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13-1 INTRODUCTION

This chapter is an extension of Chapter 9; the principles covered there, as well as
those in Chapters 10 and 11, should be well understood before this chapter is begun.
Ligand field theory serves as the basis for the interpretation of the epr spectra of
transition metal ion complexes. It is for this reason that the presentation of the subject
matter in this chapter did not follow Chapter 9 directly.

The epr spectra of transition metal ion complexes contain a wealth of informa-
tion about the electronic structures of these complexes. The additional information
and accompanying complications that are characteristic of transition metal ion
systems arise because of the approximate degeneracy of the d-orbitals and because
many of the molecules contain more than one unpaired electron. These properties
give rise to orbital contributions and zero-field effects. As a result of appreciable
orbital angular moments, the g-values for many metal complexes are very anisotro-
pic. Spin-orbit coupling also gives rise to large zero-field splittings (of 10 cm™* or
more) by mixing ground and excited states.

An important theorem that summarizes the properties of multi-electron systems
is Kramers® rule.® This rule states that if an ion has an odd number of electrons, the
degeneracy of every level must remain at least twofold in the absence of a magnetic
field. With an odd number of electrons, m, quantum numbers will be given by *%, to
=+J. Therefore, any ion with an odd number of electrons must always have as its
lowest level at least a doublet, called a Kramers® doublet. This degeneracy can then be
removed by a magnetic field, and an epr spectrum should be observed. On the other
hand, for a system with an even number of electrons, m;, = 0, =1, ... =J. The
degeneracy may be completely removed by a low symmetry crystal field, so only
singlet levels remain that could be separated by energies so large that an epr
transition would not be observed in the microwave region. This discussion is illus-
trated by the energy level splittings in Fig. 13-1. For the even electron system, the
ground state is non-degenerate and the J = 0 to 1 transition energy is quite fre-
quently outside the microwave region.
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EPR SPECTRA OF TRANSITION METAL ION COMPLEXES
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FIGURE 13-1. The splitting of the gaseous ion degeneracy of (A) Co?+ and (B) V3+ by the crystal field,
spin-orbit coupling, and a magnetic field. The T state is regarded as having an effective L, called L’, equal to 1;
foran A state, L’ = 0. ThenJ' =L’ + S, ..., L’ — S. Only the zero-field and magnetic field splittings of the

ground state are shown.

A few additional comments relative to some experimental procedures (others are
given in Chapter 9) are in order in the way of introduction to transition metal
systems. A number of factors, other than those that are instrumental, affect the epr
line width. As in nmr, spin-lattice, spin-spin, and exchange interactions are important.

Broadening due to spin-lattice relaxation results from the interaction of the
paramagnetic ions with the thermal vibrations of the lattice. The variation in spin-
lattice relaxation times in different systems is quite large. For some compounds the
lifetime is sufficiently long to allow the observation of spectra at room temperature,
while in others this is not possible. Since these relaxation times generally increase as
the temperature decreases, many of the transition metal compounds need to be
cooled to liquid N, or He temperatures before well resolved spectra are observed.

Spin-spin interaction results from the magnetic fields that originate in neigh-
boring paramagnetic ions. As a result of these fields, the total field at each ion
is slightly altered and the energy levels are shifted. A distribution of energies
results, which produces broadening of the signal. Since this effect varies as
(1/r3) - (1 — 3 cos? §), where r is the distance between ions and 6 is the angle between
the field and the symmetry axis, this kind of broadening will show a marked de-
pendence upon the direction of the field. Since this effect is reduced by increasing the
distance between paramagnetic ions, it is often convenient to examine transition
metal ion systems by diluting them in an isomorphous diamagnetic host. For exam-
ple, a copper complex could be studied as a powder or single crystal by diluting it in
an analogous zinc host or by examining it in a frozen solution. Dilution of the solid
isolates the electron spin of a given complex from that of another paramagnetic
molecule, and the spin lifetime is lengthened. (Recall our discussion of the spectra in
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Fig. 9-25.) If a frozen solution is used, it must form a good glass; otherwise, para-
magnetic aggregates form, which leads to a spectrum with broadened lines. It is
often necessary to remove O, from the solvent because this can lead to a broadening
of the resonance. Even in a well formed glass, one cannot usually detect hyperfine
splittings smaller than 3 or 4 gauss.

Line widths are altered considerably by chemical exchange processes. This effect
can also be reduced by dilution. If the exchange occurs between equivalent para-
magnetic species, the lines broaden at the base and become narrower at the center.
When exchange involves dissimilar ions, the resonances of the separate lines merge to
produce a single line, which may be broad or narrow depending upon the exchange
rate. Such an effect is observed for CuSO,+5H,0, which has two distinct copper sites
per unit cell.?

In single crystals the anisotropy in the esr parameters can be obtained. Infor-
mation about the anisotropy in the system can also often be obtained in powders and
glasses, because the resulting spectra are not those of a motionally averaged system.
We will next consider why anisotropic information is obtained from the spectra even
though the molecules in a glass or powder sample exist in an extremely large number
of possible orientations relative to the applied field. Consider a molecule with a
threefold or higher symmetry axis, which can be described by a gyand a g,. As can be
seen from Fig. 13-2, there are many axes that could be labeled g, . In a bulk sample

FIGURE 13-2. The g; and some g, axes in a crystallite with a
threefold or higher axis.

containing many orientations for the assemblage of crystallites, there are more
possible orientations that have the g, axes aligned with the applied field than there
are orientations that have the g axis aligned. The g-value for any orientation is given
by:

g% =g,%sin?f + g2 cos2 0 (13-1)

where 6 is the angle that the principal axis (i.e., the g; axis) makes with the applied
field. Since all orientations of the crystallites in a solid are equally probable, absorp-
tion will occur at all fields between that associated with g, and that associated with g, .
Since many more crystallites have g, aligned than g, the most intense absorption will
correspond to g,. When one considers the probabilities of the various orientations
and the transition probability corresponding to each of these, the absorption spec-
trum shown in Fig. 13-3(A) is predicted. This is converted to the derivative spectrum
in Fig. 13-3(B). This is an idealized example, and often one finds that the overlapping
features generated by g, and g, make it difficult to obtain their values.

9y
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FIGURE 13-3. Idealized absorption
(A) and derivative (B) spectra for an
l unoriented system with S = 1/2, axial
symmetry, and no hyperfine interaction
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When the system is orthorhombic and g, > g, > g, the powder spectrum
obtained for I = 0 is like that in Fig. 13-4(A). When I = ¥, and the system has
nearly isotropic g-values, but 4, > 4, > A, the spectrum in Fig. 13-4(B) is expected.
The spectrum for a complex with axial symmetry and I = %, in which g, > g; and
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FIGURE 13-4. Powder epr spectraof S = 1/2 systems.

(A) An orthorhombic system with | = 0O; (B) isotropic g
g withl = 1/2and A, > A, > A,; (C) axial symmetry with
| I=1/2, g, > g, and A;> A,. In the latter cases,
accurate g- and A-values are available only from com-
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Ay > A, is illustrated in Fig. 13-4(C). Other systems become quite complex, and the
possibility for misassignments becomes very large. Only in the relatively simple cases
can the g- and A-values be determined with confidence. Computer programs are
available to simulate powder epr spectra for simple systems such as Cu(II).
Liquid crystal nematic phases can also be used® to orient a molecule for epr
work. The molecule to be studied, which is the solute, cannot be spherical; as an
example, consider the molecule Co(Meacacen) in Fig. 13-5(A). The liquid crystal
solution of this low spin Co(II) complex is placed in a magnetic field to orient the
liquid crystal molecules (and, in turn, the solute molecules) and is then cooled. This is
schematically illustrated in Fig. 13-5(B). The epr spectrum®® in (D) is for the sample
oriented relative to the magnetic field as shown in (B), while in spectrum (E) the
sample is rotated 90° around the z-axis (i.e, y parallel to the field) relative to the
magnetic field. Upon rotation, the portion of the spectrum corresponding to g, is
enhanced, but that for g, is not. One could easily make the mistake of assuming that
this is an axial system with g, assigned to the z-axis (i.e. g, the axis perpendicular to
the plane) and g, and g; assigned to g, where g, and g, are similar. However, with
the molecular coordinate system as defined in Fig. 13-5(A), g, must be assigned to ga,
g, to gy, and g, to g,. These assignments have subsequently been confirmed by a
single crystal epr study.“® Difficulties can arise in this application if care is not taken
to demonstrate that the liquid crystal is not coordinating the complex being studied.
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FIGURE 13-5. The epr spectra® of Co(Meacacen) at 77°K. (A) Structural formula; (B) orientation of the molecule in a frozen
oriented liquid crystal; (C) unoriented frozen solution; (D) frozen liquid crystal oriented as in (B); (E) frozen liquid crystal reoriented
90° from (B). The phasing in this spectrum is inverted relative to what one normally employs. [Reprinted with permission from B. M.
Hoffman, F. Basolo, and D. L. Diemente, J. Amer. Chem. Soc., 95, 6497 (1973). Copyright by the American Chemical Society.]
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13-2 INTERPRETATION OF THE g-VALUES

Introduction

In contrast to those of organic free radicals, the g-values of transition metal ions
can differ appreciably from the free electron value of 2.0023. Such deviations provide
considerable information about the electronic structure of the complex. The differ-
ences arise because spin-orbit coupling is much greater in many transition metal ion
complexes than in organic free radicals (vide infra). Thus, spin-orbit effects become
essential to an understanding of esr.

The value of g for an unpaired electron in a gaseous atom or ion, for which
Russell-Saunders coupling is applicable, was given earlier by the expression

JCL L SES ) T 1))
)

g (13-2)

In condensed phases, first row transition metal ion systems not only do not have
g-values in accord with this expression, but they often deviate from the spin-only
value. In condensed phases, the orbital motion of the electron is strongly perturbed
and the orbital degeneracy, if it existed before application of the chemical environ-
ment, is partly removed or “quenched.” If the electron has orbital angular momen-
tum, the angular momentum tends to be bolstered by being weakly coupled to the
spin. There is therefore a competition between the quenching effect of the li-
gands—the “crystal field”—and the sustaining effect of the spin-orbit coupling. Were
it not for spin-orbit coupling, we should always observe an isotropic g-value of 2.0023.
These effects can be illustrated by considering the influence of a crystalline field on a
d* ion as shown for O, and D, (z-axis compression) in Fig. 13-6. Equation (13-2)
would describe the 2D gaseous ion. The octahedral crystal field splits 2D into 27, 2, and
2E, states. The degenerate T, state may be further split by distortion (e.g., Jahn-
Teller effects) or by a tetragonal ligand field into E and B, levels. Spin-orbit coupling,
on the other hand, tends to preserve a small amount of orbital angular momentum,
so, in the tetragonal complex, the orbital angular momentum is not completely
quenched.

One generally refers to this as mixing in of a nearby excited state by spin-orbit
coupling. When the amount of spin-orbit coupling is small compared to the tetrago-
nal distortion (i.e, in the case of large distortions), the mixing can be treated by
perturbation theory. In an octahedral complex, spin-orbit coupling is present in the
ground 27, state; in order to obtain the accuracy needed to understand the epr
spectrum, this situation cannot be adequately treated with perturbation theory. Recall
that such a treatment was employed in Chapter 11 on magnetism.

2A1g
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1g

FIGURE 13-6. Splitting of the 2D state by O, and D,,
ZEg fields (z-axis compression in D,j).
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S =1, Systems with Orbitally Non-degenerate Ground States

The full Hamiltonian for our system with spin-orbit coupling in a magnetic field
is given by

A = A(Zeeman) + A(SO) = pH-(L + g,5) + \L-§ (13-3)

One of the effects of spin-orbit coupling is to modify the simple one-electron d-orbital
wave functions. This is described by the AL - § term in the Hamiltonian. For example,
the spin wave function for the ground state 2B, of ad* ion in a tetragonal complex is
modified by the spin-orbit interaction AL - S. From first-order perturbation theory,
the wave function for the Kramers’ doublet |=) including spin-orbit effects is given
by:

=y = Moy + (1 — Npyvz 5 SRR I (13-
M

) — E() Iy

The term |0 is the 2B,, ground state before spin-orbit effects are considered (i.e., for
d! with a tetragonal compression, this one electron is in the d,, orbital), while the
summation indicates the contribution made by spin-orbit admixture of the excited
states. In this example, the AE term in the denominator indicates that the 2E state will
make the largest contribution of all the states that mix in. We can see from this
expression that when there is no orbital angular momentum mixed into the ground
state, | =) = |0). Evaluation of the matrix elements in equation (13-4) gives the
coefficients necessary to write the appropriate wave functions. These functions are
then used with the Zeeman Hamiltonian in equation (13-3), i.e,

—_

A" =pBL-H + g,85-H,

toset up the 2 X 2 matrix involving | + ) and | — ). Note that we have worked with the
full Hamiltonian in equation (13-3), using the two parts separately. The AL - S term
modified the wave function on which we are now operating with the Zeeman
Hamiltonian. The problem is solved by using the raising and lowering operators.
Energies are obtained which are expressed as g8Hm,, where g is the effective g-factor
in the direction of the field component H; (i = x, y, z). In this way, using fz, .S";, and
the Zeeman Hamiltonian, we obtain

JIALICIADY o

g, = 2.0023 + 2\ ;( 0

where |0) is the ground state wave function and |n) is that of one of the n excited
states. Since the ground and excited states corresponding to electronic transitions in
an § = ¥, complex with small spin-orbit coupling are adequately described by real
orbital occupations, the state and orbital designations can be used interchangeably.
The g-value is thus seen to be very dependent upon the mixing in of the excited state
by spin-orbit coupling.
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The matrix elements (O]fz|n) are non-zero only when the m, value of |0) equals the
my value of |n). In a real orbital basis set with

dyyp = (%)(|+2> — -2y
and
4 = (S5)0+2) +1-2)

we will have non-zero matrix elements for <dzz_y2]Ez|dzy>. (This can be seen from the
triple product T',z_ 2 X T, X I',,.) For a d* complex, where we can use one-electron
orbitals instead of states, an evaluation of all the matrix elements leads to

8¢

g = 2.0023 + m

(13-6)

where A = +¢/28 for a shell that is less than half-filled. The symbol £ represents the
one-electron spin-orbit coupling. When the shell is more than half-filled, we generally
think in terms of formation of the positive holes that accompany the electronic
transitions. The sign of the second term, 8£ /[E(0) — E(n)], is changed by changing the
denominator to E(n) — E(0). When the shell is less than half-filled, spin-orbit effects
reduce g from 2.0023; but when the shell is more than half-filled, spin-orbit effects
increase g above g,. E(0) and E(n) are the energies of the ground and excited states,
respectively.
In a tetragonal complex we have

2\ 22(0|E, ny¢n| L, [0y

g, = 2.0023 + EQ) —E(m) (13-7)

where g, = g,. These matrix elements are evaluated by using the raising and lower-
ing operators, so matrix elements are non-zero only when the ground and excited
state m, values differ by =1. For a d! tetragonal complex (Fig. 13-6) we have:

2§
E, —E

Yy zz

g, = 2.0023 + (13-8)

The results of the evaluation of matrix elements by this procedure can be summarized
by writing the following general expression for the g-values of S = ¥, systems:

né

(13-9)

The values of n are obtained from the so-called magic pentagon shown in Fig. 13-7,
which summarizes the results of the evaluation of matrix elements (0| L|n). We will
repeat the problem discussed earlier (the d? tetragonal field) with the use of this
pentagon. We first determine that, for an electron in an xy orbital (i.e., an xy ground
state), only electron circulation into the x2 — »2 orbital could give orbital angular
momentum along the z-axis. The quantity g, then has contributions only from xy and
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FIGURE 13-7. The “‘magic pentagon’’ for evaluating n of equation (13-9).

2

8
x2< yre— 2 ———Sxy

x2 — y2, which is seen in Fig. 13-7 to have the value n = 8. Equation (13-9) then
becomes:

8¢

g, =20023 4 —————
A Tk

(13-10)

Since g, has non-zero matrix elements only when |0y and |n) differ by Am, = 1, we
obtain

2¢
=2.0023 + ———mM 13-11
gz + Ezy iy Ezz ( 3 )
and
2¢
=2.0023 + —M =
g, 0 + E. L, (13-12)

These formulae in effect tell us what orbitals permit electron circulations about the
respective axes; that is, x2 — y2and xy about z, xy and xz about x, or xy and yz about
y. The “magic pentagon” is easily constructed. The three rows represent orbitals
possessing different m, values; the top row corresponds to m, = 0, the second row to
m, = =1, and the third row to m; = 2. It should be emphasized that this whole
treatment arises from a perturbation assumption and is valid only when
n¢/[E(0) — E(n)] is small compared to the diagonal Zeeman elements. When sec-
ond-order perturbation theory is pertinent, a term proportional to £2/AE? is added.

Before concluding this section, an application of the use of g-values will be
presented. In Fig. 13-8, the crystal field splittings are indicated for tetragonal

T z?

:|+ X2_y2

FIGURE 13-8. The d-level splittings for a tetragonally compressed complex 1 1
(A) and a tetragonally elongated complex (B). AZie

- Xy
(A)

copper(I) complexes with a metal-ligand distance on the fourfold (z) axis that is
compressed [part (A)] and elongated [part (B)] along this direction. In (A), with the
unpaired electron in d,» with m, =0, there is no other orbital with an m; =0
component, so g, = 2.0023. The value of g, = g, is given by

g, = 20023 + (13-13)

E_ —E_.

yz 2

2

-
b
-

m,

0

=+A1

+H- - xzyz
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Note that we have switched the order of the energies in the denominator because the
shell is more than half-filled. On the other hand, for a tetragonal elongation [Fig.
13-8(B)], with the unpaired electron in d,_,2, We obtain

8¢
g, =2.0023 + m (13-14)
The value of g, = g, is given by
2
=20023 + ——— 13-1
8o by e e

Thus, the g-values can be used to distinguish the two structures. Complexes with a
tetragonal compression are very rare, but elongated ones are common. Copper(II)
porphyrin® complexes have been reported with g-values of g, = 2.70 and g, = 2.04.

The g-values in some six-coordinate copper(II) complexes exhibit interesting
behavior. As mentioned in Chapter 9, when the single crystal epr spectrum for
[Cu(H;0)g]SiFy, diluted with the corresponding diamagnetic Zn salt, was obtained at
90° K, the spectrum was found to consist of one band with partly resolved hyperfine
structure and a nearly isotropic g-value.® Jahn-Teller distortion is expected, but there
are three distortions with the same energy that will resolve the orbital degeneracy.
These are three mutually perpendicular tetragonal distortions (elongation or com-
pression along the three axes connecting trans ligands). As a result, three distin-
guishable epr spectra are expected, one for each species. Since only one transition was
found, it was proposed that the crystal field resonates among the three distortions (a
so-called dynamic Jahn-Teller distortion). When the temperature is lowered, the
spectrum becomes anisotropic and consists of three sets of lines corresponding to
three different copper ion environments distorted by three different tetragonal
distortions.® Other mixed copper salts have been found to undergo similar transi-
tions: (Cu, Mg);Lay(NO,),,+24D,0 between 33° and 45° K, and (Zn, Cu)(BrO,),-
6H,0, incomplete below 7° K. The following parameters were reported for
CuSiF4-6H,0:®

90° K 20°K
g = 2.221 = 0.005 g, =246 =001
g1 = 2230 = 0.005 g, = 2.10 =001

A4 = 0.0021 = 0.0005 cm™* g = 2.10 = 0.01
B =0.0028 £=0.0005 cm™* 4, = 0.0110 == 0.0003 cm™?!

Aw] < 0.0030 cm-1
A'y

A similar behavior (i.e., a resonating crystal field at elevated temperatures) was
detected in, for example,*? the spectra of some tris complexes of copper(Il) with
2,2’-dipyridine and 1,10-phenanthroline? as well as with trisoctamethyl-phos-
phoramide.®® This latter ligand, [(CH,;),N],P(O)OP(O)[N(CH,),],, is a bidentate
chelate in which the phosphoryl oxygens coordinate. The complex can be studied
without having to dilute it in a diamagnetic host. A complete single crystal epr study
and an x-ray diffraction study are reported on this system.12 At 90° K, the spectra
indicated that at least three different magnetic sites exist, each of which is described
by a g-tensor. Analysis of the spectra indicates that these sites correspond to distor-
tions along the x, y, and z axes, respectively, in effect locking in the various extremes
in the dynamic Jahn-Teller vibrations occurring at room temperature. The interesting
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problem of determining the chirality of the molecule in a single crystal epr spectral
analysis has also been discussed.*?

In single crystal epr studies on transition metal ion systems, it is common(13-19
to find complexes in which the g- and A-tensors are not diagonal in the obvious
crystal field coordinate system. An axis that is perpendicular to a reflection plane or
lies on a rotation axis must be one of the three principal axes of the molecule. The
g-tensor of the molecule and the A-tensor for any atom lying on the axis must have
principal values along this coordinate. If a molecule contains only a single axis that
meets the above requirements, the other two axes used as the basis for the crystal field
analysis will not necessarily be the principal axes of the corresponding tensors of g and
A; ie, selecting these axes may not lead to a diagonal tensor. For example,
bis(diselenocarbamate) copper(Il) has C,, symmetry.?31% The twofold rotation axis
is one of the axes that diagonalize the corresponding g- and A-tensor components,
but the other two components are not diagonal in an axis system corresponding to the
axes of the crystal field. Had the molecule possessed D,, symmetry, the three twofold
rotation axes of this point group would have been the principal axes for both the 4-
and g-tensors. Thus, epr studies can provide us with information about the symmetry
of the molecule. For a molecule with no symmetry, none of the molecular axes need
be coincident with the axes that diagonalize the g-tensor or 4-tensor.” As a matter of
fact, the axis system that diagonalizes 4 may not diagonalize g. In vitamin B,,, for
example,'® the angle between the principal x, y axis system that leads to a diagonal
A-tensor and those that lead to a diagonal g-tensor is 50°.

Systems in which Spin-Orbit Coupling is Large

When spin-orbit coupling is large, perturbation theory cannot be used to give the
appropriate wave functions; i.e., equation (13-4) does not apply. An octahedral d*
complex with a 2T, ground state is a case in which spin-orbit coupling is large. When
the spin-orbit operator ¢L - S operates on the sixfold degenerate real orbital basis set

=) )
weord(fg)- |2)
Yo = 1%>

Ve = 1,—%>

vs = —1,%>
ve = —1,—%>

(the wavefunctions are expressed as |M;, Mg)), the result is a new set of orbitals,
appropriate for d1 systems with a large amount of spin-orbit coupling. These are
obtained by evaluating the 6 X 6 determinant containing matrix elements

*For low symmetry molecules, the g- and 4-tensors may in fact be asymmetric (i.e., 4,, # a,,)- The
g2-tensor will always be symmetric.
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b |EL - §|¢j> to obtain the energies. The energies are substituted back into the
secular-like equations to obtain the eigenfunctions ¢, listed below.

¢1 = (1/V3) (V2 + ve)
Py = 1/V3)(— \/f‘Pz + U3)
P3 =Yy

Py = ‘1"5

ps = (1/V3)¥s + V2¢y)
ve = (1/V3)W1 — V2Uye)

The corresponding energies are E;, = —¢/2, E, = —¢/2, E; = —¢/2, E, = —¢/2,
E;5 = ¢, and E4 = §. We see from this analysis that spin-orbit coupling has removed
the sixfold orbital degeneracy of the T state, giving a twofold set of levels and a
lower-energy fourfold set, corresponding to I'; and I'y in the O’ double group.* Next,
we need to determine the effect of the magnetic field. Since systems with O, symme-
try are magnetically isotropic (x, y, and z), it is only necessary to work out the effect of
H,. The Hamiltonian operator, H (parallel to z) is B(L, + g,S,)H,. The resulting
energies were derived in Chapter 11 and are indicated in Fig. 13-9. The splitting in
the low-energy set is very small, being second order in H (i.e., H%). When one solves
for g(AE = gBH), the result gBH = 482H?/3¢ or g = 4BH/3¢ = 0 is obtained for
the lowest level.f With appreciable separation of I'y and I'; (e.g., § = 154 cm™! for
Ti3+), epr will not be detected unless the T’ state is populated. Solving the expression
for gBH for these levels as above results in a g-value of 2.0. This state will be
populated at room temperature, but the large amount of spin-orbit coupling gives rise
to a short 7, and no spectra are observed. Liquid helium temperatures are needed to
lengthen 7, but then only the Iy states are populated. Thus, the inability to observe
epr spectra on these systems is a direct prediction of crystal field theory.

1)

E =&+ BH, + ($6°H.2/¢)

)

E=¢— pH, + (3pm.274)

FIGURE 13-9. The influence of spin-orbit coupling
and an applied magnetic field on a T state.

&)

O, Field  Spin-Orbit
Coupling

E=-¢/2
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13-3 HYPERFINE COUPLINGS AND ZERO
FIELD SPLITTINGS

Hyperfine and Zero-Field Effects on the Spectral Appearance
Transition metal systems are rich in information arising from metal hyperfine
coupling and zero-field splitting. Fig. 9-14 illustrates the rich cobalt hyperfine

*The T'; and Ty states correspond to J =%, and J = %, respectively, for the free ion. These
designations are derived by factoring the product of T, (orbital part) and E,’ (I'q for spin = %) in the O’
double group.

TIn some systems, transitions with very small g-values have been detected.
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interaction in Co4(CO)gSe. Before continuing with this discussion, the reader should
review the section on Anisotropy in the Hyperfine Coupling in Chapter 9, as well as
that on The EPR of Triplet States, if necessary. The spin Hamiltonian for a single
nucleus with spin I and a single effective electronic spin S can be written to include
these extra effects as

A=pH-g-S+85D-S+hS-A-T—gBH-T (13-16)

In the previous section, we discussed the SH - g - S term and the complications
introduced by orbital contributions. The next term incorporates the zero-field effects
previously described by the dipolar tensor, D, which has a zero trace. The last two
terms arise when I # 0.

In Chapter 9, we discussed zero-field effects that arose from the dipolar interac-
tion of the two or more electron spin moments. In transition metal ion systems, this
term is employed to describe any effect that removes the spin degeneracy, including
dipolar interactions and spin-orbital splitting. A low symmetry crystal field often
gives rise to a large zero-field effect.

In an axially symmetric field (i.e., tetragonal or trigonal), the epr spin Hamilto-
nian that can be used to fit the observed spectra for effective spin systems lower than
quartet takes the form

> PN 1 < < N
Aoy =D[82 — 1565 + D+ @RS, + £.8UELS, + B,S) +

~

AST + AL + 87 + o[22 - J1u + »| - v8,H, T

The first term describes the zero-field splitting, the next two terms describe the
effect of the magnetic field on the spin multiplicity remaining after zero-field splitting,
the terms in 4; and 4, measure the hyperfine splitting parallel and perpendicular to
the main axis, and O’ measures the small changes in the spectrum produced by the
nuclear quadrupole interaction. All of these effects have been discussed previously
(see Chapter 9). The final term takes into account the fact that the nuclear magnetic
moment p can interact directly with the external field uyH, = vByH, * I, where v is
the nuclear magnetogyric ratio and By is the nuclear Bohr magneton. This is the
nuclear Zeeman effect, which gave rise to transitions in nmr. This interaction can
affect the paramagnetic resonance spectrum only when the unpaired electrons are
coupled to the nucleus by nuclear hyperfine or quadrupole interactions. Even when
such coupling occurs, the effect is usually negligible in comparison with the other
terms. 5

In the case of a distortion of lower symmetry, there are three different compo-
nents g,, g, and g,,, and three different hyperfine intergction constants 4,, 4, and 4,.
Two additional terms need to be included: E(S,? — S,?) as an additional zero-field
splitting and Q”(1,2 — I,?) as a further quadrupole interaction. The symbols P and P’
are often used in place of Q’ and Q”, respectively.

The importance of the spin Hamiltonian is that it provides a standard phenom-
enological way in which the epr spectrum can be described in terms of a small
number of constants. Once values for the constants have been determined from
experiment, calculations relating these parameters to the electronic configurations
and the energy states of the ion are often possible.

The splitting of the 6S state of an octahedral manganese(1l) complex is illustrated
in Fig. 13-10(A). Here we have the interesting case in which O, Mn?+ has a 64,
ground state, which is split by zero-field effects. Spin-orbit coupling mixes into the
ground state excited 47, states that are split by the crystal field, and this mixing gives
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FIGURE 13-10. (A) Splitting of the levels in an octahedral Mn(ll) spectrum. (B) Spectrum of a single
crystal of Mn2* doped into MgV,0,, showing the five allowed transitions (fine structure), each split
by the manganese nucleus (I =5/2) (hyperfine structure). At 300°K, g, = 2.0042 == 0.0005,
g, = 2.0092 = 0.001,andg, = 2.0005 = 0.0005;A, =A, = A, = —78 =5G;andD, = 218 =£5G,

D, =
3619

rise to a small zero-field splitting in Mn?*. The dipolar interaction of the electron
spins is small in comparison to the higher state mixing in this complex. The orbital
effects are very interesting in this example because the ground state is 6S, and thus the
excited #T, state can only be mixed in by second order spin-orbit effects. Thus, the
zero-field splitting is relatively small, for example, of the order of 0.5 cm~1 in certain
manganese(I) porphyrins.*6® As indicated in Fig. 13-10, the zero-field splitting
=ied/ W/ WSS 0/ (Ksramers?
degeneracy). Each of these is split into two singlets by the applied field, producing six
levels. As a result of this splitting, five transitions (—% — —%, —3, — —1,
—% = Yo Yo — %, ¥ — %) are expected. The spectrum is further split by the
nuclear hyperfine interaction with the manganese nucleus (I = %,). This would give

produces three doubly degenerate spin states, M =

rise to thirty peaks in the spectrum.

In contrast to hyperfine splitting, the term fine splitting is used when an absorp-
tion band is split because of non-degeneracy arising from zero-field splitting. Com-
intensity is greatest for the

ponents of fine splitting have varying intensities: the

—87 £5G, and D, = —306 =% 20 G. [Modified from H. N. Ng and C. Calvo, Can. J. Chem., 50,
(1972). Reproduced by permission of the National Research Council of Canada.]
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central lines and smallest for the outermost lines. In simple cases, the separation
between lines varies as 3 cos? § — 1, where 6 is again the angle between the direction
of the field and the molecular z-axis.

In Fig. 13-11, the influence of zero-field splitting on an S = 1 system is indicated
for a fixed molecular orientation. (Recall that there is no Kramers’ degeneracy.) In
the absence of zero-field effects [Fig. 13-11(A)], the two |Am | = 1 transitions are
degenerate and only one peak would result.

For the splitting shown in Fig. 13-11(B), two transitions would be observed in
the spectrum. A specific example of this type of system is the 4, ground state of
nickel(I) in an O, field. Spin-orbit coupling mixes in excited states, which split the
34, configuration. Recall that zero-field splitting is very anisotropic, providing a
relaxation mechanism for the electron spin state. Accordingly, epr spectra of Ni(Il) O,
complexes are difficult to detect, and when they are studied, liquid nitrogen or helium
temperature must generally be employed. At room temperature, nmr spectra can be
measured. In some systems, sharp double quantum transitions (|Am,| = 2) can be

seen in the epr spectrum.6?
+1
ms=_|,o,+| m
o)

FIGURE 13-11. The energy level diagram and tran- hy
sitions for a molecule or ion with S = 1, (A) in the
absence of and (B) in the presence of zero-field

splitting. The system in (B) is aligned with the z-axis,
for the effect is very anisotropic.

—_——
O Inc.field
strength

(a)

As mentioned in Chapter 9, the zero-field splitting can be so large that the
Am_ = =1 transitions are not observed. For example, in V3* (d2), Am = =1 transi-
tions are not detected, but one observes a weak Am_; = 2 transition (—1 — +1) split
into eight lines by the nuclear spin of 3V (I = %,). The mechanism whereby the
Am, = 2 transition becomes allowed is the same as that discussed for organic triplet
states in Chapter 9.

The next topic to be discussed is the definition of the term effective spin, S’. We
have already been using this idea, but now formally define it to describe how some of
the effects that we have discussed are incorporated into the spin Hamiltonian. When
a cubic crystal field leaves an orbitally degenerate ground state (e.g., a T state), the
effect of lower symmetry fields and spin-orbit coupling will remove this degeneracy as
well as the spin degeneracy. In the case of an odd number of unpaired electrons,
Kramers’ degeneracy leaves the lowest spin state doubly degenerate. If the splitting is
large, this doublet will be well isolated from higher-lying doublets. Transitions will
then be observed only in the low-lying doublet, which behaves like a simpler system
having S = ,. We then say that the system has an effective spin S’ of only 7,
(S’ = Y%,). An example is Co?*. The cubic field leaves a *F ground state which, as a
result of lower symmetry fields and spin-orbit coupling, gives rise to six doublets.
When the lowest doublet is separated from the next by appreciably more than kT, the
effective spin has a value of ¥, (S" = Y) instead of %,. If the effective spin S is
different from the spin S, a spin Hamiltonian can be written in terms of S’ rather
than S.

It should be clear that all of the effects discussed above can have a pronounced
influence on the spectral appearance. The qualitative interpretation of the epr spectra
of transition metal ions by inspection is thus not trivial. Proficiency is obtained by
looking at many spectra and drawing analogies to known systems when dealing with

O Inc.field
strength

(b)
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new systems. Practice will be afforded in a later section where the representative
spectra of different d™ systems will be considered, and also in the exercises at the end
of the chapter.

Contributions to A

The hyperfine coupling interaction has contributions to it from Fermi contact,
dipolar nuclear spin-electron spin, and nuclear spin-electron orbit mechanisms.
These effects have been discussed in Chapter 9. The reader is referred to equation
(9-25) and the subsequent discussion of it for a treatment of the dipolar contribution.
The trace of the tensor in equation (9-25) is zero, so information about the dipolar
contribution can be obtained only from ordered or partially ordered systems. As men-
tioned in equations (9-34) and (9-35), where the traceless tensor components of 4
were indicated by 7, the contribution to dipolar hyperfine coupling for an electron in
a p, orbital is given by

with
P, = g.BgBy <r—13> (13-17)
D

For an electron in a p, orbital, we have

2 2 4
@ me @ ne (@

Similar expressions can be derived for an electron in one of the d-orbitals. The
quantities in Table 13-1 must be multiplied by

Py = geﬁgNBN%>d (13-18)

to obtain the dipolar contribution. The signs and magnitudes can be easily remem-
bered. The orbital is located in the 3 cos?# — 1 plot of the lines of flux from the
nuclear moment, as shown in Fig. 13-12 for the d,, orbital. In this figure, the z-axis of
the molecule is aligned with the z-axis of the field to give T,, as a small positive
number. Next rotate the orbital counterclockwise 90°, without rotating the cone, so
that the x-axis of the molecule is aligned parallel to the field (which is still along the
z-axis shown in Fig. 13-12) to give a small positive T,,. Next, start with Fig. 13-12

TABLE 13-1. CONTRIBUTIONS
TO THE DIPOLAR HYPERFINE
COUPLING FROM ELECTRONS

IN d-ORBITALS

Orbital T..(Py) T..(P;) T,,(Py)
dy % - -7
Zzz_vz -4 7 7
& R e
d, -4 % %
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FIGURE 13-12. Orientation of the d,, orbital relative to the 3 cos?§ — 1
cone.

and rotate the molecule so that the z-axis of the molecule is perpendicular to the page
and the y-axis of the molecule is parallel to the field (i.e, the z-axis in Fig. 13-12).
Now the lobes of d_, are in the negative region of the cone and a large negative T,
is expected. These rotations correspond to the three mutually perpendicular orienta-
tions of the molecule relative to the field. With information on the signs and magni-
tudes of the components of the hyperfine tensor, one can obtain information about
the atomic orbitals in a complex that make the principal contribution to the molecu-
lar orbital containing the unpaired electron.

The Fermi contact contribution has been discussed in detail in Chapters 9 and
12. Unpaired spin density is felt at the nucleus by direct admixture of the s-orbitals
into the m.o. containing the unpaired electron and by spin polarization of filled inner
s-orbitals by unpaired electron density in d-orbitals. When the 4s orbital of the metal
is empty, it can mix into the largely metal d-antibonding orbital; and if this m.o.
contains unpaired spin, the electron partly occupies the metal 4s orbital.

Spin polarization can have two different results. When an inner 1s or 25 orbital is
spin-polarized by a-spin in a 3d-orbital, an excess of B-spin results at the nucleus.
When the filled 3s orbital is spin-polarized by an electron with a-spin in a 3d-orbital,
a-spin results at the nucleus. The effect of direct delocalization into the 4s orbital can
be shown by comparing Fermi contact hyperfine values (4g ) determined for various
cobalt(IT) complexes. It has been found7® that A, o for sixfold coordination falls in
the —30 to —45 G region, for fivefold coordination in the —5 to —25 G region, and
for square planar fourfold coordination in the 0 G region. One can write an equation
summarizing contributions to Ag o in the form

Apo. = X(Ay) + (1 — x)(A3q) (13-19)

where A4, is the direct hyperfine interaction of one unpaired electron in a 4s orbital,
1320 G X gB; and A,, is the hyperfine interaction arising from spin-polarization of
filled “s” orbitals by an unpaired electron in a 3d orbital, —90 G X gB. Applying this
equation to the results above, one obtains x = 3 t0 4%, x = 4.5 to 6%, and x = 6.5%
for admixture of 4s into the cobalt complexes studied in six-, five-, and fourfold
coordination, respectively, in cobalt(II).

The nuclear spin-electron orbit contribution to the coupling constant is related to
the pseudocontact contribution discussed in Chapter 12. The Hamiltonian is

~

i (%)[—(f- ST - @-DHT-S) (13-20)
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Here the nuclear moment is interacting not only with the spin moment (discussed
earlier), but also with the orbital moment. The nuclear interaction with the spin
moment is a traceless tensor, but the interaction with the orbital moment is not. Since
it is not, a pseudocontact contribution is observed in the nmr spectrum in solution.

13-4 LIGAND FIELD INTERPRETATION OF THE g-
AND A-TENSORS FOR S’ =1, SYSTEMS

In the analysis, the interpretation of the epr spectra is carried out with the use of
the d-orbitals of the complex as the basis. Covalency is introduced subsequent to the
analysis by reducing the free ion values of the spin-orbit coupling parameter £ and
{r~3). The real orbital basis set is mixed by spin-orbit coupling using first order
perturbation theory with the spin-orbit interaction Hamiltonian T-3. We shall
present the results for several d-electron configurations that we shall subsequently
discuss in our treatment of specific examples. We have already discussed the evalua-
tion of the g-tensor component expressions.

d? Configurations

We shall use the hole formalism so that £ is negative; the case for an x2 — »?2
ground state will be treated. A Kramers’ doublet lies lowest, which we shall indicate
with the symbol y,,*, y,,~, where the + and — refer to the m, value. This is a specific
example of the application of equation (13-4), where we are now defining T by the
appropriate wave function ,,*, §,~. The wave functions mixed by spin-orbit coupling
are:

’ 1 ]
Tk Na|dzz_yz+> + zalldwﬂ”) - —2—a2|dw—) — %aﬂdzz—) (13-21)

L = . 2 1 ]
¢a o ]valdz'z—y2 > Ti8 lalldzy > it 3a2’dyz+> it éa3|dzz+> (13-22)
Here N, is a normalization constant; the a values are given by a; = ¢/E,,, where E,,
is, for example, given by E(|d,2_2)) — E(|d,,)) and E,, by E(|d,2_,2)) — E(|d,,)).
The a values are small, so N, is close to 1. Setting N, equal to 1, we obtain (as
discussed earlier in this chapter):

<~ S bl 25
gza: = 2<‘[’a+| z lzk o geszkl‘l/a > T ge it E E B ge gty 2a3 (13-23)
k 22—y? T gz
g + ey ~ — 2£
=210 |Z Ly +85:0.7) =8, + o e + 2a, (13-24)
k 2?—y? — Ly
e S 8¢
8o = 2<¢a | Z lzk s geszkl‘l/a )= By Hime e s 8 + 8al (13-25)
2 Braiesi— b

(Note that these results are those obtained by using the magic pentagon.)
In order to evaluate 4, we again consider all matrix elements of y/,* and y,,~ with

the x, y, and z cdmponents of the operator 2 (7,: - K5 + %Zz\k) = A4, where
k

a, = 45, — (I, *5)1, — I(7, -5,). This form of the operator is discussed in reference
17. The reader interested in the evaluation of these matrix elements should be aware
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of the phase problem associated with the choice of a wave function. See references 17,
18, and 19 for a complete discussion. Here we shall simply present the results.

A,y = 2P| 0,

2t el ]
S pi| e e R e
| TP T Ll ey
= Py| +28, - % + 2 - %az] (13-26)
Ay, = 2P A,
7 2t DRI i
Spilie R S s SR
SSEnT =T Wy 1 B Ez]
=Py| +2a, - % + 2 - %as] (13-27)
A = 2P0 1AL 0,7
; 8¢ 4 i3 ¢ ¢ )]
= p il el el o s NEAR ST o
al E:_p—E,, LS (Ezz_uz —E, ifi E;:_p—E,
= Py| 480, %~ 2+ 20, + a3)] (13-28)

The summation k is over electron holes (one in this system), and P, =
2.8xBBx{r2). The symbol X P, is the Fermi contact contribution to the coupling,
the terms =%, P, and =%, P, represent the dipolar contribution, and the other terms
correspond to the nuclear spin-electron orbit terms. In solution, an isotropic 4 would
be obtained in which

1
Aiso = ?(Aa:a: it Am/ 75 Azz)

! £ £ )] ;
T Pd[_x 4 2(E22_u2 SEn Ep p»—E (it

yz

The term in parentheses is the counterpart of the pseudocontact contribution in nmr.
Low-spin cobalt(II) complexes have two holes in d,2_ > and one in d,2. Using the
magic pentagon, one obtains g,,, g,., and g, as follows:

g,, = 2.0023 (13-30)

6¢
Ez.—E

yz

g, = 20023 + = 2.0023 + 6b, (13-31)

where b, = {/(E,: — E,,), and
6

Ezz = Ezy

g,, =2.0023 + = 2.0023 + 6b, (13-32)

where b, = {/(E,: — E,, ). The hyperfine components are given by:

e Pd(—% — %+ 6b, + %bz) (13-33)
A, =P (-2 % +6b, + 2b,) (13-34)

i pd[+§ - K — by + bz)] (13-35)
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With the appropriate expressions for the g-values and the free ion £ values, it is
possible to calculate the g-values for several complexes and compare these with the
experimental values. The calculated results are those that would be predicted by
crystal field theory. The results are summarized®” in Table 13-2.

TABLE 13-2. COMPARISON OF EXPERIMENTAL AND
THEORETICAL VALUES OF g*

Complex 8, expt. g, theor. A(complex)/A(ion)

VO A(ion) = 170 cm™?! g=g)

VO[(CH;CO),CH], 1.948 1.921 0.67
VE: A(ion) = 56 cm™* &=g=80

V(H,0)¢2* 1.965 1.964 0.99
Cr3t A(ion) =91 cm™! g=g=g8)

Cr(H,0)¢* 1.977 1.961 0.61

Cr(NHj)g3* 1.986 1.969 0.49

Cr[(CH;CO),CH];4 1.981 1.961 0.51

Cr(en)s3+ 1.987 1.969 0.45

Cr(CN)g*- 1.992 1.975 0.37
Ni2+ A(ion) = —324cm™! (g=g =g

Ni(H,0)¢2* 2.25 2.30 0.83

Ni(NH,)g+ 2.16 2.24 0.66
Cu?t A(ion) = —828 cm™! g=g)

Cu(H,0),* 2.46 2.593 0.77

Cu(NHjy) 2+ 2.223 2.468 0.47

Cu[(CH;CO),CH], 2.266 2.443 0.60

Cu[NHCHCgH;O], 2.200 2.408 0.49

Cu[S,CN(C,H;),], 2.098 2.347 0.28

*From B. R. McGarvey, “Electron Spin Resonance of Transition Metal Complexes,” in “Transition
Metal Chemistry,” Vol. 3, ed. R. L. Carlin, Marcel Dekker, New York (1967).

One notes that invariably the experimental value is closer to 2.0023 than the
result predicted by crystal field theory. The discrepancy can be removed by assigning
an empirical effective value to £ or A so as to make the calculated value of g agree
with the experimental one. The extent of the discrepancy of the simple crystal field
model is then indicated by the ratio A(complex)/A(gaseous ion). An increase in the
amount of covalency in a complex would cause this ratio to decrease. In ligand field
theory, one adjusts ¢ (or A) and P from the free ion values. The reduced values are
then often interpreted in terms of covalent effects (vide infra).

The use of these equations and the information available is illustrated by
considering the epr spectrum of bis(maleonitriledithionato) copper(Il), i.e.,

NC. S Si . aENI%=
\C/ \ / \C/
S9!

Nc” s s “cN

This complex was diluted into the diamagnetic nickel(II) complex and a single crystal
esr study was carried out.l” The coordinate systems in which the 4- and g-tensors
are diagonal were coincident, leading to the values g, = 2.026 =0.001, g, =
2.023 +0.001, and g,, = 2.086 == 0.001. The corresponding principal values of 4
were (39 +=1) X 107¢cm™1, (39 =1) X 10*cm™%, and (162 =2) X 107*cm™1,
respectively. The 4,  value obtained from spectra of solutions is 76 X 10~* cm™2.

1S0
From the g-values and equations (13-23) to (13-25) for a d,»_ » ground state, one can
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obtain values of a, =~ a, =~ a; =~ 0.01. Substituting these values into equations
(13-26) to (13-28) and solving for 4 (a d,2_, ground state), we obtain:

A, = P[+0.30 — X] (13-37)

Since 4, , has a value of 76 X 10~*cm™, 4, and 4, must have the same sign; e.g.,
(39 + 39 + 162) + 3 =~ 76. Since |4)| > |4,], the value of X must be positive; it
usually is. To get a larger absolute value for 4, than for 4, we can see from equations
(13-36) and (13-37) that the sign of 4; would have to be negative. Since we now know
the signs and magnitudes of 4; and 4, we can solve equations (13-36) and (13-37)
for P, and X. The results are P, = 1.6 X 10-? cm~* (compare to 3.5 X 10-2cm~tin
the free ion) and & = 0.55. The Fermi contact hyperfine coupling is given by
A = (0.55)(1.6 X 10-2 cm~). This analysis often confirms a tentative assignment of
the ground state, for an incorrect assignment could lead to unreasonable values for X
and P,.

The reduction of P, from the free ion value is interpreted as being due to
covalent interactions with ligands. However, one must use chemical intuition when a
P value is calculated from A values whose signs are unknown. For example, in a
study®? of x-irradiation of K;Co(CN)g, a paramagnetic species was obtained that has
g = 2010, g, = 2.120, 4,/gB = 835G, and 4, /gB8 = 26.9 G. P, was found to be
0.0088 cm™1, compared with the free ion value P, =~ 0.023 cm~l, implying that the
orbital containing the unpaired electron is only 38% d in character. If Ay and 4, had
been assumed to be of opposite signs, P, would be 0.0147, a much more reasonable
value.

It is also inadvisable to compare only restricted regions of the epr spectra in a
series of compounds, for example, only g or 4,, to infer differences in electronic
structure. For instance, many five-coordinate Co(II) complexes®? possess 4, in the
region from 90 to 100 X 10-# cm~?, with P, often ~0.017 to 0.020 cm~1. Aqueous
Co(CHNC);2+ in excess CH;NC®® has an 4 value of 61 X 10—% cm—?, implying at
first glance a larger covalency than usual. However, P; is calculated to be 0.0180, in
accord with many other compounds studied.

Pitfalls exist in interpreting the Fermi contact term, X, in terms of covalency.
When the 4s orbital is of appropriate symmetry to mix with a d-orbital possessing an
unpaired electron, a direct contribution to X results. Such a study was discussed in
conjunction with equation (13-18).

The previous arguments have been developed using P, and ¢ parameters, whose
values in complexes are reduced from the free ion values. An alternative but analo-
gous approach(®%:24 utilizes molecular orbital coefficients of d-orbitals from the metal
and ligand orbitals. For example, in D, symmetry, neglecting the explicit form of
ligand orbitals, the following one-electron orbitals are found:

a;, = 8,(d,2) — 8y(ligand)
by, = a,(d,,) — ay(ligand)
by, = By(d,2_,2) — By(ligand)
e, = v1(d;,) — v2(ligand)
e, = Y1(d,,) — vx(ligand)
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Derivation of g- and 4-values for an unpaired electron in the b,, orbital results in the
following equations:

86“12,312
L 003, e i
& AE(by, — byy)
2 2592
£h'= 20003 S

AE(e, — by,)

Ay =Py, [“%2 (; - GC) +(& -2+ %‘(g.l. = 2)]

2 11
A, =P, [—0[12 (—-7— ahy -'K) + ﬁ(gl - 2)]
; { ; £(complex)
In these equations, £ and P, are given the free ion values; thus, a,%8,2 = T

Many studies have been reported in which the above analysis is carried out on
copper(Il) systems. However, the resulting trends in the «? values are not all that
meaningful for copper(II) complexes. Two contradictory interpretations of the trends
in terms of trends in metal-ligand covalency have been offered.25:28

13-5 LIGAND HYPERFINE COUPLINGS

Hyperfine splittings from ligand atoms have contributions from a Fermi contact
term, F.C.; dipolar contributions from the metal, DIP; dipolar contributions from
electron density in p-orbitals of the ligands, LDP; and the metal pseudocontact
contribution at the ligand, LPC, which results from the interaction of the orbital
angular momentum of the unpaired electron with the ligand nuclear spin. When
ligand hyperfine structure is resolved, this latter term is generally small compared to
the other contributions. When there is extensive spin-orbit coupling, a large pseudo-
contact contribution would be expected, but relaxation effects lead to difficulty in
observing the epr spectrum and consequently the ligand hyperfine splittings. The 4,
and 4, values are given by equations (13-38) and (13-39):

Ay = Ag o + 2(Aprp + A pp) (13-38)
A, =Ago — (App + Appp) (13-39)

These equations refer to the parallel and perpendicular components of the ligand
hyperfine tensor. When an investigator measures the ligand hyperfine interaction (4,)
by the ligand fine structure of a metal hyperfine peak (for example, nitrogen super
hyperfine structure on a cobalt hyperfine peak), difficulty will arise if the two
hyperfine coupling tensors are not diagonal in the same coordinate system. Single
crystal x-ray diffraction and single crystal epr studies are necessary for complete
understanding of these systems. If one carries out a solution epr study with the ligand
hyperfine structure resolved, 4, ; can be measured directly. Equations (13-38) and
(13-39) cannot be solved for 4, and 4, ;.. However, a reasonable value for s
can be calculated from a knowledge of the structure, by use of equation (13-40):

App = ——geggf B Y(em) (13-40)
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where a is the metal-ligand distance. Equation (13-40) is derived for circumstances in
which the metal-ligand distance is large compared to the metal nucleus-electron
distance. Where this approximation is poor, other equations have been reported.”
The Ag o and A, 5, values are related to the s-orbital contribution a, and p-orbital
contribution «,, to the molecular orbital by the following equations:

Apo, = 16” YBByY(0) 2, (13-41)
iy 1 2
A Sei= ?y,B,BN<r—3> a, (13-42)
D

Values of Ay o and A4, are reported®® for one electron in s- and p-orbitals from
which the %s and %p character can be calculated. From these equations, the ratio
%s/%p can be determined to indicate the “hybridization of the ligand” in the
complex. This treatment tacitly assumes that delocalization occurs mainly by a direct
mechanism; i.e., spin polarization contributions are ignored.

The application of these ideas will be illustrated with a few brief examples. The
epr spectrum® of

0 =
N
/\I:‘e/\

\/\

O

indicates 4;(**N)/gB = 15.6 G, 4, (1*N)/gB = 12.7 G, and 4,,, = 13.7 G. Values of
A reported for a full electron in s- and p-orbitals are 4,°/gB =34.1G and
A,°/gB = 550 G. This leads to a ratio of %p/%s of about I, wh1ch indicates an sp
hybrld and a linear Fe—N—O structure. On the other hand, the ratio of p/s for the
nitrosyl nitrogen®® of Fe(CN);NO3- was 1.6, consistent with a bent metal-nitrosyl
structure (an sp? hybrid would have had a ratio of 2).

Recently, phosphorus hyperfine couplings were observed®? in the epr spectra of
(C¢H;);P and PF; adducts of tetraphenylporphyrin cobalt(II). The p/s ratio was
reported as 2.7 in the former case and 0.47 in the latter.

13-6 SURVEY OF THE EPR SPECTRA OF FIRST ROW
TRANSITION METAL ION COMPLEXES

In this section, we shall briefly survey some of the results of epr studies on
various d» complexes. For a more complete discussion, the reader is referred to
references 19 and 20. Before beginning this survey, we should mention that spin-orbit
coupling provides the dominant mechanism for electron relaxation in these systems. In
your reading, you will find statements like “zero-field splitting causes rapid relaxa-
tion” or “g-value anisotropy leads to a short electron spin lifetime, etc.” It is to be
emphasized that these are all manifestations of the effects of spin-orbit coupling in
the molecule. We have previously discussed the relationship of spin-orbit coupling to
these effects. Second and third row transition metal complexes become increasingly
more difficult to study by the epr technique because the spin-orbit coupling constants
are much larger.
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dl
The results of studies on ions with the electronic configuration d! can be fitted

with the spin Hamiltonian:

ST, +4S7T + 4,57,

T Yy Uy (2

A = plg H,S, + g,H,S, + gHS,] + 4 (13-43)
In an octahedral ligand field, the ground state is 27,, and there is considerable
spin-orbit coupling in this ground state. All of the Kramers’ doublets from the 2T,
term are close in energy and extensively mixed by spin-orbit coupling. This leads to
a short r,. In a tetrahedral ligand field, an 2F ground state (x2 — y2, z2) with no first
order spin-orbit coupling results. In this geometry, admixture of the nearby 27,
excited states into the ground state by second order* spin-orbit coupling provides a
mechanism leading to a short spin relaxation time for the electron and broad
absorption lines. The complexes usually must be studied at temperatures approaching
that of liquid helium. The 27T excited state is split by spin-orbit coupling. When the
ligand field is distorted (e.g., in VO?*), the ground state becomes orbitally singlet and
the excited states are well removed. Sharp epr spectral lines result at higher temper-
atures.

Equations have been derived,?? using the 4 wave functions and the appropriate
spin Hamiltonian, to relate the g-value in a trigonally distorted complex to the
amount of distortion. The distortion is expressed in terms of § (cm~?), the splitting of
the 2T state. A large distortion with § = 2000 to 4000 cm~ is found in tris(acetyl-
acetonato) titanium(III). As a result of this splitting, the electron spin lifetime is
increased and one is able to detect the epr spectrum at room temperature.

d?

Very few examples of epr spectra of these ions in octahedral complexes have
been reported because of the extensive spin-orbit coupling in the 37; ground state.
Tetrahedral complexes have an 34, ground state, so we would expect longer relaxa-
tion times and more readily observed epr spectra. The spectra of these systems can be
fitted with § = 1 and the spin Hamiltonian

A= gz'BHzS; i gﬂBHzS;z i guBHu§u 2 [§22 ¥ %]
+ ES,? — 8,21 + 45,1, + BIS,T, + S,,] (13-44)

V3+in an octahedral environment®? in Al,O, gave gy = 1.92,g, = 1.63,D = +7.85,
and 4 = 102. An example of a T, complex that has been studied®® is V3+ in a CdS
lattice. At liquid N, temperature, a g-value of 1.93 and D of 1 cm~! are observed.

d3

Octahedral 42 complexes have an %4, ground state, which must have a Kramers’
doublet lowest in energy. When the zero-field splitting is small, as shown in Fig.
13-13(A), three transitions can sometimes be detected and the zero-field parameter
can be obtained from the two affected transitions. When the zero-field splitting is
large compared to the spectrometer frequency, only one line will be observed, as
shown in Fig. 13-13(B). In general, the spectra can be fitted to the spin Hamiltonian:

*In second order perturbation theory, the E component of this split state is mixed into the ground
state.
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FIGURE 13-13. (A) Small zero-field and magnetic field splitting of the *A, ground state (field along z)
for a d3 case and the resulting spectrum.

(B) Trans-[Cr(C;HsN),l,]* in DMF, H,0, CH,0H glass®® at 9.3 GHz. D > 0.4 cm™}, E < 0.01.

(C) Trans-[Cr(C5H;N),Cl,]* in DMF, H,0, CH;0H glass®?¥ at 9.211 GHz.

(D) Computer simulation®® of (C) with g; = g, = 1.99, D = 0.164 cm~, E = 0.

[Reprinted with permission from E. Pedersen and H. Toftlund, Inorg. Chem., 13, 1603 (1974).

Copyright by the American Chemical Society.]

H= ngHz§z + gz,BHxS'\z - gyBHy§y + D [3‘;2 i _i__] o E[:S';z o §y21

+ A8 + AS,T, + 5,1,] (13-45)

It is difficult to recognize “typical patterns” for Cr+ in some systems.®® The spectrum
shown in Fig. 13-13(D) was calculated by a computer, using an isotropic g,
D = 0.164 cm~1, and E = 0 cm™1. Reference 33 contains many spectra of tetragonal
Cr(IIT) complexes and a detailed analysis of them.

The d3 system has been very extensively studied, particularly Cr3+. In octahedral
complexes, the metal electrons are in 7,, orbitals, so ligand hyperfine couplings are
usually small. The g-value for this system is given, according to crystal field theory, by

8A
g =2.0023 — (13-46)
AE(‘}TZQ 57§ 4/12g)

The ground state, being #4,,, has no spin-orbit coupling and a small amount is mixed
in via the T, state. Equation (13-46) differs from those presented earlier in two
ways. The spin-orbit coupling is described by A (which can be positive or negative)
and characterizes a state. With more than one unpaired electron, the energy differ-
ences also must be expressed in terms of the energy differences of the appropriate
electronic states. Calculating g for V(H,0)g?* using AE = 11,800cm™ and
A = 56 cm~1 gives a value g = 1.964, which is close to the observed®* value of 1.972.
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For Cr(H,0)¢3*, AE = 17,400 cm~%, A =91 cm, and the predicted g-value is
smaller than the experimental value® of 1.977. In the case of Mn*+, the discrepancy
is even larger, with a calculated g = 1.955 and an experimental value of 1.994. This is
in keeping with the fact that the crystal field approximations are poorer and co-
valency becomes more important as the charge of the central ion increases.

d4

There are very few epr spectra reported for this d-electron configuration. The
ground state in this system, in a weak crystalline O, field, which is 5E, has no orbital
angular momentum, so S is a good quantum number. Zero-field splitting of the +2,
=1, and 0 levels leads to four transitions when the splitting is small, as shown in Fig.
13-14, and none when the splitting is large. Jahn-Teller distortions and the accom-
panying large zero-field splittings that are expected often make it impossible to see a
spectrum.

+2

+1

FIGURE 13-14. Zero-field and magnetic field splitting of the
5E ground state (field along z) for a d* case.

H —inc— =

-2

For low spin d* complexes, the reader is referred to the d2 section (recall the hole
formalism).

d® Low Spin, S =Y,

In a strong ligand field of octahedral symmetry, the ground state is 27,. Spin-
orbit coupling splits this term into three closely spaced Kramers’ doublets; however,
epr spectra can be seen only at temperatures close to those of liquid helium because
of the large amount of spin-orbit coupling present. Since there are five d-electrons in
these systems, the situation is analogous to 4%, except that in this case we are working
with a positive hole. Jahn-Teller forces tend to distort systems such as MXg"-, so the
g-values contained in equation (13-9) are rarely observed. The splitting of the free
ion doublet state by an O, field, a D, distortion, spin-orbit coupling, and a magnetic
field are shown in Fig. 13-15. Since we haye non-integral spin, the double group
representations are employed when spin-orbit coupling is considered, and primed
symbols are employed for the representations. If one defines a distortion parameter,
5, as in Fig. 13-15, equations for the g-values can be derived: ;

3(¢ + 29)
B Er2op +sep7 ool
@8 39 T (13-48)

8L = [(g + 26)2 I 84‘52]1/2
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FIGURE 13-15. Energy level diagram foralow spin 1
d® system in an O, field and a D, field, followed by
spin-orbit coupling and the magnetic field-induced 2T, %5
splittings. With spin-orbit effects included, the 29 /.
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Note that as § — 0, both g; and g, — 0, in accord with the equations in Fig. 13-9.
For example, Fe3* in K;Co(CN)g exhibits®” an epr spectrum with g; = 0.915 and
g, ~ 2.2. Substituting into equation (13-47) and employing £ = —103 cm~ for the
free ion produces a value of § =~ 200 cm~.

Large deviations from octahedral symmetry cause an orbitally singlet state to lie
lowest in energy, well removed from orbitally non-degenerate excited states. Longer
electron relaxation times result, and epr spectra can be observed at higher tempera-
tures. Examples of such a system are low spin derivatives of ferric hemoglobin®® (Fig.
13-16), which possesses a large tetragonal distortion as a result of the heme plane.
Examples of bases, B, that produce a low spin environment are N;~, CN-, and OH".
Experimental g-values for the N3~ species are g, = 1.72, g, = 2.22, and g, = 2.80.
The large anisotropy in g, and g, is thought to arise from interaction of a specific iron
d-orbital with a nitrogen 7 orbital from the coordinated histidine group that ties the
globin to the heme unit. An epr study®® of bipyridyl and phenanthrolene complexes
of iron(III), ruthenium(I1I), and osmium(III) has been analyzed in terms of an energy
diagram similar to Fig. 13-15, but one in which the distortion could be shown to
produce the 24 state lower in energy than 2E; i.e, 8 is negative. Spin delocalization
onto the ligand was studied as a function of the metal in this series.

d® High Spin

This d-electron configuration has been very thoroughly studied. The high spin
complexes have 6S ground states, and there are no other sextet states. The *7] is the
closest other term, and second order spin-orbit coupling effects are needed to mix in
this configuration, so the contributions are small. Thus, the electron spin lifetime is
long and epr spectra are easily detected at room temperature in all symmetry crystal
fields. Furthermore, with an odd number of electrons, Kramers’ degeneracy exists
even when there is large zero-field splitting. We have illustrated the energy levels of
Mn(II) in Fig. 13-10. The results for high spin complexes can be fitted by:

ﬁ:gﬁﬁ-§+D[§22 ?§]+E[S2 S, + 48-T

[ e 707] + —I—F[35S duaioic —3—353] (13-49)

pd
Yiion % 16 180 2 ie 16

x|

AL-S

globin

FIGURE 13-16. Schematic
formula for hemoglobin.
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The higher power terms in § arise because the octahedral crystal field operator
couples states with My values differing by =4, leading to a more complex basis set
and more non-zero off-diagonal matrix elements. The splitting of the energy levels
and the spectrum expected for an undistorted octahedral iron(IIT) complex are shown
in Fig. 13-17.

5
/|7>

(A) 12y

(B)

FIGURE 13-17. The splitting of the energy levels (A) and the spectrum (B) expected for an octa-
hedral iron (Ill) complex (H parallel to a principal axis of the octahedron).

In iron(III) complexes with small tetragonal distortion, D <€ hv and E = 0. The
energy levels and expected spectrum are illustrated in Fig. 13-18(A). Observed
g-values are very close to 2.00 because of the extremely small amount of spin-orbit
coupling. This fact also allows easy observation of epr spectra at room temperature.
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FIGURE 13-18. Energy levels and expected spectrum for a
d5 ion in a weak (A) and strong (B) tetragonal field (H parallel
to the tetragonal axis). [From G. F. Kokoszka and R. W.
Duerst, Coord. Chem. Rev., 5, 209 (1970).]
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If D > hv, the situation shown in Fig. 13-18(B) exists, and only the transition
between |+Y%) and | —Y,) will be observed. Even if the higher levels are populated,
AM, # 1 for the possible transition and no spectral bands are observed. The g-values
can be calculated, using only |%, %) and [%, —%,) as a basis set and employing the
Zeeman Hamiltonian, # = g||'BHz§z +g _L',B(HES’; + Hu§y). When H is parallel to

z, we have:
\i 1 ‘i A
2% 2 IRETED,

—zl—ge,BHz 0 (13-50)
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AL

Solving equation (13-50) leads to AE = g,8H, and g, = g,.
For H parallel to x, after using S* = S, £ iS, we obtain

'il |i s
20 T

a= <% %l 0 %geBHz (13-51)
<i
7
Diagonalization of equation (13-51) leads to AE = 3g,8H, and g, = 3g, =~ 6.0.
Such a situation is well represented by Fig. 13-16, where B is a weak field ligand
such as F~ or H,O, which causes a high spin complex. The zero-field splitting
parameter, D, has been measured for several systems of this type by examining the
far infrared spectrum in a magnetic field. Values ranging from 5 to 20 cm—1 are found
for various complexes.?
The final case to be considered is one in which a geometric distortion occurs in
a complex that removes the axial character. In this case, the zero-field splitting

parameters D and E are not zero. This Hamiltonian again produces three Kramers’
doublets, as shown in Fig. 13-19. Solving this Hamiltonian matrix, using the wave

1 3
E=ls 2o BH 0
2' gifersts

(g' = 0.61, 9.7, 0.96)

(g’ = 4.29,4.29,4.29) FIGURE 13-19. Kramers' doublets in rhombic symmetry (D and E not

equal to zero) for high spin iron(lll). The three principal components are
listed in parentheses.

(g' =9.7,0.61,0.86)

o

H——

functions that diagonalize it, we find each of the three Kramers’ doublets to be a
linear combination of |%, *53,), |%, ==3,), and |%, *=%,). Thus, transitions within
each Kramers’ doublet are allowed; the corresponding g-values are indicated in Fig.
13-19. The separation between the Kramers’ doublets is large enough that transitions
between different ones are not observed, but at most temperatures all three are
significantly populated, and many resonances are observed. An example®? of this
situation is Na[Fe(edta)]-4H,O (where edta is ethylenediamine tetraacetate) diluted
in a single crystal of the analogous Co(III) complex. The spectrum shows one almost
isotropic transition at g = 4.27 and two very anisotropic ones with principal g-values
of 9.64 and 1.10, respectively.

d6

This system has not been studied extensively. Low spin complexes are diamag-
netic and high spin O, complexes are similar to 44. High spin iron(II) has a g-value of
3.49 at 4.2° K and a linewidth of 500 gauss even at this low temperature. Spin-orbit
coupling in the ground state is very large and there are nearby excited states that can
be mixed in. With a J =1 ground state, two transitions would be observed if
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zero-field effects were small. In a distorted octahedral field, zero-field effects are large
and no epr spectrum is observed. Deoxyhemoglobin is such a species, and no one has
obtained an epr spectrum on this system.

d7

The ground state for an O, high spin d7 complex is *T; (F). With extensive
spin-orbit coupling, epr measurements are possible only at low temperatures. With
S = 3, and three orbital components in 7, a total of 12 low-lying spin states result. At
the low temperatures needed to observe the epr spectra, because of spin relaxation
problems, only the low-lying doublet is populated, giving a single peak from an
effective S’ = Y,, with a g-value of 4.33. Studies on these systems have been re-
viewed.“?

In tetrahedral symmetry, cobalt(II) complexes with 4, ground states are similar
to tetrahedral d3 except that the 47, excited state is closer in energy to the 4, state in
cobalt. With more spin-orbit coupling, broader lines are found for cobalt(II).

In strong crystalline fields, a doublet S = ¥, state 2E becomes lowest in energy.
Because there is no spin-orbit coupling in this 2E state and since usually there are no
nearby doublet states, electron spin lifetimes are long, often allowing observation of
narrow esr lines at liquid nitrogen and room temperatures.

The spin Hamiltonian for the low spin d” system is usually given as:

ST +4,8T + 4,85, (13-5)

H = B[gmHa:Sz + ngySy + ngzSz] + Aa: T youUy
In the cases of the five- and six-coordinate tetragonal d” systems, the unpaired
electron resides in the d_. orbital. For this electronic configuration, assuming axial

symmetry,

g1 = 2.0023 (13-53)

6§

=20023 - ————
cL AE(z? — xz,yz)

(13-54)

This fact has been used®? to study the adduct formation of coordinatively unsatu-
rated cobalt complexes with varieties of axially coordinated bases, B. Good overlap
between the donor lone pair and d,z causes readily observed hyperfine structure from
bases coordinating via nitrogen or phosphorus atoms. Wayland has utilized the large
gyromagnetic ratio (and hence large hyperfine coupling) of 31P to obtain hybridiza-
tion ratios for varieties of PX, donors with Co(tetraphenylporphyrin)®? and
Co(salen).4? In a study“4® of 2:1 base adducts of BF, capped bis(diphenylgly-
oxime)Co(Il), it was found that P-values [see the discussion of equations (13-36) and
(13-37)] for oxygen donors were larger than those for nitrogen donors. It was also
found with a series of ten nitrogen donors that P varied from 0.0216 when B is
quinuclidine to 0.0147 when B is N-methylimidazole.

In low spin d7 systems, the d,. and 4s orbitals belong to the same irreducible
representation and are allowed to mix [see equation (13-18)]. It is therefore impossi-
ble to utilize the Fermi contact term, X, derived from equations (13-30) to (13-35) to
deduce information concerning molecular orbital coefficients and covalency in these
systems.

The epr spectra of O, adducts of various cobalt(Il) complexes have been
reported.#® The unpaired electron in the system resides mainly on O,. In spite of
this, an appreciable cobalt hyperfine coupling constant is observed. The metal
coupling arises from spin polarization of the filled molecular orbital of the O, adduct,






