p4 11.9366 —576 19.255 —9738 (506a)
12710 5p3 14.8724 455 22.836 7320 (606a)
129X 0 5p 17.8266 —754 26.735 —11827 (506a)
131X e0 596 17.8266 223 26.735 3504 (506a)
133C30 6s1 23.2545 466 1.671 351 (506a)
1351340 6s2 29.0659 442 2.968 472 (506a)
13740 652 29.0659 494 2.968 527 (506a)
177Hf0 5d2 652 44934 —14.9 6.596 322 (506a)
177Hf+ 5dl 6s! 6pl — — 19.385 965 (59a)
5d3 3.3165 —11.26 — —_ (59a)
179Hf0 5d2 6s2 4.4934 9.2 6.596 —~199 (506a)
179Hf+ 5d1 6s! 6pt — — 19.385 —578 (59a)
5d3 3.3165 6.74 — — (59a)
181T30 5d3 652 5.6057 —73.1 7.399 1416 (506a)
181Ta+ 542 6s! 6p? — — 21.821 4166 (590)
5d4 4.3162 —56.21 — —_ (99a)
183W0 5d4 6s2 6.7504 —-30.3 8.148 536 (506a)
183W+ 5d3 651 6pl — — 23.760 1561 (59a)
5d5 5.2496  —23.51 — —_ (59a)
185Re0 5d5 6s? 7.9414 —-195 8.832 3188 (806a)
185Re+ 5d4 6s! 6pl — — 25.827 9274 (59a)
5d6 6.3217 —154.8 — — (59a)
187Re0 5d5 6s2 7.9414 197 8.832 3221 (606a)
187Re+ 5d4 6s! 6p! — — 25.827 9269 (69a)
5d6 6.3217 —156.4 — — (59a)
1890 5d6 632 9.1859  -77.7 9.548 1183 (506a)
189Qg+ 5d3 Bst 6pl —_ — 27.664 3427 (89a)
Hdl 7.3769  —62.33 — — (59a)
151Tr0 5d7 6s2 104886 —21.9 10.185 396 (506a)
191]p+ 5d8 6s! 6pl — — 29.581 901 (59a)
5d8 8.4802 —17.62 — — (59a)
1930 5d7 6s2 10.4886 —-23.1 10.185 419 (606a)
193Ty+ 5d8 sl 6pt — — 29.581 957 (89a)
58 8.4802 —18.71 — — (69a)
195pt0 5d8 6s2 11.8527 278 10.742 3709 (606a)
195pt+ 5d7 6s! 6pl — — 31.612 10840 (59a)

5d9 9.6486 —225.7 —_ — (59a)
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TABLE IV-—-cont.

CALCULATED VALUES OF ANISOTROPIC AND IsoTrROPIC COUPLINGS FOR FREE TOoNs

Principal
Electronic value of
configura- =3  Agniso® liho|2 Aiso
Ion tion (a..) (gauss) (a.u.) (gauss) Reference

197Au0 5d9 6s2 13.2809 —25.0 11.378 313 (506a)
197Aut 5d8 6s! 6pl — — 33.324 913 (89a)

5410 10.8361  —20.24 — — (59a)
1990 5410 652 14.6560 —286 11.935 3416 (506a)
199 g+ 5d9 6s1 6p! — — 35.064 9606 (69a)

5d10 Bst 12.8704 —249.6 — — (59a)
201 g0 5d10 6s2 14.6560 105 11.935 -—1258 (606a)
201H g+ 5d9 6s1 6pl — — 35.064 3680 (59a)

5d10 6s1 12.8704 92.12 — — (59a)
2030 6pl 7.5553 660 16.311 14893 (506a)
20570 6pl 7.5553 666 16.311 15040 (506a)
207pho 6p2 10.9883 351 20.528 6868 (506a)
2090 6p3 14.5706 358 24.825 6394 (506a)

hydrogen atom is accurately known and its use in the calculation of A4,
is given below. The 1s electron wave function ¢ is

WA S (22)

Vmag®
where a, is the Bohr radius (0.52918 x 1078 ¢cm). The value of ¢ at the
nucleus is ¢, and is obtained from Eq (22) by putting r =0, ¢, thus
equals 1//ma,%. The isotropic coupling to hydrogen is then
1
m(0.52918 x 1075)3

= 507.8 gauss (23)

8
Apyp = 3” x 5.5854 x 0.50504 x 10723 x

Refinements to the theory give a value of 506.82 gauss.

2. Polarization of Inner Shell s Electrons

Since isotropic coupling is associated with unpaired electron spin
density at the nucleus, then transition metal ions with unpaired electrons
in d orbitals would not be expected to exhibit any isotropic coupling.
However, appreciable isotropic coupling is always observed, e.g., vanadyl
complexes have values of 4, (51V) up to nearly 120 gauss.

Early suggestions that the apparent s character arose from spin-orbit
coupling between the 3d and the 4s orbitals (12) or the excitation of a 3s2
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electron to a 4s level (11) have since been shown to be inadequate for
most compounds. It is probably better (331, 715) to consider an exchange
interaction between the unpaired d electrons and the paired s electrons
in the core (1s%, 2s2, 3s2, etc ) which is dependent on spin orientation.
In other words, there is a polarization of the ns® configuration which
can then produce a magnetic field at the nucleus. Freeman and Watson
(220) have suggested that the unpaired electron may be considered as
attracting electrons of the same spin (by Hund’s rule) and repelling those

Fia. 9. Polarization of s electrons } by a p or a d electron 1 of 8 spin. (a) Inner
s-orbitals and (b) outer s orbitals.

of opposite spin. Thus the nucleus feels the influence of one of the s
electrons («) more than the other (8) and so there is apparent unpaired
a-spin density at the nucleus (Fig. 9). This will be of opposite sign to
the unpaired d electron.

If the radial distributions of the inner s orbitals are now compared
with those for the 3d orbital (Fig 10), it is seen that the 1s and 2s orbitals
lie almost entirely inside the 3d orbital and polarization will produce
a negative spin density at the nucleus In contrast, the 3s orbital is
slightly more diffuse than the 3d, thus producing a positive spin density
at the nucleus, i.e., it polarizes the electron nearer the nucleus thus
giving it the same spin as itself. The net effect is the sum of these
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Fic. 10. Radial distribution of 2s, 3s, and 3d orbitals in the Ti3+* ion, calculated
using hydrogenlike wave functions and Burns’ rules for estimating the screening

constants (115). ——— , 28; ——~—, 3s; and - , 3d.

contributions and is illustrated for some metal ions of the first transition
series in Table V. The values given are the theoretical contact term y
TABLE V

THEORETICAL CONTACT TERMS Y, Aisp AND THE THEORETICAL 4, (3s)
FOR SoME TrANSITION METAL IOoNsa

Mn2+, db Fe3+, d5 Fe2+, d6

Field at nucleus due to

electron
—6,730 (—0.16 —10,500 (—0.25

1s contribution ) ) —8,840 (—0.21
—283,300 (—6.73) —358,300 (—8.51)
) )
) )

)

—328,400 (—7.80)
198,700 (+4.72)

)

—138,700 (—3.29

2s contribution
3s contribution 149,500 (+3.55 242,900 (+5.77
--125,900 (—3.00

Net theoretical contact —140,500 (—3.34
term, per electron, y
Hyperfine coupling 450

Theoretical coupling
for 3s electron, Ag

—13.6
3,492

— 106 —12.4
23,120 3,549

« Data in gauss, with atomic units in parentheses (220).
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(field felt at the nucleus due to the unpaired electron) for the polarization
of the ns orbital by each unpaired 3d electron in the free ion. These values
are reduced in complexes because of the delocalization of the 3d electrons
and there is a good correlation with the covalency of the metal-to-ligand
bond. For comparison, the 4, value for a single 3s electron is also given.
This shows that the effect of polarization of inner s electrons by the 3d
electrons is only about 0.59, of the coupling of an electron in the 3s
orbital.

The theoretical contact term per electron y for some ions has been
calculated (219, 220, 331). The theoretical contact term resulting from
polarization of s electrons by all unpaired d electrons is H, and equals
28y. The field felt by the electron due to this field at the nucleus, 4,
and the field at the nucleus are related as follows

X = % . Aiso
Hence
geBe 4 Be
= §, Ao =— 4; 24)
X P BN is0 gNﬂN 50 (

where y and 4, are given in gauss, or
3hca03 Aiso
g = o0 ik
2ge Be 9~ BN

where y is in atomic units and A4, in cm™!. (It is convenient to note
that B,/By = 1836.12.)

Because of the cancellation of very large terms of opposing signs,
it is surprising that the calculations give not only the sign of y correctly,
but numerical values that are so realistic. Subtle changes in covalency
between the metal and ligand atoms, and the accompanying changes in
radial distribution of the d electrons influence the amount of polarization
of the inner s orbitals in varying ways. A very slight change in the radial
distribution of the s electron has a very large effect on the density at
the nucleus, and hence upon A4;,,. Whereas increasing covalency expands
the d orbital and lowers the effective charge on the metal ion with a
resultant increase in |4,,| (276), associated slight orbital expansion of
inner s orbitals reduces the electron density at the nucleus and hence
decreases |d;,| to a much greater extent, so that in general the net
result is a decrease in | 4;,,] as covalency increases.

McGarvey (505) has shown that there is a close correlation between
y and (X ; — X)), the electronegativity difference between the anion and
cation in the host lattice. This is similar to our correlations of Ay,

(25)
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F1e. 11. Radial distribution of the 3s, 4s, and 4d orbitals in the Nb4+ ion,
calculated using hydrogenlike wave functions and Burns’ rules for estimating the
screening constants (115). ————, 3g; ———, 48; and ««+++ , 4d.

against g,, for metal ions in complexes of the same symmetries (see Figs.

38, 40, and 46).
Calculation

of x for some ions of the second transition series (698)

show that again the resulting values are negative and about three times

the magnitude

of their 3d counterparts. The net value of x is roughly

constant and independent of ionic change (see Table VI).

TABLE VI

X AND Ay50 FOR SECOND TRANSITION SERIES IoNs®

Ion X Ayso Ion X Ayso
Y2+ —-335,100 49.9 Te2+ -371,000 —254
Zr2+ —354,500 100 Rus+ —361,200 54.3
Nb2+ —-362,000 —269 Pd2+ —374,700 46.5
Nb3+ —352;000 —262 Pds+ —362,900 45.1
Mo+ -368,400 73.0
@ Data in gauss.
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An analysis of the individual shell contributions to y has shown that
x(3s) is positive and the y(1s), y(2s), and y(4s) are negative. The dominant
contributions arise from y(2s) and y(4s) because of the different spatial
relationship between the s-electron wave functions and the different
parts of the 4d wave function. The 1s and 2s contributions are negative
due to the inner lobes of 4d, the 3s contribution is positive but greatly
reduced compared with the 3d case, and the 4s contribution is negative
and large (see Fig. 11). No calculations have been made on the sign and
magnitude of any y(5s) contribution, but it might be expected that this
will be positive and large.

D. Facrors AFFECTING THE MAGNITUDE OF METAL ISOTROPIC AND
AxNisotrorIic HYPERFINE COUPLING

1. Mixzing of Other Metal Orbitals with the Orbital Formally Containing the
Unpaired Electron

a. Isotropic Coupling. When the unpaired electron is in a molecular
orbital whose symmetry is such that it allows a contribution from
s-atomic orbitals, then there is a Fermi contact contribution to the
measured 4,,,. This occurs in cobalt phthalocyanin (41) which has Dy,
symmetry and the unpaired electron is in the a, molecular orbital. This
orbital is a mixture of 3d,. and 4s and the contribution to A, is positive
and of opposite sign to the contribution from the inner shell polarization.
Since a small amount of unpaired electron spin density in the 4s orbital
produces a large coupling (Table VII), the absolute magnitude of 4,,, will
be decreased and may be either negative or positive. Another example

TABLE VII

CONTRIBUTIONS TO A;30 FOR ONE UNPAIRED ELECTRON IN 43
ORBITAL FOR SOME NEUTRAL METAL Ions®

Ion Aiso Ion Asso
47,4974 -175.7 59Co +1307.6
51V +932.3 61N +539.7
53Cr —-224.9 63Cu +1766.9
55Mn +1093.2 65Cu +1892.2
57Fe +160.5

¢ Data in gauss. The negative signs for 47Ti, 49Ti, and 53Cr are a
consequence of the negative nuclear magnetic moments of these
nuclei, which changes the signs of all their coupling constants.
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TABLE VIII

CALCULATED VALUES OF Agpiso FOR ELECTRONS IN 3p AND 4p

ORBITALS FOR SOME NEUTRAL METAL IONS

Orbital 3pe 4pb 4pc
47T, 49T} —146 —0.56 —2.09
51y 829 2.43 10.62
55Cr —215 —0.50 —2.48
55Mn 1120 2.14 10.68
57Fe 172 0.26 1.37
59Co 1478 2.10 10.92
6INj 643 0.85 4.65
$3Cu 2206 0.91 15.62
85Cu 2363 0.97 16.73

¢ 3dn configuration.
b 3dn~14p configuration.
¢ 3dn~24p?2 configuration.
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is V(S,C;H,)3, which has Dg, symmetry, where the unpaired electron
is thought to be in the a} molecular orbital (167, 168).

b. Anisotropic Coupling. The effect described above will decrease the
anisotropic hyperfine coupling simply because the d-electron density is
decreased. The effect on 4,,;,,, however, is much more marked if there
is mixing of the metal d orbital with one or more of the metal p orbitals.
Since the sign of the principal value of the anisotropic hyperfine tensor
is negative for d,,, d,,, d,,, and d,_,. (Group A) and positive for d,

TABLE IX

SUMMARY OF THE S1GNs OF METAL HyPERFINE TENSORS, ASSUMING A POSITIVE
NucLeEAR MOMENT

Metal orbital containing

unpaired electron Aiso Aagniso A pseudoiso®
8 Very large +ve Zero Small +ve

P Small, usually —vee +ve Small +ve

3d and 4d except dz. Small, usually —vee —ve Small +ve
At Small, £ve® 4ve Small +ve

a Polarization of inner shell s electrons.

b To be subtracted from A;s, (experimental).

¢ Since d;, and s orbitals may mix in all symmetries except T4, Op, and Iy,
the resultant A5, may be +ve. In practice it is almost always negative.
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Pz Py and p, (Group B), a mixing of a Group A orbital with a Group
B orbital will result in a decrease in the magnitude of the resulting
hyperfine interaction. The contributions to 4,,, of one electron in the
3p or 4p orbital for first-row transition metal atoms are given in Table
VIII. A summary of the signs of the metal hyperfine tensors is given
in Table IX.

An example of the application of this effect oceurs in Cs,CuCl, (613),
which is discussed in more detail in Section VIII,K 4.

2. The Nature of the Metal- Ligand Bonds

The formation of a molecular orbital between the metal orbital
containing the unpaired electron and atomic orbitals on the ligand
nuclei results in a transfer of some of the unpaired electron density from
the metal to the ligands. If the molecular orbital containing the unpaired
electron is represented as

IP=04‘,[’M+(1_‘°¢2)1/2;¢2' (26)

the spin density on the metal becomes «” instead of unity. To a rough
approximation, the anisotropic hyperfine interaction, will be propor-
tional to «®. For highly covalent compounds this picture will be
complicated by the dipolar interaction between the metal nucleus and
the unpaired ligand electron density. A number of authors have made
attempts torationalize ligands according to the influence they have upon
the hyperfine coupling. Van Wieringen (680) listed ligands in the order of
the influence they had upon the magnitude of the isotropic coupling
of the central metal ion. He found that the magnitudes of 4,,, were
in the order H,O ~ F~ > CO3™ > 0% > 8> > Se?” > Te*". Title (662)
obtained a correlation between A, and the percentage ionicity of
the host lattice for high spin Mn?* compounds. McGarvey (505)
plotted x (the field at the nucleus per unpaired electron) against the
electronegativity difference between the anion and cation in the host
lattice and obtained fairly good linear relationships for d3, d% and d’
ions, but obtained an almost random distribution of points in his plots
for d! and d° ions. Two criticisms which may be levelled at these
attempted correlations are, first, for transition metal compounds, 4;,,
or y is not a good reflection of the d-electron density on the metal, and,
second, the metal will be influenced more by its nearest neighbors than
by its next nearest neighbors. Thus the electronegativity difference
between the anion and the cation in the host or the degree of ionicity
of the host is not a good parameter against which to plot the metal
hyperfine coupling.
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3. Influence of Charge on the Metal

For a free ion, one might expect an increase in magnitude of both
A;po and A4,,;,, as the charge on the metal is increased since the electrons
are more firmly held. Calculations show that 4,,;,,, in particular, exhibits
a marked dependence on charge. This is illustrated in Fig. 12 which
shows some results calculated using the wave functions of Synek and

Stungis (652).

or x

<f‘3>340 U, .
»
O

.

20 L 1 1 1 I
0 | 2 3 4 5

Nuclear charge —

F1a. 12, Influence of nuclear charge on {(r=3) for Cr (652).

Since the above plot does not distinguish between the dependence
of (r~3> on (z) charge and (i¢) the number of d electrons, a similar plot
was made of (r~%) against nuclear charge for a number of d® ions (see
Fig. 13).

Gerschwind (262) and McGarvey (905) have observed a steady in-
crease in y as the number of d electrons of ions in a host lattice is increased
(see Table X).

TABLE X

AVERAGE VALUE OF y IN OXIDE LATTICESS

di d2 d3 d4 db d? ds d?

—84,000 —88,000 —96,000 —105,000 —113,000 —126,000 —135,000 —143,000

2 Data in gauss (§05).



170 B. A. GOODMAN AND J. B. RAYNOR

4. Libration

If the molecule, or part of the molecule is vibrating in a nonquantum
mechanical way, then the magnitude of the anisotropic hyperfine tensor
1s reduced. If the libration is about one of the principal directions, then
the effective value of the coupling in that direction will be the coupling
appropriate to the mean angle of deviation from the principle direction.

80[

X

<r 30U —
X,

Iye
/

X
20—
o)

i 1 1 | |
1(Cr} 2(Mn) 3(Fe) 4(Co) 5(Ni)
Nuclear charge —

Fic. 13. Influence of nuclear charge on <{r—3) for d5 ions (652).

E. SuPERHYPERFINE COUPLING TO LIGANDS

A superhyperfine coupling may sometimes be observed when there are
ligands or other atoms in the molecule whose nuclei have magnetic
moments. If the unpaired electron is located entirely in an atomic
orbital on the metal and the ligands are held entirely by crystal field
forces, then the only interaction between a ligand nucleus and the
unpaired electron is dipolar. This is inversely proportional to the mean
cube of the distance of the electron from the ligand nucleus. As was the
case for the dipolar interaction between the electron and its own nucleus,
this interaction is anisotropic and vanishes when the molecule is tumbling
rapidly. It is usual, however, for a small amount of the unpaired electron
to be delocalized onto the ligands as a result of the formation of molecular
orbitals, Contributions from other terms are also probable. The measured
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superhyperfine coupling to a ligand nucleus along the three principal
directions will be made up of

Aea:pt = A(misa + Adipalar + Aisa + smaller terms

Since 4;,, may be obtained from the measurements in fluid solution and
A gipotar may be caloulated, 4,y is readily obtained. From the computed
values of A ,,,, and 4;,,, and assuming the other terms are small, the
p ord and s character of the orbital on the ligand with which the unpaired
electron is interacting may be deduced, i.e., the hybridization is found.

1. Dipolar Coupling

An estimation of the contribution to the anisotropic hyperfine coup-
ling of a ligand nucleus due to dipolar coupling may be calculated in
several ways depending on the accuracy required and the separation
between the metal and ligand nuclei.

a. Point-Dipole Approximation. The average position of the unpaired
electron is considered to be located at the metal nucleus which is at a
distance r(cm) from the ligand. Use is made of the general classical
formula for the field at the electron due to the nucleus, namely,

05260 —
4= 8,038y P T (erg) (27)

where ¢y and By refer to the ligand nucleus. If the field is parallel to the
metal-ligand bond, 6 = 0 and

2 .
4=4,= gﬁerg-;ﬁgﬁ (ergs) (28)
and
AL='A*"B;%NBN (ergs) (29)
The calculation of gy By is as follows.
Since
py =gy By I (erg/gauss) (30)
gxBy =LY (ergjgauss) (31)

The magnetic moment of the nucleus, however, is usually expressed in
multiples of nuclear magnetons By and such numbers are obtained from
the tables (e.g., Table I). This numerical value has to be multiplied by
By for substitution in Eq. (31).

This method is not suitable for metal-ligand distances below about
2 A (496).
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b. Separate Dipoles Approximation. A refinement to the above ap-
proach is to consider a fraction of the electron in each lobe of the metal
orbital. There are three different orientations of d orbitals to consider,
and these are illustrated in Fig. 14.

F1c. 14. Dipolar interaction of an unpaired electron in a d orbital with a ligand
(a) orbital perpendicular, (b) one lobe parallel, and (c¢) all lobes at 45° to the
metal-ligand bond.

() The orbital perpendicular to the metal-ligand bond. For the applied
field parallel to the metal-ligand bond,

e 2R? — 72
A, :gB g(l;g‘[zl\i 7,2)5/27 )(ergs) (32)
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If R> 7', then 7’2 may be ignored and Eq. (32) reduces to the
point-dipole approximation [Eq. (28)].

(i) Ome lobe parallel to the metal-ligand bond. For the applied field
parallel to one lobe of the d orbital

2R — R—7)3+(R+1)3
4, = gﬂegNﬂNz R 7,2)5/2 + (2(R _17; )r’)-‘i'—((R j;)l (ergs)  (33)

If R> 7', then 7’2 may be ignored and Eq. (33) reduces to the point-
dipole approximation [Eq. (28)].

(228) Al lobes at 45° to the metal-ligand bond. For the applied field
passing through the dihedral angle for a d orbital

[V 2) — 122 n 2R+ 7' [V2)— 122
ST s e R g V2 T T
(34)

A, =9gB.gnBx {2[(2};1%

If R>+', then 7’2 may be ignored and Eq. (34) reduces to the point-
dipole approximation [Eq. (28)].

The difficulty with this approach is estimation of '. The mean value
can be obtained from wave functions calculated from free atoms and
ions, but this is not completely satisfactory since the interaction is
proportional to 7’3, This approach, however, gives more realistic values
than the point-dipole approximation when the metal-ligand bond
distances are less than 2 A.

When dealing with the d,. orbital, it may be treated as the sum of
dzz__za and dzz_ya.

¢. Semiclassical Quantum Mechanical Approach. Both of the previous
approximations break down for very small metal-ligand bond lengths.
In such a case, it is necessary to solve

<‘r/’"}fdipolurl xr/’> (35)

where the dipolar Hamiltonian is given by

H iy = P M 3(}’“1\|7_;'|) (2.7) (36)
7is the radius vector connecting the nucleus in question with the electron,
w. and py are the electron and nuclear magnetic moment operators,
respectively, and i is the Slater wave function of the orbital containing
the unpaired electron.

The method is only advantageous for small nuclear separations, i.e.,

1A
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2. Ligand Contact Interaction

As pointed out in Section I11,D,2, the formation of molecular orbitals
may result in the orbital containing the unpaired electron being partially
delocalized onto some or all of the ligands. If, as previously, the molecular
orbital containing the unpaired electron is represented as

W=y + (1— o223 (37)

the total ligand spin density is (1 — «2). By obtaining spectra in fluid
and solid states one is able to estimate the s- and p- or d-electron density
on the ligands from the isotropic and anisotropic superhyperfine coupling
constants in exactly the same way as for the central metal atom.

3. Spin Polarization of Molecular Orbitals (Configuration Interaction)

In addition to real electron density, ligand superhyperfine coupling
may result from spin polarization of filled molecular orbitals having
appreciable ligand character by an exchange mechanism analogous to
the core polarization on the central metal atom. This may also be
imagined as a mixing-in of excited states. The effect is greater, the closer
the interacting energy levels are (391).

It is often not possible to distinguish between the effects of spin
polarization and direct electron density on the ligands, although the
latter mechanism may sometimes be eliminated if the molecular orbital
containing the unpaired electron does not possess ligand orbitals capable
of producing the observed ligand spin density, e.g., in [Cr(CN),NO]3~
the unpaired electron is in the molecular orbital which has no nitrosyl
character. The !*N superhyperfine coupling, however, indicates either
159, pm(N) or 7.5%, pm(N) character. It is thus necessary to invoke spin
polarization of the e-molecular orbital which contains metal d,,, d,,, and
nitrosyl = and =* orbitals as a means of obtaining the nitrogen electron

density (216, 279).

4. Spin—Orbit Coupling

Spin—orbit coupling may produce an orbital magnetic moment on the
ligands. This leads to a modification of the main spin-dipole term by
a small correction term proportional to (g — 2).

The presence of this unquenched orbital magnetic moment on the
ligands, however, may lead to appreciable direct interaction with the
ligand nucleus in some cases. An estimation of the magnitude of this term
by Marshall (£58) has shown that in the cases of Ni®** and Cr®' ions it
may account for 309, of the observed ligand hyperfine interaction.
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The effect of spin—orbit coupling upon the hyperfine coupling is to
add another term to expressions for 4, and 4, such that

n A B

A, =45, — B+ — -~ 38

I Al 2 ( )
B n,\ B

A=Aty T3 (39)

where A is the spin—orbit coupling constant, 4 is the energy separation
between the orbital containing the unpaired electron and the orbital into
which it may mix by spin-orbit coupling, B is part of the anisotropic
hyperfine tensor which is of the form |—B,+B/2,+B/2|, and the coeffi-
cient » may be deduced from the magic pentagon below, n being the
number on the line linking the d orbitals under consideration.

/\

/ N
T\/T
l/\l

x2-y2 <
A/4 is calculated from a knowledge of Ag (see Section 1V,D) and substi-
tuted back into the above equations.
From Egs. (38) and (39)

(40)

Ay = Ay, + L (nlx\ B anz\.B)

4, 2+A2 2

The additional term in parentheses is the pseudocontact term and is
always a positive quantity.

A number of other small contributions to the ligand hyperfine inter-
action have been discussed by Marshall (4568, 487). These are, however,
usually very small, and any estimated contributions from such terms
are generally no larger than the errors in the hyperfine coupling itself.

A complete treatment of spin—orbit coupling is given by Griffiths
in his book (298).
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F. Tae AxisoTrori¢ HYPERFINE TENSOR

The hyperfine tensor for an axially symmetric molecule is obtained
from the measured 4 , 4, and A4;,, values. Since in fluid solution the
anisotropy is averaged to zero, the average value of A, and 4 | will be
Aisor L0 HA, +24 )= 4, (41)

3 I 1 180
since there are two mutually independent perpendicular directions. The
anisotropic hyperfine tensor for the metal is readily computed by sub-
tracting the A, value from the A and 4, values. The tensor is thus

IA [ Aiso: A.L - Aiso: A_L - Aisol
z x Y (42)
and has the units of 4.

TABLE XI

StaMaARY TaBre GIVING THE SIGNS OF THE L1GaNnD HyPERFINE TENSOR
WHEN THE UNPAIRED ELECTRON IS IN A METAL ORBITAL®

Direct delocalization Spin polarization
Metal orbital (contact interaction) (configuration interaction)

containing

electron Aiso Aaniso® Aiso Aaniso
P das +(o) +(o) ~(m)e —(m)e
Pz Py — - —(o) —(0)?
da:y- Doy — - —(m) —(m)?
dzz, dyz +(7T) +(r) _(‘7)8 _(U)e
s +(o) +(o) —(m)e —(m)e

“ g and 7 refer to whether the effect operates via the ¢ or 7 metal-to-
ligand bond.

b Dipolar coupling, which is always positive, must be subtracted from
Aam‘so-

¢ If via M-L ¢ bond, the value would be very small compared with direct
delocalization.

2 The sign would be +, and the magnitude cut by one-half if these were
two degenerate 7 orbitals on the ligand, since the tensor would be made
up of two, one containing half an clectron along the x axis and another
containing half an clectron along the y axis, the z axis being the M-I, axis,
ie., . y i

—B +B/2 +B/2
+B/2 —B +B/2
—-B/2 —-B/2 +B

¢ If via M-I. 7 bond, the value would be very small compared with
direct delocalization.
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The tensor for the ligands is worked out in a similar manner, but
the dipolar and other contributions to this must be subtracted to give
the real anisotropic hyperfine tensor. The large term in the tensor A,
is related to the p- or d-electron spin density in the appropriate orbital.
Values for 4, may be used which give the coupling to an electron which
is entirely in the p or d orbital (Table IV). The ratio of the measured
A guiso t0 A g gives the spin density in the orbital under consideration.
Such spin populations refer to any one ligand nucleus under considera-
tion. If there are n equivalent ligands, then the total spin delocalization
is multiplied by 7.

It should be emphasized that the sign of all values in a hyperfine
tensor are reversed in cases where the nucleus involved has a negative
nuclear magnetic moment. Table X1 summarizes the signs of the ligand
hyperfine tensor when the unpaired electron is in a metal orbital.

1. Orbital Hybridization

From the s- and p-electron density on an atom, the hybridization
sp” may readily be deduced. Care must be taken to realize that these
figures are deduced from the unpaired electron density and are not
necessarily related to the bonding electrons involved with a particular
ligand atom. Where it is certain that the hybridization so deduced is
meaningful, then it is possible to calculate the bond angles in such ligands
as —OH, or —NH, from the hybridization of the ligand orbital involved

TABLE XII

VARIATION OF BoxD ANGLE WITHE HYBRIDIZATION sp IN
C3» AND (9 MOLECULES

n 0 (O2v) 8 (C3v)
1 109° 287 101° 32’
2 120° 106° 377
3 126° 527 109° 287
4 131° 447 111° 217
5 135° 347 112° 397
6 138° 347 113° 35°
7 141° 047 114° 207
8 143° 08’ 114° 547
9 144° 54’ 115° 23/

10 146° 267 115° 46’
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with ¢ bonding with the metal. Coulson (150) has showed that for (5,
ligands the internal angle

6 =2cos™ (n+ 2)7H2 (43)
and for a C;, ligand,
1.5
= -t 1 14
6 = cos [271/4_3 2] {44)

Table XII summarizes the bond angles for various hybridizations.

IV. Spin—Orbit Coupling and the Significance of the g Tensor

A. SpiN—OrBIT COUPLING

The angular momentum of an electron in an atom is made up of two
components, the spin and the orbital angular momentum. Since angular
momentum is a vector quantity, then the two such angular momenta
parameters of an electron are able to couple together to form a resultant
angular momentum. If in an atom there are two electrons, 1 and 2, with
spin angular momenta s, and s, and orbital angular momenta [; and I,
then there is the possibility of the two spin components combining (s,
and s,) and the two orbital components combining (/, and /,) separately,
as well as the spin of one electron combining with the orbital component
of the same electron (s;/;) or with the other (s,l;). For most atoms of
the periodic table, excluding the lanthanide and actinides groups of
elements, the Russell-Saunders coupling* scheme dominates, which
means that the order of the interaction is

§18s >l > 81l =8l > 81l =851
spin—orbit (45)
coupling
The energy due to spin-orbit coupling is considered as a comparatively
small perturbation compared with the energy of electron interactions.
In second and third row transition elements, spin—orbit coupling is more
important, but does not become greater in magnitude than spin-spin
or orbital-orbital interactions.
Two parameters are in common use to describe the action of spin-
orbit coupling. The first of these is the single-electron spin—orbit coupling
parameter £ which measures the energy of the interaction between the

* An everyday example of classical spin—orbit coupling is the precession of
the earth in its orbit around the sun. This is caused by mechanical coupling of
the rotational and orbital angular momenta of the earth in the gravitational field
of the sun.
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spin and the orbital angular momenta of a single electron of the con-
Sfiguration and is a property of the electron configuration. ¢ may be
calculated from the expression

3

2
Zegi €

RTINS (46)

£ is thus a positive quantity and is dependent upon the effective nuclear
charge and the average distance of the electron from the nucleus {r).
Whenever atoms in molecules are considered, the parameter ¢ has to
be reduced in magnitude because Eq. (46) is applicable only for atoms.

Since we are mainly concerned with the influence of spin-orbit
coupling on terms, it is convenient to use a new parameter A, which is
a property of any given term but may vary from one term to another
in a particular configuration. The two constants are related by

A= j:;_)% (47)
where S is the spin multiplicity (> ;). A proof of this equation has been
given by Griffiths (298). Ais positive when the term arises from a subshell
less than half full, and is negative for subshells more than half full. This
latter is equivalent to a set of positive electrons in an empty subshell.

Some other general rules are applicable to spin-orbit coupling.

(1) Spin-orbit levels have quantum numbers J given by the vector
sum of § and L

J=8S+L (48)

(#7) The level with lowest .J quantum number lies lowest in energy
for terms arising from levels less than half full (A + ve). The reverse is
true for levels more than half full, i.c., the highest J quantum number
lies lowest in energy (A — ve).

(#17) The separation between adjacent J levels is AJ; where J; is the
larger J quantum number. This is called the Landé interval rule.

(¢v) A magnetic field splits any J level into 2/ + 1 components.

(v) The energies of the J levels relative to the energy of the unper-
turbed term obeys the “center of gravity’ rule.

Spin—orbit coupling is the mechanism by which a contribution from
the orbital angular momentum is added to (or mixes with) the spin
angular momentum, thus changing any magnetic parameter arising from
pure spin angular momentum (spin-only ecase). It is also the mechanism
whereby energy levels of different symmetries may mix.

The use of the words configuration, terms, states, etc. are summarized
in Fig. 15 which refers to a d2 ion in an octahedral crystal field. The
energies given are approximate and are relevant to the V3 ion.
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Frc. 15. The cnergy levels of a free d2 jon, and in the presence of an octahedral

crystal field.

B. THE MaGNETIC PROPERTIES OF ATOMS IN A CRYSTAL FIELD

In a crystal field, the degeneracy of orbitals is reduced or lost
completely. The orbital angular momentum is then said to be partially

or fully quenched. Orbital

angular momentum about an axisis associated

with the ability to rotate an orbital containing an unpaired electron
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about an axis to give an identical and degenerate orbital. Thus in a free
atom, the d,, orbital can be rotated about the z axis into the d_,,
orbital and the two orbitals are said to commute about the z axis.
Similarly, d,, and d,, will commute about the z axis, but about no other
axis. In an octahedral crystal field the energy of the orbitals is split such
that the d,,, d,,, d,,, (¢,,) orbitals are degencrate, and the d,:_s, d, (e,)
orbitals are degenerate at a different energy. Commutation is possible in

TABLE XIIT

GroUND TERMS FOR WHICH ORBITAL ANGULAR MoMENTUM Is or Is NoT
QUENCHED BY A CuBIc LiGanDp FIELD

Stereochemistry
Octahedral Tetrahedral
No. of Free-ion Nearest Ground Orbital Nearest Ground Orbital
d ground £} -e,m termin  contrib. {3-em  termin  contrib.
electrons  term config. complex expected config. complex expected
1 2D the 2T Yes el 2K No
2 SF t3g 3714 Yes 2 344 No
3 iF tgg 4444 No e2-¢g1 47T Yes
4 5D 39 egl 5H, No e2- 152 5Ty Yes
4y 3714 Yes — — —
5 65 g 642 6444 No e2- 53 64, No
t3g 279y Yes — — —
6 5D 3y g2 5T Yes e3-193 5SE No
tgg 1A19 No — — —
7 iR tgg~e_,,2 4T1g Yes ed- 193 44, No
t3g-eg! 2H, No — — —
8 3F 185 €42 349, No et 19 37 Yes
9 2D t8g- eg® 2H, No e+ g0 2T, Yes

the ¢, set, thus allowing an orbital contribution, but not possible in the
e, set since the d,._,, and d,. orbitals cannot be rotated into each other
about any of the axes and so no angular momentum contribution is
agsociated with it.

A further requirement for the existence of orbital angular momentum
due to orbital rotation is that there must not be an electron in the second
orbital with the same spin as that in the original orbital. With these
rules, it is possible to deduce which electron configuration of transition
metal iong will have its orbital angular momentum fully or partially
quenched. This information is summarized in Table XIII.
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Tt is seen that orbital angular momentum is fully quenched in ions
whose ground state terms are 4 or E, i.e., singly or doubly degenerate.
Conversely, there remains orbital angular momentum in triply degener-
ate ground states, e.g., T; and 7'5. The exact amount of orbital contri-
bution may be calculated for T’ terms and each configuration has to be
considered individually.

s
5
T29
R H
£
(84
Q
o
=
Q
«
L%
5
£,
3 g
i
N | B
14 | Medium field i Strong field
Weak
field

Fie. 16. Part of an Orgel energy level diagram for a d4 ion in O, symmetry,
showing how the 37"y, level becomes lowest in energy in strong fields.

1. The Strength of Crystal Frelds

The expressions weak, medium, and strong fields are often used in
the discussion of the strength of a ligand or crystal field. A strong field
is defined as one with sufficient strength to pair electrons so that they
occupy ¢, orbitals (for an octahedral complex) in preference to e, orbitals.
Weak fields are rarely met with in transition metal complexes. Figure
16 summarizes these terms with respect to an Orgel energy level dia-
gram for a d* ion in octahedral symmetry.

2. The Magnetic Properties of Complexes with Ground State Term
Configuration T

Transition metal complexes have free ion ground state terms which
(see Table XIIT) may be 8, D, or F. In the case of S or D ground state
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terms, there are no excited states of the same multiplicity, but with F
ground state terms, there is always an excited state with the same multi-
plicity which arises from a P term. In cubic crystal fields, the free ion terms
split into crystal field terms with symmetries 4, K, T'y, or T, as follows:

S— 4,

P-1T,
D—>7T,and ¥
F—A, T,and T,

Thus 7'; terms arise from free ion F ground state terms and associated
P excited state terms, whereas 7', terms may arise from either free ion
F or D ground state terms. Thus in any complex with an F ground state
term there will be two 7' terms, which are then capable of mixing since
they have the same symmetry. When 7', terms are present, however,
there are never any others with the same symmetry; therefore they will
be unperturbed by other terms. The mixing of the 7'y terms causes the
energy levels to diverge and also to influence the magnetic properties
so that, e.g., g and p.q are very dependent on the strength of the crystal
field. A proof of this is given by Coulson (151) and is illustrated in Fig.
17. Table XIV gives the ground terms of first-row transition metal ions.

A

tetrahedral Aoctuhedrc\I

Fia. 17. Orgel energy level diagram for & d3 ion in octahedral and tetrahedral
crystal fields, showing the repulsion between the 37'1(F) and 3T'1(P) energy levels.
The units of energy are 103cm—1.
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The influence of spin-orbit coupling on 7' terms is simplified by the
observation that they are triply degenerate like a free ion P term. It
is thus possible to assign an effective total orbital angular momentum

TABLE XIV

FreE IoN VaLuks (em~1) oF SpiN-Orsrr CovprLing CONSTANTS FOR FIrsT-Row
TraxsiTION METAL Tons 1N Varrous Licanp FIELDS

Weal Strong Weak
octahedral octahedral tetrahedral
No.ofd  Ground Ground Ground
Ton 3 electrons term A term A term A
Tis~+ 155 1 294 155 275, 155 2F 155
Vi3+ 210 2 3Ty 105 3714 105 349 1056
Vet 170 3 1494 57 445, 57 7 57
Crz+ 230 4 5Ky 58 3714 ~115 57 58
Mn2+ 300 5 6414 — 27, —300 644 —
Fe2r 400 ] 579 —-100 1444 — SE —100
Co2- 515 7 Ty —172 2K, —515 14, -172
Ni2+ 630 8 3do, —315 34, —315 37T —315
Cu2~ 830 9 2Ky, —830 2K, —830 2T, —830

L' =1 and a value for S depending upon the number of unpaired
electrons. Values for J are L' +8, L'+ 8 — 1, — 8 as before. For

example,
2 S=1 L'=1 J=2%or}
3771 S=1 L' =1 J_Q,I,OI'O
Py S=1p L=1  J=21 1%}
s, S=2 L'=1 J=3,21

The g value for 7', terms is computed using the general equation

1SS+ )= WL+ 1) +J(J +1)
- 2J(J + 1)

substituting L’ for L, whereas that for 7'; terms will be dependent upon
the strength of the crystal field. The appropriate equation is
868+ 1) = L(L+ 1) + J(J + 1)]

2 1) (50)

(49)

g=—Ad+ (21 4)

F01 strong fields, 4 =1, but for weak fields, the maximum value of 4
is 2. Intermediate ficlds thus have values of 4 intermediate between §



ESR OF TRANSITION METAL COMPLEXES 185

and 1. Ground states with 7' terms are said to be orbitally degenerate
because they are split by spin—orbit coupling.

3. The Magnetic Properties of Complexes with Ground State Term
Configuration A or B

The effective total orbital angular momentum L’ for an A or E term
iszero and so thereis no splitting of the term by spin-orbit coupling (since
J =L +8=28), ie., the ground state term is not orbitally degenerate.
It would thus be expected that the orbital angular momentum would
be fully quenched and the magnetic parameters equal to the spin-only
value. In fact, small but significant deviations of g and p from the
spin-only value are found. The small orbital contribution arises from a
mixing of the ground state term with a suitable excited state term by
the mechanism of spin—orbit coupling. There are several approaches to
this and these will be described in turn.

C. MixiNg oF OrBITALS via SPiN—ORBIT COUPLING

1. Rigorous Determination of Which Orbitals May Mix

Spin-orbit coupling can be studied on a quantitative basis with the
aid of quantum mechanical operators. The operator for spin—orbit coup-
ling is

AL-S (51)
Since the electron spin of the ground state and the excited state must
be the same, the two states will mix via spin—orbit coupling if the integral

I = f ‘/’yround L"/’ezciteddT (52)
is not zero. This may be written, using a different notation, as
I =il Ly # 0 (53)

This problem may be readily solved using group theory. The operator
L (=L, + L, + L,) possesses the symmetry properties of rotations about
the three Cartesian axes. If its irreducible representation is I'y,  , then
Eq. (53) may be rewritten o

I=F¢1'FR I‘,ﬁ

4

(54)

Ty Y Zy

This integral (I) is nonzero only if the direct product I'y-I'p -T'y,
includes I',;,. A proof of this is given by Cotton (147). This is so, because
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whenever we have an integral of the product of several functions, the
value of this integral will be equal to zero unless the integral is invarient
under all operations of the symmetry group to which the molecule
belongs. It must then form a basis for the totally symmetric representa-
tion of the group.

Let us apply this to the example of the d* (Dy;) ion (Table XV).

TABLE XV

CHARACTER TABLE For Point Grour Dy,

Dap | E 20y COs 20é 20; 7 284 on 20y 20g

Ay | 1 1 1 1 1 1 1 1 — 2 4 y2,22
Aoy | 1 1 1 -1 -1 1 1 1 -1 - R —
Big|1 -1 1 1 -1 1 -1 1 1 -1 - 22—y
Bay 1 -1 1 -1 1 1 -1 1 -1 1 — ay
E, 2 0 -2 0 0 2 0 -2 0 0 | (g, Ry) (yz, zx)
Are | 1 1 1 1 1 -1 -1 -1 -1 -1 — —_
Aoy | 1 1 1 -1 -1 -1 -1 -1 1 1 2 —
B, |1 -1 1 1 -1 -1 1 -1 -1 1 — —
Boy | 1 -1 1 -1 1 -1 1 -1 1 -1 — —
E, 2 0 -2 0 0 -2 0 2 0 0 (x,y) —

Rotations about z belong to the irreducible representation A,,.
Rotations about « and y belong to the irreducible representation £,.

Consider the mixing of the ground state B,, with (s) E, (it) B,,, and
(113) A, when the applied field is parallel to z.

(¢) I'p,,~ Iy, - I'g,= Iy, i.e., does not include I',
(4) gy Ty I'py =14,
(093) I'gy, T4, T4y, =TI, i.e., does not include I',

When the applied field is along x or y

(0 I'g,y Tp, I'g,=T4,,+ gy +Ip,+ ', includes I',,
(¢6) I'p,,"T'g,-I'p, =TI, i.e., does not include I',
(vit)y I'p,, 'y, T'4,,=I'g, i.e., does not include I',

Therefore ¢, and ¢, will both deviate from 2 and in both cases will be
<2 since the orbital containing the unpaired electron will commute with
an empty orbital.

2. Qualitative “‘Orbital Rotation’ Method

This method is suitable for the case where there is one unpaired
electron in a singly degenerate orbital. This case will not occur in truly
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0y, or T, symmetry, but almost invariably there are distortions which
will separate degenerate orbitals. Spin—orbit coupling is possible if this
ground state orbital can commute with an excited state orbital about
any of the axes z, y, or z. Consider the particular case of a d! ion in a
tetragonally distorted octahedral environment (D) such that the un-
paired electron is in the d,, orbital (see Fig. 18).

Alg (d,2} ‘I’
1
Big (d2_y2) i
Commute g
obout 2
E] (dXI, )’l)
Commute L N
obout
x and y 52,7(05:!) f i
H

Fic. 18. Moleccule of Dygy symmetry with compression of axial ligands and the
corresponding energy level diagram.

When the applied magnetic ficld is along z (the “parallel”” direction),
the electron can weakly commute from d,, to the d,._,. orbital. The
effect of the applied field H | is to make the electron ‘rotate’” about the
z axis, giving rise to a small current flowing in a circle. Such an electric
current will generate a small opposing magneticfield 4, and so to achieve
the original field at the electron for the resonance condition, the original
field must be increased by 4H. The original resonance condition

hy =g, BH (55)
now becomes

hv =gi8(H + AH) (56)

Since the frequency v is constant, ¢| (along the z axis) must now be
less than 2.0023 to maintain the right-hand side of the equation equal
to hv. For applied fields perpendicular to z, (H,), i.e., along x or y, the
d,, orbital may commute with the d,, and d,, orbitals and so there is
an orbital contribution and ¢, < 2.0023.

In the case where the ground state orbital commutes with a filled
level, the electron may be treated as a positron and the induced magnetic
field is now in the same direction as the original field. The new resonance

condition will be
hv=g'B(H — 4H) (57)

giving rise to ¢’ larger than 2.0023.
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D. MoLECULES WITH SYMMETRY LOWER THAN O, oR T';

Very few molecules have perfect octahedral or tetrahedral symmetry.
Jahn-Teller or crystal distortions are frequent, as well as the inherent
low symmetry of molecules with mixed ligands. In low symmetry mole-
cules, the energy levels are usually singly degenerate (symmetry A or
B) or occasionally doubly degenerate (). Almost never will they be triply
degenerate (7', or T',). 1t follows that the ground state will not be split
by spin—orbit coupling, and that ¢ values will be close to 2. It is found
(to a first approximation) that the ground state is allowed (by the
operator AL-S) to mix with other states. The deviation of the g value
from 2 (4g) will then be inversely proportional to the energy separation
between those states. It is possible to calculate such g values by first-
order perturbation theory (117) and the results of these calculations are
given below.

For the case of a single electron in a nondegenerate d orbital, the
g value along any direction z, y, or z is given by the expression

‘ nA
g=go+ 4 (58)

where g, = 2.0023, A is the spin—orbit coupling constant, and 4 is the
energy separation between the orbital containing the unpaired clectron
and the orbital with which it may mix by spin—orbit coupling. The +
or — sign applies to the case of mixing with a filled or empty orbital,
respectively. The coefficient » may be deduced from the magic pentagon
below, » being the number on the line linking the orbitals under con-
sideration.

SN\,
AN

VTN

r2-y2<¢—— 8 —>ay

If the orbital containing the unpaired electron is allowed to mix with

other orbitals, then further terms of the same format are needed.
Cousider the case of a d” ion of near-octahedral symmetry, but with

a tetragonal distortion such as to elongate the charges along the z axis.
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The symmetry is Dy, and the unpaired electron is in the d,._, orbital.
It follows that

8A
gy =90 + AE(dzz_yz — dzy) (59)
2 (60)

2 =90 AB (o — dymys)

If, however, there was a compression of charges, then the unpaired
electron would be in d,. and

9,="90 (61)
B 61
gl — 9o i AE(d22 - dwz, yz)

These equations are only useful providing A/4 is small. A reasonable
maximum value is 0.1. Further quadratic correction terms need to be
used when A/4 is larger. Some of these expressions for ¢ are given in

| |
L o

(62)

Fie. 19. (a) Tetragonal, (b) rhombic, and (c) trigonal distortions to an octa-
hedron. The arrows indicate the directions of the distortions.
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Section V,C which also includes some for the case of two or more unpaired
electrons.

In cubic symmetry distortions are usually tetragonal, trigonal, or
rhombic. Tetragonal distortions arise from alteration of the charge
distribution along the 2z axis, maintaining a fourfold axis. Trigonal
distortions maintain the threefold axis, but rhombic distortions may be
envisaged as destroying the fourfold axis of tetragonal symmetry by
altering the charge distribution along the x or the y axis. Thisisillustrated
in Fig. 19.

E. ErLEcTRON DELOCALIZATION

So far, it has been assumed in deriving the g values, etc., that the
unpaired electron is localized entirely on the metal atom, i.e., the crystal
field approximation. This is not usually the case since the formation of
molecular orbitals results in the transfer of some of the unpaired electron
density onto the ligands. The effect is to reduce the orbital angular
momentum, i.e., further quench the orbital contribution and so make
the magnetic parameters have values closer to spin-only, i.e., g = 2.

The orbital angular momentum is reduced by a factor &k to kL.
Similarly the free ion spin-orbit coupling constant A now becomes A
(=kA); k is unity for no delocalization and zero for complete delocaliza-
tion, The spin-orbit coupling operator AL-S now becomes kA-kL-S and
the equations for ¢ and pu, are modified by a factor £%; thus g for a d?
ion in Oy ligand field

8A 8kZA
—— b 2— 6
l0Dg — Pecomes 10Dg (63)

Bly (d,z_},z)
Ay, (@)

BE (8y) DE (&)
BZy (dl)‘)
£g (i, yr)

F1c. 20. Order of energy levels for a d%(D4p) complex. The axis notation is the
same as in Fig. 18.
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For T terms, the effect of delocalization may be found by writing kA4
instead of 4.

1t is usually more convenient to use the molecular orbital coefficients
rather than k. This is illustrated for a d° complex in D, symmetry. The
relevant molecular orbitals (see Fig. 20) are

VB, = Brpdpp — l/“lz;BL (1 — b2+ b3 — H4) (64)

V1 —By?
VB, = Boipd,, — §—€2“ (1 — Ton + 7o — Tap) (65)

2
WE* =, ,—
g = €¢~’xz, yz 77 (7711) + oy — Ty — Tyy + Tshs,y T Wﬁhw,y) (66)

The ¢ values are now

8 12 22
911:2+‘£]§§v‘(_£i’]) (67)

. 25[31252
gJ-—2+AE(E0) (68)

F. VARIATIONS IN THE VALUE oF THE FREE-IoN SPIN—-ORrRBIT COUPLING
CONSTANT A

Since A is related to £ by

3
A=+ 25 (69)
and ¢ itself is proportional to the effective nuclear charge and inversely
proportional to the cube of the distance of the electron from the nucleus,
then A will increase (¢) as the valency of the ion increases, (i¢) as the
atomic number increases across each transition metal series, and (7)
very greatly down a group.

It has already been said that A decreases with delocalization of the
electrons, but there are some less-well understood effects which influence
A and consequently g values. Marshall and Stuart (487) have proposed
that A could be reduced from the free ion value as a result of shielding
of the nucleus by the ligand bonding electrons. In order to explain the
presence of some g values greater than 2.0023 for some d° high-spin
complexes, Fidone and Stevens (213) have found it necessary to promote
electrons from inner filled ligand levels to the half-filled levels containing
the unpaired electrons. In other words, there is a mixing in of excited
states, which produces a positive contribution to g, but of course is not
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specific to the d” case [see, e.g., Watanabe (694)]. Thus we might expect
g shifts to arise from the mixing via spin—orbit coupling of ligand orbitals
involved in molecular orbitals containing unpaired electrons, with filled
or empty ligand orbitals to produce positive and negative g shifts
(g &+ 4g), respectively. This will be dependent on the degree of covalency

TABLE XVI

Frer IoN VALUES (em~1) oF SPIN—~ORrBIT COUPLING CONSTANTS £¢

Valency
ITon 0 1 2 3 4 5 6
Se 67 53 80 — - — —
Ti 111 88 121 155 — — —_
A% 158 136 170 210 248 — —
Cr 223 222 230 273 327 380 —
Mn 239 254 300 352 402 475 540
Fe 391 356 400 460 514 590 665
Co 517 456 515 580 650 715 790
Ni 6030 603 630 715 790 865 950
Cu 817¢ 828% 830 890 960 1030 1130
Y4 212 212 290 — — —_ —
Zr 335 339 403 500 — —_ —_—
Nb 475 490 554 670 748 — —
Mo 552 672 670 817 887 900 —
Te 647 656 950 1200 1300 1500 1700
Ru 878 887 990 1250 1400 1500 1700
Rh 968 1212 1235 1360 - 1700 1850 2100
Pd 14120 1420 1460 1640 1830 2000 2230
Ag 1790¢ 18300 1844 1930 2100 2300 2500
Lad 798 — — — — — —
Hf 1307 1336 —_ — — — —_
Ta 1657 1776 — 1400 — — —
W 2089 2561 1500 1800 2300 2700 —
Re 2285 — 2100 2500 3300 3700 4200
Os — — — 3000 4000 4500 5000
Ir — — — 2000 5000 5500 6000
Pt 40520 4910 —- — e — —
Au 3368¢ 50910 5000 2000 — — —

@ From ref. (191).

b d9sl.

¢ d9s2,

2 Values for the second and third transition series must be treated as
approximate.
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of the complex (i.e., the amount of unpaired clectron density on the
ligands), 4g decreasing with increasing covalency.

Table XVI gives the free ion spin-orbit coupling constant for various
transition metal ions.

V. The Case of Two or More Unpaired Electrons: Fine Structure

A. The Two ELECTRONS ON DIFFERENT loNs

In magnetically dilute compounds it is usually assumed that there
is negligible interaction between the paramagnetic ions. Occasionally,
however, radicals are trapped in pairs due to one of the following reasons:
() too high a concentration of radicals are present, (i¢) there is a chemical
preference for the radicals to be associated, i.e., paramagnetic dimers,
as in hydrated cupric acetate; (¢74) radicals are formed in pairs within
a lattice, e.g., by radiation damage, and consequently migration is
hindered.

The first problem (¢) can usually be avoided by using a lower
concentration of radicalions, but mechanisms (i¢) and (¢4¢) are sometimes
unavoidable. Also, since useful information may often be obtained by
a study of radicals trapped in pairs in crystals or in powders, the nature
of the interaction between them will be briefly considered here.

Since nearest neighbor metal ions in a crystal lattice are usually
separated by at least a few Angstroms (very seldom less than 5 A), the
interaction between an electron on each metal ion is represented quite
well to a first-order approximation by a simple classical dipolar inter-
action between electrons located at a point on each metal atom. The
splitting AH produced by this spin—spin interaction is given by

AH:%—B;(:}COSZe—I) (70)
where 7 is the mean separation of the two electrons (taken as the atom-—
atom bond distance) and 6 is the angle between the dipole-dipole axis
and the external magnetic field.

This approach breaks down completely if there is appreciable de-
localization of the unpaired electron onto the ligands, since » would take
a wide range of values, producing a splitting spread over a wide range,
and yielding very broad lines.

When there is an interaction between an unpaired electron and a
magnetic nucleus, hyperfine structure may be detected. Different spectra
are obtained when an isolated pair of ions, each with § =} and I =1
is allowed to interact under different conditions. A single ion would give
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Fie. 21. (a) Spectrum of isolated ions with § = } and I = 1. (b) Slow exchange
between a pair of such ions, while (¢) shows the spectrum where there is fast
exchange.

a 3-line spectrum (Fig. 21a) with hyperfine splitting A. If another
identical molecule is allowed to approach it so that there is appreciable
dipolar interaction between the electron spins, then either of the follow-
ing cases may arise.

(¢) If the rate of exchange between the electrons is slow compared
with the electron resonance frequency (10719 sec), then during resonance
each electron experiences interaction with the other electron and its own
magnetic nucleus to give the spectrum in Fig. 21b.

(¢3) If the rate of exchange is fast compared to the resonance fre-
quency, then during resonance each electron spends half of its time on
each magnetic nucleus and hence interacts with two equivalent nuclei
as well as with the other electron. Slichter (628) has shown that since
each electron spends only half as long on each nucleus as in the previous
example a hyperfine splitting of 4/2 is obtained (Fig. 21¢). The observa-
tion of pairwise trapping may be useful in experiments on rates of spin—
spin exchange and may give information on the separation of ions in
a lattice.

B. Toxs witH MoRE THAN ONE UNPAIRED ELECTRON

In ions with more than one unpaired electron there are interactions
between the individual electron magnetic moments and the magnetic
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fields generated by the other electron(s). In this case, however, the
ground state levels may not be degenerate in the absence of a magnetic
field, i.e., spin—orbit coupling between various terms in the ground state
may produce a zero-field splitting. When such a splitting is present the
levels will no longer be equally spaced in the external magnetic field and
the various magnetic resonance transitions will no longer coincide. A
series of lines is thus obtained, which is commonly called the fine structure
(Fig. 22).

me=|

Energy
S
(@]

(a) (b)

Fra. 22. S =1 ion (a) with no zcro-field splitting and (b) with zcro-field
splitting. The solid lines arc the energy levels and transitions when the applied
field lies parallel to the z axis. The dotted lines pertain to a ficld perpendicular
to the z axis.

The variation of the energy levels with the magnetic field does not
follow a simple relationship except when the magnetic field is parallel
or perpendicular to the principal axis of the splitting, which is conven-
tionally the z axis. In the following cases the field has been taken as
parallel to the z axis, and ¢ = ¢,. In many cases, if there is a metal ion
with 7 > 0, then hyperfine structure may be detected.

There are two important theorems which determine whether a spec-
trum is likely to be seen for various numbers of electrons in an ion.

(¢) Jahn—Teller theorem (364, 365). This theorem states that in any
orbitally degenerate ground state, there will be a distortion to remove
the degeneracy except in linear molecules and in systems having Kramer’s
doublets.
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(1¢) Kramer’s theorem (414). Any system containing an odd number
of electrons will show at least twofold degeneracy in the absence of a
magnetic field.

It follows from (é¢) that in ions having an even number of electrons,
the splitting of energy levels will be complete and all ground state levels
will be nondegenerate. Since in most cases the separation between levels
is very large (>1 em™?!), the observation of paramagnetic resonance will
not be expected. In paramagnetic ions having an odd number of electrons,
levels showing Kramer’s degeneracy will be present. Paramagnetic
resonance is then expected, since in an external magnetic field, the
Kramer’s doublets are split and transitions between their components
are induced (409).

In this description, the Russell-Saunders coupling scheme is assumed,
whereby spin-orbit coupling acts as a perturbation to crystal field effects.
It is necessary to use a new notation to describe the splitting of crystal
field levels by spin—orbit coupling. This involves double group notation.
Some points to note in connection with this are as follows (659).

In a cubic crystal field, the various J levels are split as follows:

J=% T,

J=2 Ty
J=2%>T.4+ Ty
J=% > T+ T+ T}y
J=2 5 Ty+ 20

The splitting of these is proportional to the magnitude of the spin—orbit
coupling. The degeneracy of these states is given below :

I'y and I'; are singly degenerate states
I'; is a twofold degenerate state

I'y and I’y are threefold degenerate states
I'gand I'; are twofold degenerate states
Iy is a fourfold degenerate state.

The literature on spin—orbit coupling is in a very confused state. The
effect is often incorrectly ignored for first-row transition metal ions. For
most complexes an inorganic chemist meets, however, the symmetry is
low, and this, in general, greatly helps the observation of ESR spectra
since the complications mostly occur in cubic crystal fields.
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C. Tee ESR SpEcTRA 0F METAL IoNs IN OCTAHEDRAL AND
TeETRAGONAL CRYSTAL FIELDS

1.d,8=1

In octahedral crystal fields, the ground state is 27", with the %E
excited state much higher in energy. Spin—orbit coupling splits the ground
state into a lower quartet I's and an upper doublet I';. The I'y state
is not split by a magnetic field to first-order and no ESR spectrum is
seen. A tetragonal distortion (D,;) will split the 27", ground state into
2B, and 2E, whereas a trigonal distortion will split it into 24, and 2E.
Spin-orbit coupling will split these states into Kramer’s doublets. ESR
spectra will only be seen if the distortion is large or if the temperature
is considerably reduced (to liquid helium). The spin-lattice relaxation
time will be short if the distortion is small because there are excited
states (2E'in D) close by (perhaps 100 cm~1). When spectra are observed,
the transition is between the Kramer’s doublet levels m, + { which are
split by the magnetic field (see Fig. 23a). There is no Jahn-Teller
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Fic. 23. Lowest energy levels for d” ions in Oy and Dajp symmetry. The effect
of spin-orbit coupling (s.0.) and an applied magnetic field H is indicated, along
with the ESR transition <». (a) dl; (b) d2, the ms @ 1 level is a Kramer’s doublet;
(c) d3, the ms + $ and +} levels are Kramer’s doublets; (d) d4, the my + 2 and +1
lovels are Kramer’s doublets; and (e) d5, the ms +3, +-3 and +} levels are Kramer’s
doublets.
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Fie. 23 (b) and (c): Complete caption on page 197.
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distortion since there is Kramer’s degeneracy. The g values are given
as follows (504) for D, symmetry and 2B,, ground state.

3(28 1)
90 =[5 % + ST (7
(25 — 3X) 1 (72)

I (28 4 07 1+ 87
where 8 = AE(e, — by,).
Spin—orbit mixing of e, orbitals into the ground state produces the
following corrections which must be added to Egs. (71) and (72).

4A 23 + 3A
=4 {1 (25 + )2 /+§X2]77'2} (73)
21/2) 31 4 28
. =7 { [szﬁéﬁj’fﬁ} (74)

where 4 = AE(e, — t5,).

In Dy, symmetry and *4,, ground state, ¢, and ¢, are identical to
Egs. (71) and (72), but where § — 4E(e, — a,,). The corrections for spin—
orbit mixing of the e, orbitals into the ground state are as follows:

2) 25 — 3) .

49 “Z{ T2 +7\"f2’ﬁi2172} (75)
=22 25 + 3A

=g {1 * ’[mﬁ)’éﬁmw} \78)

2. 42,8 =1

A Jahn-Teller distortion will split the ground state (*7';,0,) into
34, (lowest) and *K if the distortion is trigonal. Spin—orbit coupling on
34, produces a nondegenerate lower level m, = 0 and a higher (~10 em™1)
doubly degenerate level m, = 11, all the remaining levels (2E) being
several hundred reciprocal centimeters higher. The large zero-field split-
ting D prevents an ESR signal from being readily obtainable. This is
shown in Fig. 23b where the energies of the levels are given

Eyi=iD+yg,B8.H (77)
Ey=-%D (78)

If the symmetry is lower than Dy, or Dy, the energy levels are further
split at zero field such that their energeis are

Eil:%I)i(gnzﬁezH2+E2)1/2 (79)
Ey=—3D (80)
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For a 34,, ground state (12)

632

g, ~2— 842 (81)
9

gr~2— By (82)

3.d%8=3

In an octahedral crystal field, the ground state is *4, and the fourfold
degeneracy is not removed by spin-orbit coupling since the state so
formed is I's. The Jahn—Teller theorem will not be applicable. With m,
values +3, -1, however, Kramer’s theorem is applicable and so an ESR
spectrum is readily obtainable. When the symmetry is reduced from O,
by axial distortion, the energy levels and transitions are represented in
Fig. 23c. Each level has energies:

B g>=398.H+ D (83)
E+1/2 = %gB(H —D (84)
E—l/zzi%gﬁe[]* D (85)
E_yp=—3g98.H + D (86)

If the distortion is large, the +% «>+% or —1 «>—2 transitions may not
be visible, but the +} «>—1 transition is always observable. Also, since
the ground state in O, symmetry is spherically symmetrical, the spectrum
will be isotropic and g = 2 — 72A/54, where 4 = AK(ty, — ¢,).

4. d*, 8 =2

In an octahedral crystal field, the ground state is °F and spin-orbit
coupling splits this state into I'y, Iy, I'y, I'y, and I';. These are very
close in energy, and some doubly degenerate states will be populated ;
this will allow the Jahn-Teller theorem to be applicable. Axial flelds split
this state into °4, and 3B;. In zero magnetic field, the m, = 0 level lics
lowest, and since it is not a Kramer’s doublet and higher spin-orbit
levels lie too high, ESR is not easily scen. The energy levels arc given
in Fig. 23d, each level having energies as follows:

Eyo— 298, H 1 2D (87)
E. =98 H—-D (88)
Ey=-—2D (89)

E  =—98.H—D (90)
E =298, H + 2D (91)
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For a 5B, ground state (D)

8A
gi=2- Z_E(dzz—yz —d,,) (92)
2A
90=2 = ARy, =y ) (93)
For a 54, ground state
g, =2 (94)
61
gi_ =2 AE(dz2 - da:z, yz) (95)
In Dy; symmetry,
4A . .
g = 2 — — (isotropic) (96)

4

In spin-paired d* ions, the ground state is ®7'; and this behaves as a
8 = 1 ion which means that resonance is also not readily seen. Spin—orbit
coupling splits this state into I'y, I'y, Iy, I'5, with I'; lowest. Since this
is singly degenerate, the Jahn—Teller theorem is inapplicable.

5. d5,8=5

The ground state of both octahedral and tetrahedral d° ions (spin
free) is 4. Six degenerate levels (I's and I'g )are present, and since the
I'gis 4-degenerate then it may be split by a Jahn—Teller distortion. Since
there is no other sextuplet term of the d® configuration, the ground state
cannot mix with any other by spin—orbit coupling and so there is-no
zero-field splitting. The energy levels are at +3, +3, +1(gBH) and a single
isotropic resonance at g = 2 is easily seen. If there is an axial distortion,
there is a zero-field splitting and three Kramer’s doublets appear. The
energy levels are shown in Fig. 23e and five transitions are observed.
The energies of the levels are as follows:

10D

Ey50=+298.H + 3 (97)
2D

Ei3/2=i%gﬁeH—_3' (98)
8D

E¢1/2=i%gﬁeﬂ—? (99)

If there is interaction with a nucleus with spin I > 0, then there will
be hyperfine structure on each fine structure line. This is seen, e.g., in
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certain Mn2" salts (92). In the absence of a zero-field distortion the fine
structure lines would coalesce and all that would be seen would be the
six hyperfine lines from **Mn. For spin-paired d° ions, § = 1 and ESR
spectra are readily observed if distortions are present, so that mixing
with excited states is minimal. The ¢ values are the same as for the d*
case, except that 3 is negative.

6. d4 8 =2

In an octahedral crystal field, the ground state is °7',. Spin—orbit
coupling splits this state, with I'; lowest, hence allowing the Jahn—Teller
theorem to be applicable. This splits the state into °B, and °E. Spin—
orbit coupling splits these levels and the m, = 0 level lies lowest in zero
field. Since the lowest level is not a Kramer’s doublet, no ESR spectrum
is expected. The levels split as for the d* ion. ¢, varies from 4 to 10.

7. d7,8=3

In an octahedral crystal field, the ground state is *7'; and spin-orbit
coupling splits thisinto Iy, I',, and 21, with I'y lowest. Since a Kramer’s
doublet is lowest, no Jahn-Teller distortions are possible. Axial fields
split the ground state into 4, and £. Since there are Kramer’s doubletsin
either level, an ESR spectrum is obtainable, but spin—orbit coupling
may mix these states and cause short spin-lattice relaxation times.
In practice, the ground state is 4, and the system behaves in a similar
fashion to the d%(0,) case. Distortions are unlikely and spectra readily
seen. The ¢ values vary in a complex manner (14).

In spin-paired d” ions, S = }, and provided that the symmetry is low,
spectra are readily seen.

8 d8,8=1

In an octahedral crystal field, the ground state is ®4, and since spin—
orbit coupling on this state produces I's, which is threefold degenerate,
then the Jahn-Teller effect is possible. The symmetrical ground state
is reminiscent of the d® ion and spectra are usually readily observed.
Spin-orbit coupling does not split the m; =0 and +1 levels and the
energies of the levels is similar to that shown in Fig. 22a. Like d° ions,
the symmetrical ground state yields isotropic ¢ and 4 values. When the
symmetry is reduced, the zero-field splitting becomes large and since the
lowest level is not a Kramer’s doublet, an ESR spectrum is not easily
observed. g = 2 + 4A/4 and is isotropic.
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9.d% 8=}

In octahedral crystal fields the ground state is 2E which produces
I'; by spin-orbit coupling. Since this is 4-degenerate, then a Jahn-Teller
distortion is possible and is often very large. In lower symmetries, the
ground state is a Kramer’s doublet and spectra are readily observed at
room temperature. In octahedral complexes, the g values are the same
as for the d* ion, but with the signs changed. For tetrahedral complexes,
the g values are the same as the d' octahedral case, but with 8 and 4
both negative.

D. OBSERVING THE SPECTRUM

In the high-field limit, i.e., when gBH is large compared to any zero-
field splitting, the transitions are of the type m, «>(m, + 1). Thus a
spectrum is obtained which arises from transitions between 28 + 1
levels whose values of m, differ by unit; the energies of the levels being
given approximately by the relationship

E =gBHm, + §D(3cos*6 — 1) [m,® — 18(S + 1)] (100)

where 6 is the angle between H and the z axis. The intensity of the
various lines varies according to the rule that for the transition
m, «>(m, + 1) the intensity is proportional to (S + m, + 1) (S — m,). Thus,
for example, in the § =3 case, three lines are observed with relative
intensities 3:4:3.

Measurement of an ESR spectrum from an ion which has more than
one electron is often fraught with difficulties. The spectrum may exhibit
only a part of the expected fine structure and hyperfine structure may
not be resolved. From the spectra obtained, however, the parameters
Dand E, andin the case of § = §, afurther parameter a may be calculated.
D is a measure of the zero-field splitting and is proportional to the square
of the spin-orbit coupling constant £. It is inversely proportional to 8,
the separation between the ground state and the next higher state with
which it can mix by spin-orbit coupling. Thus for any one ion, the
greater the distortion (tetragonal) the larger will 8 become and the
smaller D. Hence D is a measure of the distortion of a complex ion. This
is illustrated for a d” ion in Fig. 23b. The parameter E is zero if the ion
is axially symmetric and hence the magnitude of E is a measure
of further asymmetric distortion. Carrington (122), Figgis (214),
Kénig (409), and McGarvey (504) have reviewed this subject in more
detail.
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VI. Linewidths and Relaxation Mechanisms

This section deals with some of the main factors which contribute
to the width of ESR spectral lines, an understanding of which is im-
portant in achieving maximum resolution of spectra and hence the
maximum amount of information.

In general, Heisenberg’s uncertainty principle relates line width
with the lifetime of the excited state by the equation

At-AEz—h» (101)
27

where ¢ is the lifetime of the excited state and 4F is the effective width
of the energy band involved.

A. SPIN-LATTICE RELAXATION

This is a mechanism whereby magnetic energy absorbed by the para-
magneticionis transferred to vibrational degrees of freedom of the lattice.
It is to the fluctuating magnetic field due to lattice motions that the
spin magnetic moment of the electron must couple, since this gives rise
to magnetic energy, and hence allows magnetic energy to be emitted.
Because of this easy loss of energy, the length of time which a particular
spin spends in the upper state 4¢is reduced and hence the state becomes
less well defined and the resonance line broadened. Alternatively, this
conclusion may be deduced from Heisenberg’s uncertainty principle,
since 4t is small, it follows that 4E will be large, and the absorption
will be observed over a range of energies, i.e., over a range of magnetic
field.

Spin-lattice relaxation predicts a line width of ~(2=7';)"!, where 7',
is the relaxation time for the transfer of energy from the spin system
to the lattice. T'; has been found to be sensitive in particular to:

(@) Temperature. A decrease in temperature decreases the violence
of the interatomic motion and leads to a longer relaxation time and
correspondingly narrower lines.

() The presence of nearby electronic excited states. Where these are
elose (~100 ecm™1!), the relaxation time will be very short and it will be
necessary to reduce the temperature considerably (even to 4.2°K) in
order to reduce the width of the lines.

Theoretical analyses of spin-lattice relaxation have been performed
by Kubo and Tomita (£20), Redfield (§79), and Kivelson (390). This
mechanism is applicable to solids and liquids. The line shape for this
type of relaxation is Lorentzian.
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B. SPIN—SPIN RELAXATION

1. Dipolar Interactions: Conceniration Broadening
Because the local magnetic fleld produced by an electron at a distance
r(cm) is given to a first approximation by

H :?);% (gauss) (102)

then even at a distance of 4 A, the local field is about 600 gauss. This
large local field will affect neighboring electron spins, alter the field there,
and cause a precessing of magnetic dipoles. This interaction causes the
lifetime of the excited state to be reduced and hence broadens the line.
Reduction of this line width is easily achieved by diluting the compound
in a diamagnetic host lattice. The dilution factor should be in excess
of 100. The line shape is gaussian.

2. Exchange Coupling

This is important only in undiluted crystals where the paramagnetic
sites are so close together that the orbitals of the unpaired electrons
overlap. If the exchange frequency (or magnitude of the exchange inter-
action or energy) is very small (i.e., <hyperfine splitting measured in
frequency units), then the hyperfine splitting may be well resolved, but
as the exchange frequency is increased the hyperfine lines are broadened
(a process known as exchange broadening) and start to shift toward the
center of the spectrum. When the exchange frequency is of the same
order of magnitude as the hyperfine splitting, a single broad line is
obtained, which narrows as the exchange interaction is further in-
creased. This is called exchange narrowing. This exchange narrowing is
common in solid free radicals, e.g., diphenylpicrylhydrazyl, which often
exhibits single narrow lines.

C. OruEr EFrECcTS

1. Anasotropic Interactions

In viscous liquids or if the paramagnetic molecules are very large,
there is not free motion of the molecules and an isotropic spectrum is
not seen. Instead, there is residual anisotropy and the effect is seen as
broadening or an asymmetry in the spectrum. In the extreme, a pseudo-
anisotropic spectrum is seen. Improved resolution may be obtained by
increasing the temperature to reduce the viscosity, and such narrowing
is called motional narrowing. The occurrence of both motional narrowing
and exchange broadening has been used by Pake and Tuttle (552) to
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explain the appearance of an optimum viscosity (or temperature) for
the observation of narrow hyperfine lines (316). An initial appearance
of hyperfine structure with temperature increase can be understood in
terms of the theory of motional narrowing since the correlation time for
molecular reorientation

7, = 4mna®[(3kT) (103)

decreases with increase in temperature. The motional narrowing theory
predicts that for decreasing 7,, a monotonic decrease in the width of each
hyperfine component should also occur. That this does not occur arises
from the fact that exchange interaction does occur even in dilute
solutions since the paramagnetic ions will occasionally come into contact
with one another as a consequence of unrestricted motion. As the
temperature is increased (and viscosity decreased) the frequency of
collisions between paramagnetic ions and hence exchange interactions,
will be increased. This leads to a broadening of the hyperfine lines as
the exchange interaction becomes more important than the motional
narrowing and may even lead to a complete smearing out of the hyperfine
structure at higher temperatures.

2. Chemical Effects

Another source of line broadening in solutions arises from the fluctua-
tion in spectra parameters due to chemical reactions, e.g., solvent-ligand
exchange, ion-pair formation, or complex formation.

If the effect of solvent-ligand exchange is to produce a strong
perturbation of the electron-spin system, effecting considerable mixing
of the spin states (e.g., exchange involving intermediates of a different
structure viz. 5- or 7-coordinated species for an octahedral arrangement),
then the spin state lifetimes are limited to the chemical lifetime of the
complex. Linewidths of various hyperfine transitions would be identical.
Alternatively, chemical exchange in the absence of a large ligand field
change would act as a weak perturbation of the electron-spin system
and would be similar to solvent fluctuations, i.e., fluctuations in the
solvent shell surrounding the complex which would cause transient
distortions of the complex. These introduce a symmetry in the spin—orbit
coupling which mixes spin states.

Hayes and Myers (323) have shown that the difference between the
behavior of MnSO, and MnCl, in aqueous solution at room temperature
may be explained by the difference in size of the equilibrium constants
for complex formation of Cl1~ and SO3~ with Mn?*, ie., Mn%" is not
appreciably complexed by Cl~ but some complex with SO%~ is found.
The formation of both inner sphere and outer sphere solvation must be
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considered, e.g., in NiCl, in H,0 or NH 4 (556), the linewidth is determined
by the rate of formation of the second coordination sphere complex,
whereas in MnCl,/H,0 (323) it is the rate of formation of the inner sphere
complex which affects the line width. In MnSO,/H,0 the linewidth
depends on both rates.

The formation of ion pairs may also be important in determining line
widths. The theory concerning this mechanism has been conveniently
presented by Fraenkel (218) and will not be enlarged on here.

3. Unresolved Structure

This includes any broad lines obtained by the presence of unresolved
fine or hyperfine structure due to the separation between the lines being
less than the component line widths. This is a very common source of
broad lines in transition metal complexes where component linewidths
of the order of a few gauss are common.

4. Spin-Rotational Effects

Another effect is the modulation of the rotational angular momentum
of the ion and the interaction of this momentum with the spin angular
momentum by means of its spin-rotational coupling. This mechanism
(43) may be used to explain the absence of **N hyperfine splitting from
vanadyl prophyrin in solution, whereas it is observed in the glassy state
where spin-rotational relaxation will not be present.

Vil. Experimental Technique

A. PREPARATION OF SAMPLES

Paramagnetic compounds are usually studies by ESR either in solu-
tion or in the solid state. Gas phase ESR will not be considered here.
In a solid state study the radicals may be aligned in specific directions
relative to one another as is the case in a single crystal, or randomly
oriented in a dilute powder or frozen solution (glass).

A concentration of the order of 0.001 M is usual in ESR experiments
since this allows optimum resolution and signal strength by keeping to
a minimum most line-broadening mechanisms while at the same time
working well within the sensitivity range of the instrument. Such
solutions are referred to as magnetically dilute, i.e., the paramagneticions
separated from each other by a large number of diamagnetic molecules
thus preventing any magnetic exchange between paramagnetic mole-
cules.
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1. Fluid Solution

A paramagnetic compound in fluid solution usually gives an isotropic
ESR spectrum, i.e., average g and A values, the exception being some
large molecules of biochemical origin in viscous media where anisotropic
spectra are obtained due to the tumbling frequency being less than the
frequency at which resonance occurs.

With stable paramagnetic compounds, there is usually no difficulty
in sample preparation. It is sufficient to make up a solution of approxi-
mate concentration, although removal of oxygen from the solvent some-
times helps to produce narrower lines. Often, however, it is desirable to
study radicals which are unstable and which can only be generated in
solution with short lifetimes. In these cases it is usual to generate the
radicals i situ in the ESR cavity by one of the following methods.

a. Flow Method. If the radical to be studied is an intermediate of
short lifetime it is necessary to use a “rapid-flow’ arrangement to obtain
the ESR spectrum. Here, the reactants are passed along separate tubes
and mixed in, or just prior to flow into, the resonance cavity. By adjusting
the rates of flow and the time between mixing and the sample passing
through the cavity the lifetimes of any paramagnetic species produced
during the reaction may be obtained from the spectrum recorded. The
method is particularly suitable for studying the mechanisms which
proceed via paramagnetic intermediates.

b. Irradiation in situ. When a solution of a diamagnetic complex ion
placed in the resonance cavity is irradiated with light (usually UV or
higher energy) it often happens that either an electron is removed from
the complex ion or an electron is removed from the solvent and trapped
on the complex. The net effect is to produce the oxidized or reduced
species which is likely to be paramagnetic.

c. Blectrolytic Ozidation and Reduction. By the application of an
external potential to an ESR sample tube equipped with two electrodes
it is possible to cause oxidation or reduction of the diamagnetic species
in solution to occur. The radicals formed in the vicinity of the anode
and cathode may be observed separately; however, it is usual for only
one relatively stable paramagnetic complex to be formed, the other
undergoing further reaction to form a diamagnetic compound. A typical
experimental arrangement is shown in Fig. 24.

The arrangement is such that only radicals formed in the vicinity
of the platinum electrode are observed, but this may be either the anode
or cathode of the cell depending on the direction of the applied potential

The usual sample tube used for the ESR experiments is basically very
similar to that shown in Fig. 24 but without the electrodes. The same
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tube, without the ends stoppered, may be used for flow experiments. It is
possible to use a cylindrical tube drawn out into a capillary where it
enters the ESR cavity. It is necessary to use quartz glass for all these
sample tubes since Pyrex and other glasses contain small traces of
paramagnetic impurities. It is also essential that only a thin sample

oW

Pt gauze

Area within T
cavity 3 cm

Pt wire or
mercury

\\
F1c. 24. Two views at right angles of solution cell showing the position of
electrodes for reduction or oxidation.

should be exposed to the microwave radiation since all solvents absorb
the microwaves to varying degrees and if much absorption occurs a
process known as damping is observed and it is not possible to obtain
resonance. Good solvents are those which cause the minimum of damp-
ing, and, in general, these are characterized by having low permittivity
(dielectric constant). The presence of solute ions in the solvent raises
the permittivity of the solution considerably. Some solvents have
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anomalous damping behavior, e.g., ethylamine at temperatures below
263°K damps badly. Once frozen, most solvents cause much less damp-

ing.

2. Single Crystals

The most common method of production of a magnetically dilute
single crystal of a paramagnetic compound is simply to grow a crystal of
an isomorphous diamagnetic compound containing about 0.1 moles of the
paramagnetic compound as an impurity. Any of the standard crystal
growing methods may be used, e.g., slow evaporation or cooling of
solution, pulling from melt, etc., the choice depending on the nature of
the radical being studied.

Alternatively a single crystal containing a paramagnetic impurity
may be produced by the use of high-energy radiation. This is done either
by irradiating a pure crystal and studying the damage sites or by placing
a diamagnetic transition metal complex in a host which easily produces
or absorbs electrons or irradiation, e.g., KCl readily produces F centers,
whereupon there is a good chance of this trapped electron adding to the
complex. This is slightly less haphazard than the former method. Usually
one cannot form a specific radical by irradiation and a number of
paramagnetic species may be seen. The latter method is also limited to
metal ions (or complexes) with a high negative charge, since a (KClg)5~
unit in the KCI crystal lattice has to be replaced by an ion of similar
size and charge.

3. Dilute Powders or Glasses

A “dilute glass” is a frozen dilute solution of a complex in any
suitable solvent. A convenient method for the study of many compounds
is to observe their ESR spectra in solution and then to rapidly freeze
the solution and observe the solid state spectrum. The former spectra
give the isotropic parameters for the various species, while the latter
yield the anisotropic data.

A “dilute powder’’ consists of a large number of randomly oriented
magnetically dilute crystals, the resulting spectrum being identical to
that obtained from a glass, which contains a large number of randomly
oriented molecules. Provided that the principal directions of the g and
A tensors are colinear, the single crystal and powder methods should
produce identical results, except that the latter is unable to give the
directions of the principal tensors, but with powders resolution is often
poorer and hyperfine structure are not always seen. There may also be
some ambiguities in the interpretation of powder spectra. The powder
method does have one big advantage over the single crystal method,
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namely, ease of preparation of samples. Here, all that is necessary is to
freeze a dilute solution or to coprecipitate the radical with about 10°
times as much of the host material. Almost all organic solvents form
glasses at liquid nitrogen temperature; EPA (a mixture of ethanol,
isopentane, and ether in 2:5:5 proportions) is perhaps the best.
(O-Terphenyl is very suitable for use in glasses at room temperature.)
Water is a very poor glass-forming solvent due to the presence of strong
hydrogen bonds which makes it extremely unwilling to accommodate
an impurity within the erystal structure, with the consequence that local
concentrations of the paramagnetic ion are usually obtained, thus pro-
ducing a spectrum broadened by dipolar and exchange interactions.
Narrow lines may be obtained by the addition of some diamagnetic
impurity, e.g., an alcohol or phosphoric acid.

B. MicrRowaAVE FREQUENCY

ESR measurements are usually recorded at X-band frequencies
because of the convenience of the electronic components. @-band
frequency spectrometers are now becoming more widely used for special
applications. Other frequencies, e.g., K- and S-band frequencies are also
sometimes used. The frequencies, wavelength, and magnetic field of the
more common spectrometers are given in Table X VII. The following are
recommended volumes on instrumentation (361, 562, 681, 711).

TABLE XVII

REPRESENTATIVE FREQUENCY AND MaGNETIC FIELDS FOR RESONANCE
AT g = 2 FOR VARIOUS WAVE BANDS

Nominal Magnetic
wavelength Frequency field
Band (cm) (MHz) (gauss)
@ band 0.8 34,222 12,225
K band 1.5 18,252 6,520
X band 3 9,126 3,260
S band 10 2,737 978

C. INTERPRETATION OF SPECTRA

1. Solution Spectra

A molecule in solution takes up all orientations with respect to the
external magnetic field in a short time compared with the ;cime that an
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electron exists in a particular energy state; consequently all the aniso-
tropies of the spectrum are averaged to zero. The spectrum is analyzed
by recording the microwave frequency and magnetic fields at which
resonances occur. The values of 4,,, and g,, may then be determined
either directly from this data or if necessary by application of the
Breit-Rabi equation (see Section VII,D). The isotropic spectrum of the
species present when [Fe(NO)(H,0);]*" is made alkaline at pH 11 is
shown in Fig. 25a. The spectrum shows that there are two equivalent
1N atoms in the molecule. Ambiguities of interpretation sometimes

(a)

{b)

(c)

Fia. 25. Effect of isotopic substitution on the ESR spectra of an alkaline
solution of [Fe(NO)(H30)s5]2* (a) 3Fe and 14N showing two equivalent 14N ; (b)
56Fe and 15N; and (¢) 57Fe and 15N,

occur, particularly in multiline spectra; e.g., it may not be clear whether
a line is a hyperfine component or whether it is due to another species.
Such ambiguities may be resolved in the following ways.

(¢) Isotopic substitution. A new isotope having a different magnetic
moment or spin will produce a spectrum in which the hyperfine inter-
action is changed in accord with these new parameters. The effect on
the species shown in Fig. 25a of isotopic replacement is shown in Fig.
25b. In Fig. 25a 1®N(I = 1) replaces 1*N(/ = 1).

Since, for two isotopes 1 and 2

A()-I(1)  A2)-1(2)

w@D) @ (104)
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then the >N hyperfine coupling is 1.403 times that for *N. Also, the
number of lines is reduced from five with intensity ratio 1:2:3:2:1 to
three with intensity ratio 1:2:1. In Fig. 25¢ %"Fe replaces “®Fe, and each
line in the spectrum of Fig. 25b is split into two by *"Fe(I = §). If some
lines do not change upon isotopic substitution, the spectrum is probably
due to two species.

(41) Power saturation. If the spectrum is due to two species, they will
not usually have the same relaxation times. Thus, if the microwave
power is increased progressively, one of the species will saturate before

3330 3400 3470 {a)
- 1 1
// 3435 3565
7/
/ AN
7/ AN
7/ AN
F/ \\
AN
AN
A\
(b}
12580 12650 12720 13060 13190
| A T | | |

Fic. 26. ESR spectrum of two species, I =1 and I =}, (a) at X band and
(b) at € band. The field position of each line is in gauss.

the other. This is shown as a broadening and gradual disappearance of
the line.

(#3t) Changing the microwave frequency. Since to a good approximation
the magnitude of the hyperfine interaction is independent of the external
field, if the microwave frequency is increased (e.g., by going from X to
¢ band), hyperfine interactions associated with each g value (whether
belonging to the same or different species) will be separated by a factor
of 3.75. This is illustrated in Fig. 26 for the isotropic spectrum of two
species 1(4 = 80 gauss, I = 1) and 2(A = 120 gauss and I = }). The effect
has been to separate the two spectra and thus make interpretation less
ambiguous.

2. Single Crystal Spectra

The object is to rotate the crystal about three mutually perpendicular
directions which are known relative to the crystal faces and hence
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relative to the unit cell or principal molecular directions. Some form of
goniometer is used, whereby a crystal is either mounted on a rod or in
a perspex cube which can be glued to a rod and rotated in the magnetic
field as illustrated. It is generally time-consuming to attempt to discover
the orientations of the crystal corresponding to the principal directions
of the various tensors and the following procedure (608) is commonly

2.0

1.95

Fic. 27. Plot of g versus 8 in one plane for Ti(acac)s. There are two equivalent
ions with a separation of 60°. In this case, g+ =g, = 2.000 and g- =g, = 1.921.

used. The method is based on the expression for the g value at a general
orientation of the crystal

92=ZliGijlj (105)

where [, [; are direction cosines which relate that particular general
orientation to some chosen system of axes set in the crystal and to which
@ refers. The problem is to determine the matrix G'and then to diagonalize
it, i.e., to determine the principal values of the g tensor and the orienta-
tion of the principal axes relative to the chosen axes.

(3) The diagonalization of G is straightforward. The roots of Eq.
(105)

det|G— M| =0 (106)

must be determined, then A; are the squares of the desired principal
values of the g tensor.
(1) Determination of G. The most general expression for g is

g% = a + Bcos 20 + ysin 20 (107)
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where 0 is a rotation angle and «, 8, and y are parameters which must
be determined. If the maximum and minimum values of g during a
rotation is denoted by g, and occurs at 8, (see Fig. 27), then

20=g.%4¢g." (108)
2B=1(g,*—g_*) cos26, (109)
2y =(g,*—9g-%)sin20, (110)

Therefore if the g-value variation is measured in three mutually
perpendicular planes, nine pieces of information are obtained from which
the six independent components of G may be determined and cross-
checked.

For the experimental determination of & the most sensible set of
axes of the crystal are chosen, e.g., if orthorhombic, the a, b, and ¢ axes,
are chosen or if monoclinic, @ and b axes and an axis orthogonal to these
are chosen. In any case measurements are taken in two mutually
perpendicular planes (1, 2 and 3, 1) and a third plane containing the
axis 2 and making an angle € with axis 3.

The crystal is rotated so that & is measured from axes 1, 2, and 3
in the positive right-handed sense. If the values of «, 8, and y are denoted
by ¢ for a rotation in the jk plane, the matrix ¢ can be constructed as
follows:

1 t
] 1
g+ By | ! y
ag—Ba ! & H 2
) !
____________ e e e e e
i !
i az — B3 | y1— vsSine
i ot 111
Y3 : oq + 181 i COS € ( )
____________ .i'""""""""i“""""“"_"
| y1—yssine |
2ol Taee | nth
I ]
Also
Gg3c08®e + Gyisinfe + 2G5 sinecose = oy — Py (112)

The case of three mutually perpendicular planes is particularly simple
since € = 0 and Gy = oy + a3 — o;

Gy = (B + a1 — @) (35 — o1 + )] (113)
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where
§=3(9."—¢-3)
The other components of & are generated by a cyclic permutation
of 1, 2 throughout the expression for (7;,. The sign of G4, is that for y,
and this is also cyclic.
It is now necessary to resolve the sign of y. This may be done by

performing a rotation in a plane other than those three already employed.
The results for this rotation may be predicted from the expression

g22=gz1l2+gyym2+ggén2 (114)

where g% are the principal values of @ and I, m, and n are the direction
cosines which specify the rotation with respect to the principal axes of
7. One orientation is usually sufficient.

The whole process is repeated for each hyperfine coupling and their
principal values and directions obtained. It fréquently happens that the
principal value of the g and A tensors are coincident, and this simplifies
the interpretation of the ¢ and A4 tensors considerably.

3. Powder (or Polycrystalline) Spectra

The powder spectrum is the envelope of the spectra from all possible
orientations of the paramagnetic ion; all that is required is a method
of determining the principal values directly from the spectrum in which
they are present implicitly. The major loss of information is that the
orientation of the radical in the crystal cannot be determined. The
advantage is that doped single crystals need not be prepared and this
saves considerable time.

In the following, the line shape results of Kneubiihl (393) are used
and for the sake of convenience, only one magnetic nucleus will be
considered. Also it is necessary to assume the principal directions of ¢
and 4 to be coincident.

When the axis of the molecule lies parallel to the applied magnetic
field, there will be an absorption at the field value corresponding to g,.
Only a small proportion of molecules will be near this position. There
will be a larger number of molecules, however, lining up at right angles
to this field direction. A larger absorption will occur at a field position
corresponding to ¢,. In a powder, there will be molecules lining up in
all possible intermediate directions giving absorptions at all intermediate
field positions between ¢, and g,. The resultant absorption curve is
shown in Fig. 28. In the upper diagrams (Fig. 28a) the full line is the
idealized absorption and the dotted line the real absorption. In the lower
diagrams (Fig. 28b), the dotted lines are the first derivative traces
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Fic. 28. Absorption and first derivative curves for radicals with a ¢ tensor
that is (a) axially symmetric and (b) anisotropic (£4).
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Fr1a. 29. Typical powder spectra for radicals with one I = } nucleus (44).
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normally observed. When there is a magnetic nucleus present, the spectra
are more complicated (see Figs. 29 and 30).

Sometimes the species contains a nucleus with more than one
magnetic isotope in appreciable natural abundance, e.g., Cr. (90.59%,
50Cr, 52Cr, and %*Cr, I = 0; 9.59, 5%Cr, I = 2). The spectrum then consists
of the superposition of spectra due to these isotopes. The relative intensity
of the lines from each isotope is proportional to their abundance and

g
| 1
A [42 92 145 |
~\
V W ~ H
Az<Ay= A
A As 91>93> 9>
93
A <A,
g,>9
H
4, |14,
l 91
A I A
0 9, 1

F1c. 30. Typical powder spectra for radicals with one I = I nucleus (44).

inversely proportional to 2 + 1, the number of lines for each isotope.
Thus with chromium, there is one central line, with four other lines of
relative intensity

95 1 1

— e X =

90.5 4 38

The powder method has many limitations and inaccuracies and on
occasions the data may fit a number of consistent interpretations.
Inaccuracies arise, for example, from the difficulty of precisely locating
a shoulder on a line.. Also, if the ¢ and A4 tensors are not coaxial the
powder spectra will not give accurate values for the principal values of
the A and ¢ tensors, but will give values corresponding to the turning
pointsin a single crystal study. Usually, however, the agreement between
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powder and crystal results is good and much useful information can be
obtained from studies on polycrystalline or glassy samples.

4. Forbidden Transitions

In ESR spectra involving interactions with nuclei with quadrupole
moments, i.e., I > 1, there is the possibility of the selection rules breaking
down. In addition to the transitions due to 4dm, =0, dm, = +1, transi-

_,'4Mnl_.

H -

F1a. 31. ESR spectra of hexakis(pentamethylenetetrazole)manganese(II) ion,
showing the pairs of 4m; = +1 forbidden transitions between the Am; = 0 transi-
tions (422).

tions associated with 4dm; = 41 may be observed (13, 92). The effect is
seen as weak lines midway between the principal hyperfine lines. An
example is shown in Fig. 31 which concerns the molecule hexakis(penta-

m=5/2 3/2 172 -172 =372 -5/2

N
)
3

n

S

my=5/2 3/2 /72 -1/2 -3/2 -5/2

/
L/

Fia. 32. The forbidden Am; = +1 transitions —— and the allowed dmj; = 0
transitions =~= for a 55Mn complex (85, I = §). There is no zero-field splitting.
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methylenetetrazoleymanganese perchlorate (422). The forbidden lines
are themselves split into doublets by spin—spin interaction (125) of the
sextuplet state. This causes a variation in the hyperfine spacings with
consequent separation of the two 4dm = +1 transitions which are other-
wise degenerate. The transitions are indicated in Fig. 32.

D. Tae BrEIT-RABI EQUuATION: SECOND-ORDER CORRECTIONS

It has been assumed, so far, that there is no coupling between the
spin of the electron and the spin of the nucleus, i.e., as the electron spin
is reversed, the nuclear spin remains unchanged. This is true at high
fields, but becomes progressively less true at weaker fields, with the
result that m, and m; are not good (pure) quantum numbers. In fact,
there is a nonlinear divergence of energy levels as H increases. For an
electron interacting with a nucleus with I = 1, the energy levels are as
shown in Fig. 33. F is the quantum number such that

F=8+1 (115)
and my has values
mp,mp—l,mpg—2...—mgp
At the high applied fields which are usual for ESR any effect due to
the nonparallel nature of the energy levels is small. At low fields (<100
myp=+|
mp= 0 me=1/2

mg=3/2

me=1/2

ms=-1/2

Fic. 33. Energy levels for a § =4, I =1 system showing the transitions in
the high field region.
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gauss) the effect is significant. If the hyperfine coupling 4 is large,
however, as occurs with some transition metals, the hyperfine spacings
A will not be equal. The observed hyperfine spacings between lines may
be corrected by use of the Breit—Rabi equation [Eq. (116)].

—AW AW (1 + dmpx + 2% 12
1—5(21——_+_1)+9N,3NWFH:ET{———27_+_—1—} (118)
where AW = (2] + 1)4/2 and
x=(9— g~ BH|AW ~ gBH|AW (117)

For the case of an ion with § =1, I =}, the energy levels may be
represented as in Fig. 4. The highest level

By = gB(H/2 + AJ4)

N

By =gB(—H|2+ A]4)

H,+ A*?
E4=gB(—A/4—A/—2;f—) (118)
and when H = 0,
E1=E2=E3=‘L’?§,E4=_3"# (119)
at high field H > 4
72 A2
~/ H—ii ~ H/[2 (120)
which is the first-order approximation. But if 4 is not negligible com-
pared with H, then
H®+ 4% A*
N/—4—=H/2+4Tf (121)

Since
A+2)2x 1+ 2/2 ifr<l

2\ 1/2
Bu—ap[-au+ 5 (1+ ) | (122)
=gB(H[2— A4+ A2/4H)
E, = gB(—H|2 — A|4 — A2/4H) (123)

Energy levels 2 and 4 have been moved to higher and lower energies,
respectively. Thus there is a shift in the position of the lines of the
spectrum as shown in Fig. 34.
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Fi1c. 34. Second-order corrections for nucleus I = §, -+ , expected lines;
experimental lines.

’

The center of the spectrum H, is now

Hy=H_+ AJ2 + A%/4H_

=H,— A2+ A®|4H (124)
where H_, H_ are the field values at which resonance lines are observed.
A2
N A

,_
P = |
PR

/

T
—

Q————————

Fre. 35. Spectrum of the VO2* ion in water showing the relationship between
the experimental lines I-VIII and the corrected lines 1-8.
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The magnitude of the second-order shifts to each line may be worked
out as follows. If x = A%2/4H, the coefficient of z for various nuclear
spins is given by

I I
Ol Q2 Rkt B D = e O

4 10 12 10 4
5 13 17 17 13 5
6 16 22 24 22 16 6
7 19 27 31 31 27 19 7

i

I

e e R R ]

Figure 35 shows the spectrum and analysis of the lines of the VO** ion,
8§ =14, I = %. The second-order corrected lines (H,, H,, etc.) are related
to the experimental lines as follows

Hy— H, — T4%/4H,
Hy— Hy— 194%4H,
Hyy=H;— 27A4%/4H,
Hyy = H, — 31A%/4H,
Hy— H, — 314%/4H,
Hyp— Ho— 27A%/4H,
Hypy = Hy — 194%/4H,
Hyy=Hg— TA%/4H

where H; 15, etc. are the field positions of the lines measured from the
spectrum. In this case the actual hyperfine coupling is thus approximately -
equal to Hy—H1y.

The g values have to be corrected in a similar manner. It is seldom
necessary to go to higher order approximations to explain observed
spectra.

When the second-order correction is applied to a system with several
equivalent magnetic nuclei, then there will be a splitting of the hyperfine
lines in addition to the expected shifts. This may best be illustrated with
the PF, radical. The system may be described by S =}, 4 = Iz = 1. The
total nuclear spin I = 2 and may, in general, have other values

ILI-1,1-2...,0 (126)

here, the possible values are 2, 1, and 0. Four equivalent nuclei with
spin { may align themselves with respect to an applied magnetic field
in 1, 4, 6, 4, and 1 ways for m; = 2, 1, 0, —1, and —2, respectively. The



ESR OF TRANSITION METAL COMPLEXES

225

relative intensities arise from I values of 2, 1, and 0 as follows, where
the numbers represent relative intensities.

m=2 1 0

I

e
i
S~ 1o

I

Total intensity assuming
no need for a second-
order correction

Thus the five lines are made up of nine components, each of which is
shifted to a different extent by the second-order correction. A recon-
struction of the spectrum is shown in Fig. 36. The shifts are in multiples

of x where z = A?/4H.

—4x «-2x

-4

{a)

- —— - — —— " — — o — S——————————r.

(b)

t
£

-2x

10x

12x 10x

Fie. 36. The relationship between the experimental lines (b) and the lines
corrected to second-order (a) for a system S = %, 4 = I = 1. The coefficients of z
represent, the magnitude of the shifts from ideality.
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E. Croice oF UNiTs AND CONVERSION FACTORS

The resonance condition may be expressed in various ways depending
on the units of A (n.b., H, is measured in gauss)

(1) hv =gBHy+ Am; where A is in ergs
(#) v =gBH y+ 10%hAm; where A4 is in MHz
(252) hv = gBHy+ hcAm; where 4 is in em™?!
(iv) hv=gB(Hy+ Amy) where 4 is in gauss

TABLE XVIII

Coxversion FacTors

gauss (mT) MHz em—1 ergs (107 J)
gauss (mT) 1 gB/108h gB/he 9B
MHz 108 /g 1 108/c 105h
em~1 hefgB ¢/108 1 he
ergs (107 J) 1/g8 1/108% 1/he 1

To convert from a unit in a row to the unit in a column in Table
XVIII, multiply by the conversion factor in that row and column.

NOTE: 10%h/B=0.71449
helB = 2.1420 x 104
1 gauss = ¢/0.71449 MHz
= ¢/2.1420 x 10* cm™?!

The problem now arises as to which units one should use when
reporting KSR spectra. The gauss has often been used purely as a matter
of convenience since the parameters are always measured from the
spectrum in terms of differences in magnetic field. The erg, being the
energy unit, is the more fundamental but has not found favor and it
is usually the reciprocal centimeter (or, less frequently, MHz) which are
used as alternative units to the gauss. These are both independent of
the g value, and are directly proportional to the energy. In principle,
they are preferable to the gauss, but this latter unit still finds favor with
quite a number of workers simply because of its convenience. SI units
affect the above units in that the tesla is preferred to the oersted or gauss
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(=1 mT) and the reciprocal meter is preferred to the reciprocal centimeter,
ie., 107 cm~! = 107® m~!. Furthermore the unit of energy, erg, is to be
replaced by the joule (1 erg = 107 J). Symbols for magnetic parameters
are changed as follows: up replaces §, (Bohr magneton) and uy replaces
By (nuclear magneton). A Royal Society publication (649) deals with
units in detail.

VIil. Discussion of the Literature
A. d' Iows

1. ESR of Sc**, Y?*, and La*>*

The divalent state of scandium, yttrium, and lanthanum is thermo-
dynamically unstable and has only deen detected in certain host lattices.
The available data are given in Table XIX. Héchli and Estle (344, 345)
observed *Sc hyperfine structure (h.f.s.) together with nine lines attribut-

TABLE XIX

ESR Dara for d! Tons oF Sc2+, Y2+, aND La2+

A A(AF)
Ton g (104 cm™1) (gauss) References

ScO in argon, 4-2°K 2.00 2680 — (378)
YO in argon, 4-2°K 2.003 270 — (378)
LaO in argon, 4-2°K 2.01 5190 — (378)
[ScFglé~ in CaF3 (1.5°K)

Species 1 1.951 89.5 2.2 (344, 345)

Species 2 1.995 40.4 2.2 (344, 345)

Species 3 1.969 65.5 2.2 (344, 345)
[SeFg]6~ in SrFq

Species 1 1.936 91.2 2.2 (344, 345)

Species 2 1.991 43.0 2.2 (344, 345)

Species 3 1.963 67.0 2.2 (344, 345)

able to eight equivalent F nuclei with a spacing of 2.2 gauss in calcium
and strontium fluoride host lattices. The trapped species is a distorted
[ScF]%~ ion. The only other reported ESR (378) is for the oxides ScO,
YO, and LaO trapped in a solid argon matrix by condensation of the
oxide vapor at 4.2°K. The high metal h.f.s. is in accordance with expecta-
tion since the unpaired electron is in a o-molecular orbital (22 ground
state).
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2. ESR of Ti**

Only two of the naturally occurring isotopes of titanium have non-
zero nuclear spin; *"Ti with I = § (7.759,) and **Ti with I = (5.519%,).
Hyperfine spectra in solution will thus consist of a strong central line
(I =0) flanked by a sextet (I =%) and an octet (I =3%) state super-
imposed on each other since puy/I is nearly the same for both nuclei. The
spectrum will thus consist of a series of lines of approximate relative
intensities 1:3:3:3:120:3:3:3:1. A typical spectrum is shown in Fig.
37.

[

20 Gauss

I S Y B *71i, 7=572
[T U NN NN SR N R Bt s £ /7]

Fi1c. 37. ESR spectrum of transient species in reaction between Ti3+ and Hy02,
showing 47Ti and 4°Ti hyperfine coupling.

Small trigonal distortion occurs (271) in CsTi(SO,),- 12H 0 where the
Ti®* ion is surrounded by six H,0O molecules in Dy, symmetry. The 275,
ground state in O, symmetry splits into 2E, and 24, with a separation
of about 140 em™*. The presence of a low-level excited state results in
a short spin-lattice relaxation time and resonance is only seen at 4.2°K.
The distortion is somewhat greater (182, 271, 717) for Ti®** in
RbAl(S0,).12H,0. Similar distortions are found for the systems Ti%*
in Al,0;3 (corundum, ('), Ti®* in AlCl;-6H,0, Tiy(S04)5+-4H,0, and
KTi(Cy0,)5+2H,0. These systems have been critically reviewed by
Gladney and Swalen (271). It is interesting that for Ti®" in CaF, the
spectrum is isotropic even at 2°K, showing the absence of a Jahn-Teller
splitting. Fluorine super hyperfine splittings (s.h.f.s.) are detected
(461, 728). The ESR data are given in Table XX.
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Titanium h.fs. are resolved (500) at 77°K in Ti®** doped Al(acac),.
The symmetry here is D3 and the large trigonal distortion (& = 2000—
4000 cm™') increases the spin-lattice relaxation time so that resonance
is observed at 77°K. The electron is in the a,(d ) orbital in contrast with
most other d! ions. Titanium h.f.s. are observed on the F-center line in
H-reduced BaTiOg (664).

Waters and Maki (695) dissolved TiF; in CH,0H and observed h.f.s.
from Ti and two equivalent F atoms. The species in solution is likely
to be TiF3t(solv.). A(Ti) is almost identical to that in (TiOCH,)**
prepared by the reaction of TiCl; in CH;ONa/CH3;OH and is 13.7 gauss.
Flow experiments (651) suggest that a transient species exists when
TiCl; and alkaline H;0, solutions in water mix in the ESR cavity.

0)
Titanium h.f.s. are observed and are attributed to (T1< )*(solv). In

b
neutral solution, another species is detected. The very small coupling
to titanium observed by Fisher (215) (0.85 and 0.95 gauss) of two
apparently different species indicates that the electron is located pri-
marily on the peroxy group. This is supported by the g value slightly
in excess of free spin, in contrast to complexes where the electron is
mainly on the metal. Other studies of the reaction between Ti%**, H,0,,
and various organic compounds show the presence of organic free radicals
(133, 663). Fujiwara, Fisher, and others (140, 215, 227) have observed
poorly resolved h.f.s. in complexes between Ti®t and organic chelating
groups of the ethylenediaminetetraacetic acid (EDTA) type. Semenova
(612) has investigated the reaction of TiCl; in concentrated solutions of
formic, acetic, and oxalic acids and suggested that the species formed
are Ti(HCOO);, Ti(OH)(CH3;C0O0),, and Tiy(C,04)3-10H,0. No hyper-
fine structure is observed in their ESR spectra.

There are numerous reports of ESR signals from organotitanium
compounds and from Ziegler-type catalysts. Hyperfine structure from
Ti is observed (173) from electrochemically reduced Cp,TiCl, and
Cp,Ti(TDT), where the paramagnetic species are thought to be

CH,
Cp,TiCl and szTi—S@

—8

Solutions of (Cp,TiCl),, Cp,TiCH;, CpTiCl,, and Cp,Tit all give spectra
with a single broad line with no h.f.s. (89, 134, 257, 534). The pro-
duct of the reaction between Cp,TiCl, and aluminum alkyls usually



TABLE XX

ESR Data ror d! Tons or Tidt anp Zr3t

Aiso A4 3 AJ_ Aliqands
Ton Gav g g, (l0%4cm™1) (104em-1) (10%cm—1) (104em™1) References

BaTiOgreduced by Hg e 1.930 1.911 — 19G ~8G . (664)
Tid+in CaFq 1.9452 —— — 20.0G — — A(PPF)=1.97G (461, 728)
Ti2(S04)3-4H0 — — — 12G 30G 2G — (252)
Ti3+in CsTi(SO4)2- 12H20 — 1.25 1.14 — —— e - (87)
Ti3* in Al;O3 - 1.067 <0.1 — e — — (410)
Ti3*in Al(acac)s (1.947) 1.921 2.000 — 6.3 17.5 e (500)
Tid+in CH30H, 1.951 — o 20G —_ — — (253)

[Ti(MeOH)4Cla]*
Ti3+in CoH;0H — 2.00 1.90 (12G) 30G 2G — (252)
Ti3+ in glycerine — 1.99 1.93 (12G) 30G 2G — (252)
TiClz in CH3OH/NaOCHj, 1.9532 — — 16.6 — — - (695)

(TiOCHg)2+
(TiFg2)*in CH3O0H 1.9465 — e 16.7 — —_ A(PF)=17.0 (695)
Ti(HCOO); — 1.95 — — — — (612)
Ti(OH)(CH3C0O0), 1.93 — — e — — (612)
Ti3++Ho0,

Species 1 2.01335 — 0.95G — — — (215)

Species 2 2.01195 — 0.85G — — — (215)

9 ' 1.955 16.25 G (651

Ti3++EDTA e — 17.9G — — — (215)
[Ti{en)3)Cls — 1.958 — — — — (139)
[Ti(pn)3]Cls — 1.966 — — - — (139)
Tiz(C204)3- 10H20 — 1.97,1.94,1.93 — — — — (612)

0€¢

YONAVY "d 'L ANV NVINJOOD 'V ‘9



Cp.TiCl 1.9789
(CpaTi)* 1.975
CpTiCly 1.975
CpaTiC:Hs 1.94
(Cp2TiCl)e 1.980
CpoTi(TDT) 1.9857
Cp2TiCly + AlEts 1.976
Cp2TiCls + Al(:-Bu)s 1.976
Cp2TiCls + Al(3-Bu)s, 1:100 1.988
CpeTiCla+ Al(:-Bu)s, 1:12 1.987
szTiClz+A1(CH3)zcl 1.9759
Cp.TiCls + Al(CH3)Cly 1.9747
CpsTi(CH3)Cl + AlICl5 1.9753
CpoTi(CH3)Cl + A(CH3)Cly 1.9759
CpTi(OC2H )3+ Al(CHj3)3 1.973
CpTi(OC2H5)3 + AlC2H 5)3 1.976
CpTi(OCoHs)s + AL(CoH5),Cl 1,972
CpTi(OC2H;5)s + Al(CoH;)Cl;  1.973
Ti(OC4Hg)s + Al(C2Hs)a 1.959
. H\ . )

[szT(H/TICPzJ LitorNa+ 1.993

H,

N
szTi<N>TiCp2 1.987

H
[CpsTiMeg]- (2) 1.990
[Cp2TiEte]~ (7) 1.990
[CpeTi-i-Pra]- () 1.991

A(7Al) =4G;
A(lH)=4G;2=H
A(2741)=3.7G;
A(H)=3.7G
A(R7AD)=4G
A(27Al)