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A. INTRODUCTION

During the 1930% the crystal field description of the electronic and magnetic
properties of co-ordinated transition metal ions was developed by physicists®+*+3,
The electrostatic field produced at the site of the metal ion was generally assumed
to have cubic symmetry, altnorgh Schlapp and Penney considered the additional
effect of an orthorhombic potential in their calenlations®.

In recent years new theoretical and experimental ideas have revealed the in-
adequacies of this simple theory. Now it is widely accepted that the electric and
magnetic properties of transition metal complexes are more aptly described by a
ligand field model incorporating non-cubic potential operators. Recent review
articles have discussed the effects of covalent bonding*, and the splitting of excited
terms as observed in the electronic spectra of metal complexes®. It is the purpose
of this ariicle to review the effects of non-cubic ligand fields on the ground terms
of transition metal ions and to discuss some of the experimental results which bave
revealed the presence of these fields.

B. THEORY
(i} General remarks

Most transition metal complexes show the effects of distortion produced by
non-cupic ligand fields in their ground terms, their excited terms or in both. Non-
cubic fields may arise as a consequence of (a) the presence of dissimilar ligands,
e.g. MA,B, complexes, (b) packing distortions produced by the presence of ions
of different sizes, (¢) the Jahn—Teller effect, where (b) and (c) are probably in-
separable.

Axial distortions are commonly described by the irreducible representations
of the Dy or C,, point groups in the tetragonal case and by those of either the
Dy4 or Cs, point groups in the case of a trigonal distortion. The lower symmetry
rhombic field corresponds to the point group D,,. The orbital and term splitting
that arises by descending in symmetry from an octahedral to an axial environment
is given by:

O, - Dy - D,,

Aig Asg A

Aag By, Asg

Es .Als-}-B,s Es

Tyq Ayt Eg A+ E,
T2s Bls"‘Es A1a+Es

To a first order approximation the effect of an axial ligand field component will
only be felt by those complexes which exhibit the orbitally degenerate terms E,
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Tyg and T, in a cubic field. Consequently we shall only be concerned with metal
ions that have orbitally degenerate ground ferms in cubic symmetry. The case of
rhombic symmetry is more complicated than axial symmetry and since the majority
of complexes may be considered on the basis of an axial distortion plus spin-orbit
coupling we shall not be concerned with rhombic distortions. Since confusion
between tetrahedral and octahedral symmetry is unlikely to arise we shall omit the
subscript g on all symmetry labels. Much of the experimental data to be discussed
is derived from magnetic measurements, now Egterms comprise a “‘non-magnetic™
doublet in cubic symmetry consequently complexes with 7, or T, ground terms
are dealt with most numerously. These terms arise from the following metal ion
configurations: *T; from d° octahedral and d* tetrahedral, *T, from d’ octahedral
and 4° tetrahedral, T, from 4? octahedral, 4® tetrahedral and d* spin-paired
octahedral and 2T, from 4! octahedral, 4° tetrahedral and d° spin-paired octa-
hedral.

Although the application of group theory provides a facile means of deciding
when a cubic field representation will be reduced by a non-cubic environment, it
does not permit us to estimate either the sign or the magnitude of the ensuing
separation of energy levels. Several calculations have been reported in which an
axial perturbation is added to the cubic field potential. Since we are not primarily
concerned with covalency effects we will not develop the ligand field approach3—’
but will concentrate on the point-charge or point-dipole model®~15.

(ii} Models used to describe axial field effects

Axial fields are usually treated as perturbations, in the absence of spin-orbit
coupling, upon the cubic field eigenfunctions!?. The arguments applying to the
tetragonal and trigonal field cases are similar hence only the former is discussed
here. For a tetragonally distorted system the total crystalline field potential is
Eiven by:

V = a¥+b¥2+c(Yi+ YY), &)
and the cubic field potential ¥V = Y,°+ /3% (Y *+ Y. ™9) )
Where a, b and care constants to be determined and the ¥™ are Tesseral harmo-
nics. By assuming that the tetragonal perturbation does not disturb the orbitals
in the xy plane’?, ¢ = /1% and

V = 0 + V‘I‘ (3)
where

Ve =a¥,+b'¥/ C))
In order to evaluate the matrix elements of the axial perturbation, ¥ is expressed
in operator form,

(5)

35 155
12

Ve = Ds(I2—2Y—Dt (-4: - —B+6
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where Ds and Dt are the axial field splitting parameters for ¥,°% and ¥,° respect-
ively, corresponding to Dg in the cubic field case.

The single parameter axial field model’* assumes that b" = 0 in (4) and
Dt = 0 in (5), such that the tetragonal field is due solely to the term a¥,°. In
contrast the two parameter axial field model® considers the more general case with
from zero b’ being different, which appears to be necessary for a discussion of the
excited states of a molecule31-20 Ground state properties such as the magnetic
moment'* and the quadrupole splitting in the M&ssbauer spectrum?*+2? have heen
accounted for on the basis of the single parameter model, hence we shall concen-
trate on this model.

The non-zero 1natrix elements of ¥ for the one electron d eigenfunctions in
a weak primary field assuming that Dr = 0 are given by equation (6).

{£2]Vr| £2) = 2Ds
{+t]Vp| +1> = —Ds 6}
O[Vz] 0> = —2Ds

The effect of the axial field on the spectroscopic terms of complexed metal ions
are derived from (6) by taking the necessary linear combinations of the one elec-
fron eigenfunctions required to describe the various terms. If we define the separa-
tion between the split ground term orbital components to he 4, and let 4 be
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Fig. L. Splitting of T; and T terms in a weak tetragonal field with 4 positive.
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positive when the orbital singlet lies below the orbital doublet, as in Fig. 1, then
for 5T, and *T, terms 4 = —3Ds. For *T, and 37, terms in a weak field 4 = 1,2Ds
and in a strong field 4 = 3Ds,

In the case of a trigonal potential acting on a weak primary field the non-
zero maftrix elements of ¥y for the one electron d eigenfunctions are again given
by equation (6) for the single parameter axial field model. This gives, for *7, and
ZTZ terms, A = 3Ds, and for *7, and 3T1 terms in a weak field 4 = —0,3Ds5 and
in a strong field 4 = —3Ds. These estimated values of 4 are related to the physical
deformation of an octahedron or a tetrahedron by letting Ze be the charge on the
ligands, ¥ be the mean square distance of the d electron from the metal nucieus,
a be the metal-ligand separation for the 4 in-plane ligands, 4 be the metal-ligand
separation for the two ligands on the opposiie sides of this plane and « be the
angle subtended at the metal ion by a vertex and the ¢, axis'%. Then for a tetra-
gonal distortion of an octahedron

2 __ 1 1
Ds = §Zer2 (—53 et E:—a‘) (7)

so that Ds is pegative for a compression along the C, axis since Ze is a negative
quantity and b < a. Conversely Ds is positive for an extension along the C, axis.
For an octahedron deformed along a trigonal axis
3 Zer?
Ds=-——(1-3cos’a) (8)
7 a
so that Ds is positive for a compression and negative for an extension atong the
trigonal axis. Hence for an octahedron distorted hy either a tetragonal or a trigonal
deformation a compression along the major symmetry axis produces a positive
value of 4 for T, terms and a negative value for T} terms.
In the case of a tetrahedron with a tetragonal distortion along the S, axis
Zer?
Ds =

— (1—3 cos® a) ®)
which implies that Ds is positive for a compression of the tetrahedron and negative
for an elongation along the tetragonal axis. When a tetrahedron is distorted along
a three-fold symmetry axis Ds is positive for the deformation that corresponds to
the ligands being forced away from the three-fold axis to give C,, symmetry.

In general the sign of 4 produced by distortion of a tetrahedron is opposite
to that produced by a similar distortion of an octahedron. These theoretical predic-
tions of the splitting of triply degenerate ground terms in transition metal com-
plexes are not yet extensively tested due to a paucity of sufficiently accurate ex-
perimental datal?.

The Jahn-Teller Theorem allows ns to predict that any molecule with an
orbitally degenerate ground term will be distorted such that an orbital singlet lies
lowest corresponding to a positive value of 422, Several reports have been made

~
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of the attempted ab initio calculation of the distortion expected from this source
but they appear not to be very successful?#—26_ Estimates of A from electronic
spectra have suggested values of the order of a few thousand cm ™!, which implies
that the axial field energy is comparable to that of spin-orbit coupling and thermal
effects. When we consider ways of estimating 4 for a ground term these other
effects must also be taken into account.

C. BACKGROUND TO EXPERIMENTAL MEASUREMENTS OF AXIAL FIELDS

If the sample is available as a well classified single crystal then much more
information is potentially available than if the sample is polycrystalline. In practice
polycrystalline materials are much more common than good single crystals so that
we will deal with parameters suitable for interpreting data for the former case and
mention the necessary extensions of the theory to the latter where appropriate.

(i} Magnetic susceptibilities

Van Vleck®” has expressed the energy E; corresponding to the wavefunc-
tion ¥, as a power series i the applied magnetic field H.

E, = F°+EH4+EM?4 ... ..... (10)
where E,° is the energy of the unperturbed state, E,! is the first order Zeeman
coefficient = {f; | A, l ¥:> and E;! is the second order Zeeman coefficient

DAV S

- 1

E)—EY

The z component of the magnetic moment operator f, = L+ 2§),8, where L,
and §, are the orbital and spin angufar momentum operators in the z direction,
and B is the Bohr Magneton ; similar expressions exist for the x and y components.
In a cubic environment the magnetic moment is isotropic so that the x, v and z
components of the Zeeman coefficients are equal. For non-cubic symmeiry the
magnetic moment becomes anisotropic and the first and second order Zeeman
coefficients must be evaluated individually for each direction. The resulting energy
of the system is dependent upon the Roltzmann distribution among the energy
levels descrihed by the operators relevant to the cubic and non-cubic crystalline
field potentials, the spin-orbit coupling and the applied magnetic field. The mean
energy is E_ where

—F
Y E e——=
E, _—_%
— Il
EekT

, i+, (11)




THE EFFECT OF AXIAL LIGAND FIELDS 113

@ = x, y, or z in the general case or L, || in the case of axial symmetry. The sus-
ceptibility x of the system is related to the mean energy by

= _!_ _._aE- 13
which gives the following expression for the molar susceptibility x,,
E! ¥? —E
NZ[( 2 —2EP]e =
7 kT in kT
Xm = o (14)
2T

The magnetic moment P being related to the molar susceptibility by
P_ = 2,828 (X 1)} (15)

It is apparent from equations (i4) and (15) that the molar susceptibility and hence
the magnetic moment at a given temperature is dependent upon which energy
levels of the system are occupied and this in turn depends largely upon the effects
of spin-orbit coupling and the non-cubic field potential. The case in which the
axial field potential is much more effective than spin-orbit coupling in raising the
orbital degeneracy has been discussed in general terms?® by taking expressions for
the g tensor to derive expressions for the magnetic moment, see page 122,

Before evaluating the matrix elements of the Zeeman coefficients in (14) it is
necessary to consider two further parameters k and 4. &k describes the reduction
in the orbital angular momentum of the free-atom eigenfunctions due to electron
delocalisation??, it is defined by

CAMAD
o= PR YA 16
MR APH (18)

where 1 denotes a2 molecular orbital of the complex and ¢ an atomic orbital of
the free metal ion. The parameter A accounts for the enhancement of the orbital
angnlar momentum of the ground term by interaction with an excited term. This
is of importance when a T term from a free ion F term lies lowest since lying
closely above it is a second T, term from a free ion P term. The amount of inter-
action between these two T; terms depends upon the strength of the crystailine
field, A varies from 1,5 in a weak field to 1,0 in a strong field?°. For a given
complex its value may be determined from electronic spectroscopic data. Including
Kk and A4 the following expressions are obtained for the major components of the
magnetic moment operator in axial symmetry

By = Ceyd L +2508 (17
and . . . -

2y = (kA (L-+L)+S_+5,) 8

Caordin. Chem. Rev., 4 (1969) 107-145
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where
Ei = inify aﬂd §:l: = ng:is‘y

For metals from the first transition series the effect of the axial field 4 and the
spin-orbit coupling A are of the same order of magnitude. Hence the perturbations
due to A and 1 have to be treated simultaneously and each case has to be con-
sidered individually as discussed in section D. The theoretical arguments used to
evaluate the matrix elements in each case usually involve the following assump-
tions:
(a) Spin-orbit coupling matrix elements between 7, and 7', terms with the same
spin multiplicity are ignored. In practice this could sometimes produce an addi-
tional splitting of a few cm™ 1.
(b) A < 10 Dg so that the off-diagonal matrix elements of the axial potential
between the ground term and the higher terms with £ symmetry may be neglected.
(¢) The departure from cubic symmetry is described by an axial field component
which has the same axes as the cubic field potential.
{d) The parameters 2 k and 4 are taken to be isotropic.
In general unless A > 1 tbe effect of the axial field upon the average magnetic
susceptibility is not large but the components X; and X, are very much more
sensitive to tbe presence of an axial field environment. Therefore more reliable
estimates of A are available from single crystal measurements than from average
susceptibilities which in some cases cannot be fitted unambiguously to the theo-
retical data.

The magnetic properties of a crystal are usnally measured by means of the
3 orthogonal principal crystal susceptibilities §,, S§,, §;. These are defined bythe
three directions in which the crystal is in stable mechanical equilibrium when
placed in a magnetic field. For a crystal with high symmetry {cubic, tetragonal,
trigonal, ortborhombic or hexagonal) the directions in which §,, S,, S;are meas-
ured are the crystal axes a, b and ¢. Usually S, lies along b, the major symmetry
axis of the crystal, and §; > S,.

If the crystal is monoclinic then S, is measured along the b axis, and S, and
S, in the ac plane where they make angles & and ¢ with the g and ¢ axes.

o
8
Sy

a
Fig. 2. The directional relationship between the principle crystal susceptibilities Sy, S; and S,
and the crystal axes a, b and c,
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Under these conditions

S, =S,

S, = S, sin2 8+S, cos? 9 (18)
and

S. = S, cos? $p+8S,sin® ¢.

In the case of a triclinic crystal none of the principal susceptibilities of the crystal
may correspond with a given crystal axis and each case must be considered in-
dividually.

Having discussed the susceptibiities of the crystal we must now consider
how to relate them to the three®! orthogonal molecular susceptibilities x,, x, and
x;. If the direction cosines between x, and S,, S, S; for the nth molecule in the
unit cell are ky,, §, and m,, with simiar expressions for the x, and x; direction
cosines then,

Sy = 2 X ki, + Xk, + X3k,
S; = 3 X+ Xol0+ Xal3, (19)

and
S3 = Z lefn-‘- szgn—i- x3m§n
n

where the summation is over all of the molecules in the unit cell. If the x values
are to be expressed as molar susceptibilities then the left hand side of equation (19)
should be multiplied by the molecular weight.

As an example consider the case of a metal ion in a crystal field environment
of Dy, symmetry in 2 monoclinic crystal. Then x; = X, = x; and x3 = x;. Let
& be the angle between the z axis of the octahedron of ligand atoms and the ac
plane of the crystal. If 4 is positive then x; > x; and since by convention
S, > S, we have

Sl. = XJ_
S, = Xy cos” a + X, sin” &
Sy = Xy sin® & + X, cos®a (20)

Therefore X, = S,

If A negative then Xy > Xy and &, and §, are interchanpged. Hence by experi-
mentally measuring S,, S, and S3, x; and x, are found which are refated to
particular values of 4 and A.

(ii) Maéssbauer effect™®

The transition metal nucleus most widely studied by the Mdssbauer effect
is 37Fe, It has a first excited nuclear spin level with spin quantum pumber I = 3/2

Coordin. Chem. Rev., 4 {1969} 107-145
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which lies 14,4 KeV (1 KeV = 8,07 x 10° cm™*) above the ground level which has

= 1/2. A Mossbauer spectrum is produced by the recoiless absorption or emission
of a y ray, resulting in a transition between these nuclear spin levels. All nuclear
spin levels with I = 1 have a quadrupole moment associated with them. In the
case of the first excited level of *?Fe the quadrupole moment will interact with an
extranuclear electric field gradient to produce a degenerate pair of states I, = £+3/2
at a different energy from the other degenerate pair I. = +1/2. This is expressed
by the Hamilionian operator #,3*

eQ

He = 41(2I-1)

(VG 1A+ D)+ (Ve — V) U2 —17)] (22)
Where V;,, V,, and ¥V, are the components of the electric field gradient tensor at
the nucleus, and eQ is the nuclear quadrupole moment. If we assume axial sym-
metry then 7, = 7, and V.. = eq, under these conditions we can write H, as,

eqe

Ry = TOI—T (37— I +1)] (23)

Since H, is a minor component of the total Hamiltonian of the system we need
only consider the diagonal matrix elements in order to find E, the interaction
hetween the quadrupole moment and the electric field gradient.

EQ= <IQI:[HQII:I:> (24)

From (23) and (24) it is apparent that when I = 1/2 and I, = +1/2, E, = 0.
When 7 = 3/2and I. = *+1{2, E; = —e*qQ/4 and when 7=3/2and I, = +3/2,
E, = e2qQ/f4. So that tbe nuclear spin ground level of *7Fe is unsplit whilst the
first excited level is split into 2 degenerate sets of states by E, = e®q{/2. As shown
in Fig. 3 the Mosshauer spectrum now consists of two lines whose separation AE,

Ip=x3
3 -7 —e2
1;,_: - AE, e2qa
= S I:=i% <
4
Kev
______ R S 2
1=% I;=i'a-
Free Electric

nucieus T field gradient

Fig. 3. Quadrupole splitting produced in the Mdssbauer spectrum of an 37Fe nucleus by an
efectric field gradient.
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depends upon the nuclear parameter e, which is constant for a given nuclear spin
level, and the electronic parameter eq. The actual field gradient that the nucleus
experiences depends upon the electronic configuration of the transition metal ion
because the expectation value of q, written as {q>, is not the same for each of the
d orbitals. Ingalls?#+?* has shown that there are two major contributions to q
which are expressed by q,,;. and q,,,.. These account for the field pradient pro-
duced by the valence electrons and the lattice charge distribution respectively. For
an axial environment

4 = Q1 —-R}+ 4, (1—7) (25)
where (1 — R} and (1 — ) are the Sternheimer factors which are included to correct
for the polarisation of the d electron core by the terms g, and gy, .-

Now
(God: = <V?> 26)

where (26) applics for each of the i occupied 4 orbitals. By using the single para-
meter axial field model we get,

(-~ %)
e /; r s

Bleaney and Stevens®® have shown that

Bz -1 = « D BE~LL+1)] (28)
Where {r*»; refers to the expectation value of the square of the radius of the ith
d orbital, and &« = — 3% for the configurations 34" and spin-free 3d°.

Therefore

V" 2 -3 b
=) " a <O BL - L(L+ 1] (29)

By using the usual combinations of one-clectron wavefunctions (29) is evaluated
to give the following values for

Ve:\

2 )
—~4 -3 2 .
B {r™>> for the dZ orbital

—Tz s>y for the dxz and dyz orbitals (30)
and

;(r'a) for the dxy and dx*—y? orbitals

Coordin. Chem. Rev., 4 (1969) 107145
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assuming that the radii of each member of the set of 3d orbitals are equal. By a
similar argument for an axial field splitting 4 of the lowest orbital triplet,
~ 144 _
{Quw = 3% e™H (31)

Assuming that the quadrupole precession times (~ 107 ® sec) are very much longer
than the thermal transition times between the orbital triplet levels (10~ °-107* sec)
the effective ficld gradient will be an average of the contributions of the three levels
each weighted by the appropriate Boltzmann factor. When the axial field splitting
produces the dxy orbital lying lowest 4 is positive?® and

—A
1—-e—
_(_“"_) (32)

Qeat, =

By substituting (31) and (32) into (25) we get

(- 57)

4 144
‘1=§(l' 3)(1—3)‘"'—"—_“*_7\—5;{(1' »a-n (33
1+2¢e —
( +Ze xT
and
—4
e |4 (1 € 'E":?) 144
AE, = — 17 {3y (1-R) oA 3 2y (1) €LY
142e ——)
(1420 57
If the axial field produces a negative value of 4 with the dxz, dyz orbitals lying
towest, then :
(1 e _A)
—_e20 {4 T kT/ 144
abg= "2l a v a-m Y KT B gl e
2 |7 ( —-4) 3e
2+e——
kT

By measuring the quadrupole splitting AE; as a function of temperature we are
able by the use of (34) and (35) to estimate a value for the axial splitting para-
meter A, By including the effects of spin-orbit coupling and covalency, the value
of AE, is slightly reduced for comparable values®? of 4 and 2, but the general
variation of AE, as a function of A is almost unchanged®®. Due to the similarity
of equations (34} and (35) it is not always possible to obtain a unique value of A
by this procedure.
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In practice AE, is not always measured at more than one temperature.
Under such circumstances it is still possible to estimate the sign but no longer the
magnitude of 4 from AE,. Since q,,;. > qr... We may to a first approximation
consider only q,,; . When 4 is positive the d;; orbital lies lower than the d._, d,.
pair by definition, and from (30) it follows that qy,, is positive. Now for the
I = 3/2 level of 37Fe @ is a positive quantity so that when 4 is positive AE, is
also positive. The converse applies when 4 is negative for a tetragonally distorted
environment. When considering a trigonal distortion the combinations of one
electron wave functions employed to describe the 4 orbitals are not the same as in
the tetragonal case with the result that a negative value of 4 corresponds to a
positive value of AE, and vice-versa. From which it follows that if we know the
symmetcy of the metal ions environment we can determine the sign of A from the
sign of AE,. For the I = 3/2 level of 37Fe AE, is positive if the I, = +3/2 states
lie above the I, = 4+ 1/2 states.

With single crystal spectra, analysis of the MiGssbauer line intensity as a
function of orientation®%, or studying the absorption spectrum with a polarised
y-ray source®” will yield the sign of AE,. Another method for finding the sign of
AE, requires a magnetic field for the sample, this may be either an internal field
for a magnetically concentrated sample3? or a large external field (ahout 30 K. Oe.)
for a diamagnetic or normally paramagnetic sample®®—**, This technique has been
applied to powdered samples where the two line quadrupole split spectrum is
further split into a doublet and a triplet, the doublet is highest in energy when
AE, is positive*?. From E.M.R. measurements the zero field splitting parameter D,
which arises from the lifting of the spin degeneracy of the ground term by spin-
orbit coupling and non-cubic fields, is available. The sign of D may be found
from Mdssbauer studies at ahout 1 °K where*® kT < | 2D |. This forms the basis
of a further way of finding the sign of AE, from the empirical relationship**

D=Do+f%g (36)

Where D, represents the contribution to D from nearest neighbours in the sample
and fis an experimentally determined constant.

(iii) Electron Magnetic Resonance*®

From E.M_.R. data we can obtain information relating to A from measure-
ment of the anisotropic components of the g tensor. General expressions have been
derived for the major components of g for systems with T,, T, and E ground
terms in an axial field environment?54%-%! In these expressions the reduction in
the spin-orbit coupling constant due to covalent bonding has been neglected; to
allow for this 1 should be multiplied by %, tbe delocalisation factor, in each case.

Let us consider the T, ground term in a trigonal environment with A

Coordin. Chem. Rev., 4 (1969} 107-145
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positive and much greater than A. This is a reasonable assumption since 3, =
— 100 cn ™" for Fe' and 4 is usually larger than this, see page 126,

then,
342
o 21 - —
and
A
g ~2 (‘1 — -A—) 37
For the *T; ground term assuming that 4 is isotropic, see page 114,
= 24+4N(A+2) [3 4 ]
g" - + x2 (x+2)2 ]
and
24 12
=4N |1 + -+ 38
Bs [ 12 x(x+2)] (8)
where
Nt=14 S % 5
- x* " (x+2)?
and x is refated to 4 by,
3 4 x+3
4d=—]A -+———-)+AA( ) (3%
x x42 2

4 is found by estimating Bys B1, A and A experimentally. If 4 3 A then equation
{38) simplifies for positive values of 4 to

gy =2
and
2147
so=2(1-20) “0)
4
For the *7, ground term,
A+2)1242
and
A4*
g =2(1— R
for the case in which 4 » 1 assuming 4 is positive then,
gy =2
and
MZ
gy = 2(1 — —A—) (42}
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For the *T, ground term
3QA+ 1)

1 T J@x2ay+ET T “)

and
_ (24-37) I

BL= Ja+z2a 582 T
for the case in which 4 » 1 assuming A is positive then,

gy =2
and

21 44
e T “H

where the last term in the expression for g, in (44) accounts for the orbital angular
momentum mixed into the ground term from the excited E termn by spin orbit
coupling. This term is usnally very small, Tf there is an elongation along the z axis
teading to a positive value of 4 for the 2E ground term, then,

44

and

A
g, =2 (1 + A_,) @5)

For a compression along the z axis 4 is negative and

gy =2
and

g, =2 ( I+ 3—1) (46)

45

where 4, = the separation between dxy and dx?—)?, 4, the separation between
dxy and the pair dxz, dyz and 4, is the separation between the d4.? and the d,_,
d,. pair of orbitals.

By means of these expressions for the major components of the g tensor,
expressions for the average magnetic moment due to the first order Zeeman effect
may be derived?® by using

i 2,
g = 5332 + 38 37
and
P? = g28*S(S+1). (48)
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Experimentally if the sample is available as a powder or frozen solution
analysis of the absorption line shape can provide values of g; and g,. This
method>? has been widely used for systems with S = 1/2. The maximumn of the
absorption curve corresponds to

hv = gLﬂH

and the sharp cut-off gives hv = g fH.
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Fig. 4. E.M.R. absorption line trace for s == 1/2 assoming gy > £, -

If a single crystal of the complex is available more accurate values of g; and
g, can be found. In the general case of an anisotropic g tensor the three principle
components are referred to the x, y and z axes of the complex. If the applied
field H has direction cosines 1, m and n with respect to the x, y and =z axes respect-
ively, then the g value measured in the field direction is*?

g = (I’g.2 1+ m?g, > +n?g H?* (49)

In the case of axial symmetry if « is the angle between the z axis and the direction
of H, then (49) simplifies to

g = (g.%sin® « + g;* cos® @)t (50)

The directions of the x, ¥ and z axes may be fouind from the angular variation of
the E.MLR. spectrum. This is studied by rotating the crystal about one of its
principle axes and taking a spectrnm for each orientation. In general three mount-
ings of the crystal are necessary, although for axial symmetry two may suffice®®,
If the unit cell of the sample contains only one molecnle, or a number of equivalent
molecules similarly orientated, then the principle magnetic axes of the crystal
coincide with the x, y and z axes of the complex molecule. In practice if all of the
molecules in the unit cell are not equivalent they are often related by a simple
rotation or reflection, so this presents no great extra difficulty,
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(iv) Nuclear magnetic resonance®*+>*

The proton N.M.R. spectra of paramagnetic complexes can provide informa-
tion about the symmetry of the metal environment by two distinct routes. An
isotropic pseudocontact proton shift can arise in both solids and solutions due to
the anisotropy of the g tensor of a complex with an axial distortion>%, In a pow-
dered solid the resonance field shift AH in an applied ficld H, is given by

2

AH e = _(gﬂz_glz)f%:_l)
where 0, is the angle between the principle symmetry axis of the complex and the
distance vector r; from the metal atom to the i® proton. In solution the molecules
tumble rapidly and the electron spin is now quantised along the axis of H,. Undex
these conditions the pseudocontact shift is usually given by>7?

f*HoS(S-+1) (3 Cos® §;—1)

(3 Cos? 8;,—1) (50)

AH 5, = —(gy—8Y (By +2g,) 3 2TKT (51)
The ratio of AH_;;4 to AH,;, gives

gy +ED (52)

(& +289

By means of (47) and (52) g,,. and g, can be found provided that an average value
of g is available from E.M.R. data. In practice these experiments are not always
possible partly because of the line broadening that occurs on passing from solution
to the solid state due to nuclear dipole-dipole coupling, and partly because the
relaxation processes involved often makes the observation of N.M.R. and EM.R.
signals from the same complex mutually exclusive 8,

The second route for obtaining information about 4 is more restricted in its
application and gives only its sign in favourahie cases. An isotropic contact shift
occurs in paramagnetic complexes due to the delocalisation of the unpaired metal
d electrons. If the metal is symimetrically substituted the amount of delocalisation
is the same on all ligands. In unsymmetrical complexes there may be a decrease
in the spin densities on one ligand and a corresponding increase on the others3®.
For NiL,L, complexes, where L, and L, are two different aminotroponeimines,
an unsymmetrical spin density can only arise when the *E term lies lowest cor-
responding to a negative value®® of 4. When L, and L, are two different salicyl-
aldimines the situation is less well defined®’.

We have seen that in principle it is possible to ohtain the magnitude and
sign of A from single crystal susceptibility and E.M.R. measurements at one tem-
perature, from variable temperature susceptibility and Mossbauer measurements
on a polycrystalline sample, from single temperature E.M_R. measurements on a
powder and from the proton N.M.R. specira of solid and solution at known
temperatures.
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D. RESULTS OF EXPERIMENTAL MEASUREMENTS
(i} Complexes with a 3T, ground term

The combined effect of an axial field and spin-orbit coupling considered

simultaneously on the cubic field 57, term is to produce six doublets and three

singlets as shown in Fig. &.
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Fig. 5. Splitting pattern of a 5T, term due to an axial field and spin-orbit coupling, assuming 4

to be positive and A negative. The degeneracy of each level is shown bepeath it.

The ordering of the levels depends upon the signs and relative magnitudes
of A and 1. The matrix for the perturbation of the fifteen ground term wavefunc-
tions assuming no interaction with higher terms has heen published52-53, The ap-
plication of these results has led to the evaluation of A for a number of spin-free
Fe'! complexes for which the free-ion value of the spin-orbit coupling constant is

taken as —103 cm ™.

Since the expressions for the magnetic moment £, (14) (15), and the qua-
drupoie splitting parameter AE,, (34) (35), are both dependent upon a Boltzman
distribution amongst the energy levels of the system, the two may be related %%,
By taking the case of A being positive and summing over the resulting six doublets

and three singlets we get,
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Ed B
5 (4 5)=
n=%
P = - 5 (53)
2e°F 1 g™
agl. ugl
9
2 Y Cne™
AEg = &"Q(I— R)(r™%) 25— (54
eTr
,,;-7
where
_ 281
Y=xr

A,, B,, C, and a, are parameters which depend upon the ratio of 4 to i. Any
contribution to AE, from the lattice has been neglected in the calculation which is
regretable since, as Van Vleck has pointed out for hydrated salts'?, the non-cubic
field is influenced by the nature of the cation. By measuring ecither the average
magnetic moment or AE at a given temperature the ratio of 4 to 1 may be ob-
tained from (53) or (54). If both P and AE, are known at the same temperature
both A and 1 are evaluated. In practice AE, is much more sensitive than P to small
axial fields, also AE,, is usually estimated more accurately than P so that consider-
able errors may be present in values of 4 and A estimated in this manner. More
accurate values of these parameters should be available by measuring either P or
AE, as a function of temperature. For a spip system with a 5T, ground term we
expect a Kramers singlet to lie lowest and E.M.R. results are not expected when
the microsymmetry is close to cubic (Fig. 5). Weak lines have been reported for
the Fe Tutton salts and FeSiF, 6H,0 at 20 °K but no information about 4 was
obtained*®, The estimated values of distortion and covalency parameters for a
series of Fe™ complexes with a *T, ground term are collected in Table 1.

The Tutton salts, M,'SO FeSO, 6H,0, are known to be tetragonal with an
octahedron of water molecules elongated along the z axis®*~%7, consequently a
negative value for A is expected. The interpretation of single crystal susceptibility
data of the ammonium salt agrees with this prediction®2. These results are not in
agreement with some earlier ones®® for which a value of 4 is reported as 650 cm™*
at 300 °K falting to 270 cm™* at 20 °K. However, it appears that these figures are
in error since some of the experimeatal data used refers to FeSO4 7H,O rather
tban the Tutton salt®®. Variable temperature magnetic measurements on a poly-
crystalline sample of the Tutton salt®* have been analysed in favour of a positive
value for 4, agreeing with susceptibility and specific heat data at liquid helium 7% 71,
and liquid hydrogen”? temperatures. Theselatter results have been interpreted on the
basis of a tetragona! field component®® of between 100 and 1000 cm ™ *. Quadrupole
splitting data suggests that the sign of A is positive®? and that it is equal to 280 cm ~*
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TABLE 1
FITTING PARAMETERS OBTAINED FOR SOME HIGH-SPIN TRON(If} COMPLEXFS
Complex A fem™2) Afem™—*} Kk Ref.
(NH ) SO, FeS0O,6H.O —1070 —100 0,8 63*
650 —100 68*
410 —90 i,0 62
280 —&0 22, 34"
K.80,FeS0,6H,0 —3500 —100 0,8 63*
FeSiFg6H20 760 —80 0,7 63+
730 — 100 74
1200 — 100 75
750 —100 0,7 62
760 —80 22
FeSO,TH0O 410 —90 0,85 62
850 —80 22
FeSO, 1020 —80 22
FeClL,4H,0D 140 —70 0.6 83
1830 —80 22
FeCly 2H,O 320 — 100 i,0 88
Fe Oxalate 2HL,O 530 —80 0,6 22,42, 89
200 -—70 0,6 83
FeF, 1600 —67 22
FeCl, 120 —95 93
Fe(lactate); 5/2H,0O 60 —&60 0,5 83
Fe(en)s0, 4H,0H,50, 30 —90 0,65 G2
Fe{apicolinic acid-N-oxide), 2H,O 120 —-63 0,9 a2
Fe(pyrazine axdicarboxylate} 2H, O 280 —77 0.8 62
Fe{pyrazine acarboxylate}, 2H.O 160 —80 0,7 62
Fe(pyrazine) (MNCS), { 2 Ig _gg g:g } 62
Fepy.(NCS), 140 —65 1,0 &2
480 —80 0,7 64
280 —70 0,7 83
Fepy,Cl. 540 —82 38
2000 —8{ &4
Fepy,Br, 1500 —80 64
Fepyals 400 —80 64
Fepy,I. 2py 450 —80 &4
Fepy JOCN). 1500 —80 64
Fepy . (OCN)2: 2py 1700 —80 64
Fey-pic,Cl: 520 —82 20
Fey-piceBra 200 —82 20
Feyp-pic,l: 440 —8a2 20
Fey-pic (NCS)» +500 —82 20
Fephen,Cla 1500 —65 64
720 91
880 —380 0.8 90
Fephen,Br, 720 —80 0,8 90
640 91
Fephen,(M3)z { 4ggg __gg g:g } 80
6350 91
Fepheni(OCN); 1440 —80 0,8 30

660 —30 0,8 91
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Tarre 1 (Continned)

Complex d fem™t) A fem™') Kk Ref.
—2000 —80 0,8
490 91
. 400 —80

Fedipy,{SCN); { 500 —100 } 92
Fedipy.Cls 600 91
Fephena(CH,COO), 580 91
Fel(Q,Cl: 600 —R2 20
FelQ.Br; 360 —82 20
FelQ,l, 80 —82 20
FelQ,(NCS). +370 —B82 20
Felpoly(l-pyrazolyl}boratel, 10600 —30 0,9 81

f } Indicates that more than one set of the fitting parameters may be used to accommodate the
experimental data.

* Indicates that some of the parameters are found to vary with temperature in which case the
room iemperature values are quoted.

for an axial field and an additional 80 cm ™! if a rhombic field is considered?2-3¢
The temperature dependence of 4 is thought to be due to an isotropic thermal
expansion.

The experimental results for the principle suspectibilities 7 of the potassium
Tutton salt have been analysed for the temperature range between 185.6 °K and
room temperature in terms of A = —500 em™? and k increasing from 0.6 to 0.8
over this temperature range®>. These values are unreconcilable with the suscepti-
bility data at 8§6.3 °K, which probably indicates an inaccuracy in the experimental
data. This should be checked, if possible, by different physical measurement in
order to obtain the best set of parameter values.

Recently the experimental values of the principle magnetic moments of
FeSiF¢6H,0O have been accounted for on the basis of the value of A varying from
760 cm ™! at 77.3 °K to 600 cm ! at liquid helium temperatures®>. This is in satis-
factory agreement with earlier susceptibility data?*~7% and recent polycrystalline
susceptibility measurementsS2, which have predicted values of 4 between 730 and
1200 cm~!. Quadmupole splitting data??*7-4? also suggest an axial field*?* of
760 cm ™, The substantial agreement on the axial component of the crystalline
field in this molecule should be compared with neutron defraction studies which
indicate that the iron atom is surrounded by an octahedron of water molecules
elongated along the three-fold axis’”. The small value of k reported for FeSiFg-
6H,0 and the Tutton salts is unexpected, since it implies an appreciable degree of
electron delocalisation. This is thought to occur by n bonding to the water mole-
cules, which is usually only of minor importance for water.

Single crystal susceptibility measurements have been reported’® for FeSO,-
7H,0. Since the unit cell contains 8 molecules whose mutual orientation is un-
known’? the data cannot be unambiguously analysed. In the octahedron of water
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molecules surrounding the iron atom, one of the Fe-OH, distances is longer than
the rest®°, consistent with the axial field implied by the analysis of powder suscept-
ibility measurements®?. The nuclear guadrupole splitting parameter suggests an
axial field of 890 ¢cm ™1, and a further rhombic?? field component of 410 cm™ 1.
Other Méssbauer data agree with a positive sign of 4 for this molecule*?-8.

The variable temperature susceptibility data for FeSO, appears not to have
been analysed®?. However, the Mdssbauer data suggest an axial field splitting of
1020 cm™*! and a rhombic field component??+38:42 of 660 cm ~ 1.

The variable temperature powder susceptibility measurements on FeCl;-
4H,0 have been analysed in favour of a positive value of 4%3 which is reconcile-
able with the known structure®¢ (Fig. 6).

&}
200k
=] (-}
[N
22
a1+ ( Fe )31 a
]
3,
ol
Ci o

~

Fig. 6. Structure of FeCl.4H.0O. Apart from the two angles of 81° the others are all approxi-
mately 90°,

It is anticipated that the two short Fe-QO distances could produce an axial
field component leaving an orbital singlet as the ground term. Mdssbauer and
electronic spectral data have also been interpreted in favour of a positive value for
A4 = 1830 cm™* with an additional rhombic field component?2:36-42:85 of ahout
1080 cm™!. The quadrupole splitting of the corresponding bromide is also in-
dicative of a positive??*®5 value of A.

Fe(Cl,2H,0 is polymeric with bridging chloride ions, each iron atom has a
tetragonal environment with four chloride ions in a plane and two frans water
molecules®®. The corresponding bromide is isomorphous®”. Single temperature
Massbauer data has been interpreted in favour of a positive value of 4 for both
of these molecules®>:25.

Structural data appear not to be available for most of the other complexes
listed in Table 1. For the majority of these complexes A is small and shows no
obvious relationship to the ligands present in the complex. In particnlar the reduc-
tion in 4 from 1600 to 120 em™* in passing from FeF, to FeCl, is rather surprising,
but due to antiferromagnetic behaviour the Mossbauer data is unlikely to be
challenged by a magnetic investigation. The uncertainty in interpreting the powder
susceptibility data is clearly sbown by the different sets of parameter values quoted %2
for Fe(pyrazine},(INCS),. This uncertainty largely arises from the small value of 4
for the ferrous spin-free ion which produces only a small variation in the magnetic
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moment between room and liquid nitrogen temperatures. Because of this an error
of up to £25% in A4 is possible and a completely independent fit for the para-
meters 4, 1 and k is not generally possible from powder susceptibility results. Data
at liquid helium temperatures would help to produce a more reliable set of para-
meters. An uncertainty in the sign of 4 appears to exist for tbe substituted thio-
cyanate complexes reported in Table 1, this could be an indication that they are
polymeric and that the theory for axial symmetry is no longer applicable to them.
The parameters for the Fepy, X, complexes have been estimated from single tem-
perature susceptihility and Mossbaver data®®. A 209/ reduction in 1 has been
assumed in comparison with data on similar complexes. Many of the values of A
estimated in this way for these complexes are considerably larger than for analo-
gous pic, phen, dipy or IQ complexes. This may be largely due to differences in
experimental data as noted by Kénig ef al.®° for (Fe phen,Cl,).

One of the polymorphs of (Fe dipy, (NCS),) 1s of sufficiently low symmetry
to provide EEM.R. data which have been interpreted in favour of an axial field
splitting of hetween 400 and 500 cm ™! when 4 is allowed to vary®? between — 80
and ~ 100 cm™*, This is in good agreement with values derived by other techniques
on related complexes. Tbe amount of electron delocalisation for the complexes in
Table 1 varies between 0 and 509 but there appears to be no obvious correlation
with the = bonding character of the ligands involved.

There does not appear to be any experimental data interpreted in terms of an
axial field distortion for the 3T, ground term arising from metals with a d* con-
figuration in tetrahedral complexes.

{(ii) Complexes with a *T, ground term

The six doublets that arise from the *7; term when an axial field and spin
orbit coupling are considered simultaneously are shown in Fig. 7. The interaction
matrix for the 12 ground term wave functions, including the perturbation pro-
duced by the excited *P term, has been reported®®. The equations expressing the
magnetic susceptibility as a function of 4, 4 and temperature have also been
diseussed®4-161 These have been used to evaluate 4, 4 and k from susceptibility
and E.M.R. data for some spin-free Co'' complexes in distorted octahedral en-
vironments, for which the free ion value of 1 is taken as —180 ¢m™*, as reported
in Table 2.

Van Vleck!? has shown from simple one-electron arguments that, by assum-
ing identical ligand environments in both cases, the axial fleld splitting in octa-
hedral spin-free Fe'f and Co!! complexes should be of opposite sign. This appears
to be in harmony with the data on the Fe™ and Co™ complexes of the types
MSIiF 4 6H,0 and M(poly(1-pyrazolyl}borate),, for which the iron complexes have
positive values of 4 and the cobalt complexes negative values, (Tables 1 and 2).
For the ammonium Tuti{on salts tbere appears to be some ambiguity in the sign
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Fig. 7. Splitting pattern of a *T; term due to an axial field and spin-orbit conpling, assuming A

to be positive and A negative.
of A for both the iron and the cobalt complexes. Since the structure consists of an
elongated octahedron of water molecules surrounding the metal atom®3-¢7 simple
arguments would be in favor of a nepative value of A for the iron salt and a
positive one for the cobalt salt. However negative values of 4 are most commonly
reported for the cobalt salt38-9+96-98 5nd positive ones for the iron salt (Table 1),
Negative values of A are reported for both of the potassium Tutton salts which is
quite unexpected. For the pairs of complexes MSO, TH,0, Mpy(NCS), and
Mpy(NCO), the positive 4 value reported for the iron complex suggests that the
cobalt value should be negative in each case. Unfortunately the powder suscepti-
bility data from the cobalt complexes, coliected between room temperature and
78 °K, cannot be interpreted unambiguounsly in favour of a particular value® of A.
However recent measurements at liquid helinm temperatures are more encouraging
and should be more widely employed®t,
The crystal structures of Cofacac), 2H,0*°? and Co(CH,COO0), 4H,0°3
indicate a tetragonally elongated octahedron of oxygen atoms surrounding the
cobalt atom, hence the positive values of A reported in Table 2 are favoured for

these complexes.
There appears to be no independent information available concerning the



THE EFFECT OF AXIAL LIGAND FIELDS 131

maolecular structures of the remaining complexes reported in.Table 2. Because it
is generally possible to fit the powder susceptibility results, at temperatures above
that of liquid nitrogen, to more than one set of parameterslittle can be profitably said
aboutthe effects of non-cubic fields in these complexes until more data is available.

No experimental data, which could be interpreted in terms of an axial field
splitting, appear to have heen reported for tetrahedral complexes with the 47
configuration and a *T; ground term.

TABLE 2
FITTING PARAMETERS OBTAINED FOR SOME HIGH-SPIN COBALT(II) COMPLEXES
Complex A fem—t) Afem™1) k Ref.
330 —145 0,9
— 1090 —180 1,0 96
— 700 —180 o7
— 1000 — IR0 1,0 o4=
— 1000 — 180 1,0 44
K,50,C0S0, 6H,0 —250 —180 1,0 94
(NH,),BeFCo(BeE,) 6H,0 —850 —180 1,0 94
CoSiFg 6H,O — 500 —180 LO 49
350 —130 0.8
CoS0, TH.O { —1300 —160 0.9 83
375 —150 0,8
CoCl, 6H1O { —1030 —180 0,9 28
200 —180 i,0 100
450 — 160 0.9
Co(CH,CO0); 4H,0 [ 630 160 1o } 83
420 —145 0,8
KCofacac) { —950 160 0.95 ] 83
350 - 160 0,9
Co(ncac); 2H10 { —1200 —170 0’95 } 83
230 —110 0,5
Cophens{(ClO,), { —080 —145 0.7 } 83
. 370 —125 0,7
350 — 145 0,8
Cofopd)sCla { — 1400 —180 0.9 } 83
Co(CsHs): CH 3 AsOT,{(ClO4); HzO 550 —145 1,0 o5
Co{CsHy); CH 3 AsO](NO 3}z H.O 550 —160 0.9 95
350 —145 0.9
Copy«(Cl0L: { e i e | 3
350 —160 09
Copya(NCS}; [ —400 —160 09 ] 83
380 —145 0,9
Co CO [ ’ }
PYs(NCO)2 —900 —170 0,95 83
370 — 142 0,8
Copy:Br; 2H;0 { —.9%0 —160 0.9 } 83
4310 — 1180 £,0
CopyaCl; 2H,0 [ —714 —180 1.0 } 98
Colhydrotris(}-pyrazolyl)borate]. — 1900 —145 0,9 99
Coftris{1-pyrazolymethane]:(NO2a)z —2136 —145 0,9 99

Footnotes see Table 1.
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(iii) Complexes with a 3T} ground term

A 3Ty ground term is found for complexes with the following configurations
and symmetries, 4% tetrahedral, 4* spin-paired octahedral and 4% spin-free octa-
hedral. The perturbations produced by an axial field component and spin-orbit
coupling considered together produce three doublets and three singlets. In the
absence of a magnetic field a Kramers singlet lies lowest so that under normal
circumstances an E.M_R. signal is not expected for these complexes.
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Fig. 8. Spliiting pattern of a *T; term due to an axial field and spin-orbit coupling, assuming
A to be positive and 4 negative.

The interaction matrix for the 37, term including the effects of spin-orbit
coupling, either a tetragonal or trigunal field component and coupling with the
excited 2P ierm has been applied to the temperature variation of the magnetic
moment of a series of tetrahedral Ni'f complexes!®?, spin-paired Cr'l, Mn™! and
Fe'¥ complexest!3-11% and spin-free V! complexes'?-*24, The parameters for

the Ni'* complexes listed in Table 3 were obtained by assuming that the free-ion

value of the spin-~orbit coupling constant 4, = —~315 em™>.

Single crystal X-ray studies have been reported for some of these Ni'! com-
plexes. In the triphenymethylarsonium salt of the tetrachloronickelate ion the Nilt
ion has a regular tetrahedral environment to within experimental error® ®%, whereas
in the corresponding tetraethylammonium salt it has a D,, environment with pairs
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TABLE 3
FITTING PARAMETERS OBTAINED FOR SOME TETRAHEDRAL NICKEL(I(} COMPLEXES
Complex dfem=') RXfem™ 1} k Ref.
[{C:H ) NENiCl, TI8 —i94 1.0 104
[{CsH 5} sCH s As, 1, NiCl, 718 —194 1,0 104
Cs,NiCl; 60O —150 0,95 104
HCsHys)sAsOLNICl; 700 —140 1,0 104
{CsHy) 3P NICl; 845 —130 0,55 04
[{Csz)‘;N}zNin‘; 650 — 130 1,0 104
1020 —315 1,0 105*
HCsHx) 3 CH1As] NiBE, 650 —130 1,0 104
HCH ) NI{CsH,) s PNiBril 750 — 154 0,85 i0q
{ 1650 —310 09 ] 106
2100 —310 0,9
KC1H)aNi[Benzimidazole NiBr,] 660 —220 0,7 107
HCsHs) 3Pl NiBr; 845 — 130 0,55 104
[(CsH )2 FOLNIBr, 585 —130 i,0 104
{(CsHg)y AsO1: NiBr: 610 —130 1,0 104
[(CsHs)aCHsAsL NIl 900 —150 0.8 104
. 1830 —208 0,7
I(CsH)sPLNIL {5 - BT ¥
H(CsH )2 PO): Nit,y 975 —195 1,0 104
. 1260 — 180 0.8
Nipyaf, [ 840 —140 0,7} 104
e s {688 —2A25 0.8
Nif-pics1. ! 1120 —140 0.7 ] 104
[{(CsH 5} POLNI(INO 1) 1120 —140 0,85 104

Footnotes see Table 1.

of CI-Ni-ClI angles equal'®? to 106,83° and 110,81°. Because of their structural
difference it is surprising that identical values of A have been reported for these
two complexes. CsyNiCls which has a lower value of 4 = 600 cm™?, is isomor-
phous with the corresponding cobalt salt which has Cl-Co-ClI angles of 106° and
111° taken in pairst'®. If it is assumed that the Co and Ni salts are strictly iso-
structural then the axial field parameter for CsyNiCl; is expected to be very similar
to that for {(C,H ;);NJ},NiCl, and different from that for [(CsH 5)3CH 3As], NiCl,.
The reported values of 4 are most probably an indication of the reliability of data
obtained from polycrystalline susceptibility measurements. Lohr and Lipscomb!!?
have shown by molecular orbitat calculations on the NiCi,?~ ion that an elonga-
tion leading to a structure with D,, symmetry and angles of about 118° and 104°
is mecessary to obtain a stabilisation energy of about 1000 cm™*. This appears to
be in reasonably close agreement with the values of A reported in Table 3 for the
NiCl,?~ ions in [(C,H;),N],NiCl, and Cs;NiCls.

Single crystal X-ray data indicates that [(CcH);P1L,NICi, is a fiatiened
tetrahedron with the anples CE-Ni~Cl = 123° and P-Ni-P = 117° *'2, The re-
ported value of A for this complex is 845 cm~*! comparable to the values listed
for the more symmetrical complexes; this probably means that A is surprisingly
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insensitive to changes in the structural enviconment of the Ni'! ion. From the
data reported in Table 3 for the less symmetrical complexes it appears that the
decrease in symmetry is more accurately reflected by a decrease in the electron
delocalisation parameter k than by a significant change in 4. The most striking
reduction in k& occurs when the halogens are replaced by triphenylphosphine. The
experimental data for the NiL,I, complexes, with L = Py, g-pic or {Cs¢Hs),P
may be fitted by either of two combinations of parameters. For these complexes
it does seem that a change in either k or 4 can be used to account for the magnetic
results.

In a cubic field the orbital degeneracy of the 77 term is raised by spin orbit
coupling alone to the extent of 3/2 1 which is probably about 250 ¢cm™* for the
Ni" complexes. This should be sufficient to satisfy the requirements of the Jahn—
Teller theorem at room temperature and below, so that it seems inappropriate to
invoke effects arising from this theorem to account for the relative constantcy of 4.
Recent measurements of susceptibilities at liquid helium temperatures suggest that
more reliable estimates of the fitting parameters are available in this temnperature
range!®7. More work of this type is expected in tbe future.

The fitting parameters arising from the interpretation of powder suscepti-
bility measurements for some spin-paired 4% octahedral complexes are reported in
Table 4. It is assumed that the free-ion values of the spin-orbit coupling constant
24 are 115 cm™? for Cr', 180 cm™* for Mn"" and 260 em™* for Fe™.

Although different authors report comparable magnitudes for the axial field
splitting in the Cr' complexes there appears to be ambiguity in estimating the sign
of 4. Due to the small value of the spin-orbit coupling constant for Cr" the
magnetic moment does not vary appreciably with temperature so that the magnetic

TABLE 4
FITTING PARAMETERS OBTAINED FOR SOME SPIN-PAIRED 44 COMPLEXES
Complex A fem—1t} Afem—=4 k Ref.
Crdipy.Cl. =2000 00 113
—900 50 0,5 116
Crphen;Ct;, 2H,0 =>2000 100 i13
CrdipysBra 600 100 113
— 600 S0 0.8 116
CrdipyaBr; 4H.O 700 100 113
640 80 0,6 115
CrphenzBr: 2H 0O 14040 1040 113
— 1000 100 0,95 1i6
Crdipyila —4&00 100 113
—350 100 0,95 116
Crphenal; 2H,O >2000 100 113
K iMo{CN)s 100 150 i13
190 140 114
[Fe{diars);Br:] [BF, ], 1400 230 113

[Fe(diars),Cl;] [BF,1: >4650 230 113
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data is open to more than one possible interpretation. In the absence of reliable
structural information it is not possible to conclude whether the complexes consist
of compressed or elongated octahedral structures. The apparent dependence of 4
on the degree of hydration and the differences in the value of A4 between the cor-
responding tris phen and tris dipy complexes is unexpected when compared with
data on some comparable Fe™ complexes, (see Table 6).

The general agreement on a small axial field splitting for KsMn(CN})4 in-
dicates the expected presence of a highly symmetrical environment and is in satis-
factory agreement with data on the corresponding Fe'! complex, (see Tzble 6).

The very large difference in the distortion of the two Fe™ complexes re-
ported in Table 4 is not readily explained since the replacement of hromide by
chloride is not expected to appreciably increase the axial ficld component in the
complex.

In Table 5 the fitting parameters for some VT complexes are reported. 1, is
taken to be 105 cm™!.

The alums are known io be trigonally distorted from X-ray evidence and a
positive value of A is predicted for the alum salts of VI', All of the reported data

TABLE 5
FITTING PARAMETERS ORTAINED FOR SOME VANADIUM(1II) COMPLEXES
Complex A (em—1} Afem™1) k Ref.
(NHL).80, VS0, 12H.O 1390 64 118
670 10 119
2000 105 0.8 2B
540 60 0,8 124*
880 80 0,6
HNH).CV(S0,). 6H O { 110 70 0.6 117
[(urea)sV]Bra 800 75 0,6 117
[(urea)sV] (ClOL} s * 840 105 0.4 120
KalV(ECN)sMH O 120 55 0,5 120
750 75 0,8
VCiz 6H;0 { 650 &5 0,6 } 117
(NH,).VE, 160 80 0,4 120
K.(VF;H.O} 540 90 0,75 120
Cs(VF,2H,0) 712 15 0,4 120
V(Cl; 3ITHF 665 95 0,9 120
V(i H{CHLCN) 880 80 0,9 120
VCl; M{C.H.CN) 480 80 0,4 120
1130 100 0.9
K ;[V(malonate},] [ 250 50 0.4 } 120
K s[V¥(oxalate)a] 3HO 700 50 0.4 120
930 60 0,75 124~
Csa[V{oxalate);] 3H,0 600 50 0,5 120
V(oxyquinoline), 700 70 0.4 120
V(benzoylacetone)s 750 75 0,6 120

Footnotes see Table 1.
t Guanidinium salt.
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for (NH,),V(S0,),12H,0 in Table 5 are in agreement with this prediction al-
though the magnitude of the axial field splitting is not finalised and may even be
temperature dependent*?*. In vanadium doped corundum 4 has been variously
reported' #1122 a5 about 1200 cm™! or approximately'?? 960 cra~f, which in-
dicates that the splitting of about 1300 to 1400 cm ™' obtained by single crystal
anisotropy measurements on the alum?'®:'2# is very reasonable. The magnetic
moment of the alum in solution is the same as in the solid state?® which indicates
that 4 does not arise from packing effects in this case but may be the result of the
Jahn-Teller effect operating due to the small splitting produced by spin-orbit
coupling in VT

Polarised crystal spectra of guanidine alumininim sulphate hexahydrate doped
with V¥ indicate that the axial field splitting of the vanadium ground term®?% is
approximately 1000 cm™ £, This is in reasonable agreement with the two possible
values of 4 for C(NH,);V(SO,),6H,0 derived from average magnetic suscepti-
bility measurements**”.

The low values of A4 reported for (NH,);VFs and Ky(V(SCN),) are in-
dicative of a fairly symmetrical environment, but the much larger axial field
splitting implied for the two hexa—urea complexes and VCl, - 6H,O is unexpected.
Some independent structural data on these complexes would be very enlightening.
A substantial increase in A occurs when a water molecule is substituted into the
VF,2 ion, and a further smaller increase occurs when a second water molecule is
substituted. This possibly reflects upon a trans substitution for the second water
molecule since this would produce a higher symmetry than eis substitution.

The differences in the axial field splitting of the VCI,Y 4 adducts are probably
greater than the experimental error in analysing powder susceptibility data and as
stich are not easily explained. The tris chelate complexes included in Table 5 have
fairly large values of 4 which are indicative of a trigonal distortion common to
complexes of this type.

As with other series of complexes those with 3T, ground terms have 4 values
which do not appear to be closely related to the symmetry of the complex, nor do
changes in k always follow relative changes in the n bonding capacity of the
ligands.

(iv) Complexes with e *Ty ground term

Until now we have only considered the cases of axial field splitting for
which 4 and 2 are of the same order of magnitude. This has restricted the examples
to complexes containing metals from the first iransition series. In the later series
spin-orbit coupling usually represents the major perturbation and it then becomes
necessary to consider other energy level compilations'25. The exception to this
argument occurs with the 274 ground term where the splitting is qualitatively the
same under both Russell-Saunders and j-j coupling and depends only upon the
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relative signs?27 of 4 and A. Consequently some complexes of the second and third
row fransition metals are included in this section.

A*T, ground term is present in complexes with the following configurations
and symmetries, d5 spin-paired octahedral, d' octahedral and d° tetrahedral.
Expressions comparable to equations (53) and {54}, relating the magnetic moment
and quadrupole splitting parameter in terms of their mutual dependence upon a
Boltzman distribution function, kave been developed for spin-paired Fe'" com-
plexes with a 27, ground term*2?:*2%_ The elements of the interaction matrix and
the interpretation of both static and resonance magnetic studies have been widely
discussed for complexes with a 27, ground term?!14:130-138 The gplitting of this
term by 4 and 4 into three doublets is shown in Fig. 9.
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Fig. 9. Splitting pattern of a *T, term due to an axial field and spin-orbit coupling, assuming 4
to be positive and A negative.

The parameters obtained by fitting experimental data for complexes of Mn''
Fe™, Ru!"' and Os™ assuming the free-ion spin-orbit coupling constants to be
—300cm™!, ~440cm ™!, ~1180cm™ ! and —3500 cm ! respectively are reporied
in Table 6.

The range of values reported for the axiat field splitting of the Fe(CN)*~ ion
from single crystal and powder susceptibility measurements as well as Moss-
bauer and E.S.R. data gives an indication of the reliability that may be placed upon
reported values of 4. The smaller values of 4, indicating a symmetric environment
for the Fe atom, seem most reasonable both intuitively and by comparison with the
data on the corresponding Ma''! complex, (see page 124). The apparent dependence
of A upon the degree of hydration requires explanation.

The larger values of 4 and of &k reported for the tris phen and dipy complexes
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TABLE 6
FITITING PARAMETELRS ORTAINED FOR SOME SPIN-PAIRED 4% COMPLEXES
Complex A fem™1) A fem—1} k Ref.
KiFe(CN)g 230 —350 0,85 128
0 —400 0.8 131
115 —278 0,87 136
4200 —400 0.9 134, 139
Na;Fe(CN)sHA0 460 —350 0,85 128
Cu 3 [FefCN)gl; 4H0 690 —350 0.85 128
Fephen (CIO,); 3H.0 600 —400 1,0 131
Fedipya{ClO.); 3H,0 600 —300 1,0 131
[Fephern(CT),] (ClOL) 393 —437 0,95 138
[Fephen(CN),JNO 3 4H, 0 644 —460 1,0 138
[Fedipyz(CN)>1 (C1O,) 414 —d414 0.9 138
[Fedipy{CN), NG, 538 —414 0,9 138
FeN-methyl-N-phenyl DTC), 110 —250 0,79 140
Fe(N-ethyl-N-phenyl DTC)s 66 —200 0,71 140
Fe(N-isoamyl-N-phenyl DTC), 57 —150 0,61 140
Fe(WNN-dicyclohexyl DTC)4 126 —400 1,0 140
Fe(NN-di-isopropy! DTC)s 230 —350 0,87 128
K4Mn(CN)s 3H,0 400 —200 0,75 131
{ 150 —240 0,85 ] 134
170 —240 0,90
500 0,74 136
760 —252 0,9 139
[RU(NH2)s]Cl4 0 —1000 1,0 138
{ 0 —1000 1,0 } 139
—1000 —1000 0,95
[Ru(NH;)g] (NO3); 3H,0 { 100 _ioe 1o ) 138
-+ 1000 —1000 0,95 139
[Ru(NH 3} CIICI,H,O )] —600 0,9 138
> 2000 —1000 0,95 139
Ru(acac), — 5000 —1000 0,7 138
>2000 —1000 0,95 139
[Rudipy.CL;]Cl 2H;0 [ hes 1o g:,?g booa
. —BROD —1100 0,8
[Rudipy>CLICIO. [ b 110 o3 } 141
[dipyH] [Rudipy CL,JH,O 0 —550 0,9 138
>3000 —1000 0,95 13
RupyaCls { —3300 - 1000 0,7 } 141
900 —3500 0,7
Ruf-picsCl, [ — 43400 —1150 0,75 } 141
1100 —1100 0,7
Ruyp-picsCly { —11500 —1150 0,7 } 141
1725 —&00 0,55
[Osphen.Cl;1C10, { —31200 —1600 0,6 } 141
2400 —-3000 0,85
Ospy,Cls { 24800 —1600 0,6 141
—2800 0,85
Osy-picaCly { —31200 —3000 0,85 } 141
—3400 —1600 0,75

Foaotnates see Table 1.



THE EFFECT OF AXIAL L£IGAND FIELDS 139

of Fe' in comparison with the tris dithiocarbamate derivatives are unexpected. It
is also surprising that A appears to decrease when either phen or dipy is replaced
by two cyanide ions.

The small variation of the average magnetic moment with temperature gives
rise to the extensive ranges of fitting parameters that are reported for the Ru' and
Os"™ complexes??3-13%:141  This emphasises the possible ambiguities that may
arise in interpreting powder susceptibility data. The situation is particulai'ly
disturbing for the osmium complexes where both the sign and magnitude of 4 are
undetermined. In general the axial fleld splitting appears to be larger for the Ru"!
and Os™ complexes than is found in most first row complexes. In the absence of
reliable structural data or more accurate experimental data such as might be ex-
pected from single crystal susceptibility or EM.R. measuremnents the situation
cannot be claried further.

The fitting parameters for some complexes with the d' configuration are
reported in Table 7. The free-ion values of the spin-orbit coupling constants are
taken to be 154 em™2, 250 cm ™1, 1030 cm™* and 2500 cm ™! for Ti'™, VIV, MoV
and WY respectively.

The data for the alum Cs,(S0,}i2H,0 have been derived from a number
of experimental sources; this is reflected in the variation of the reported values of
the axial field splitting parameter, It is noteworthy that in all cases A is positive for
the titanium alum and the same applies to the alum of V™ reported in Table 5.
From Van Vlecks® one electron arguments? it is expected that 4 would be of
opposite sign for these two alums. No ready explanation is available to account for
the experimentally determined values of A.

The axial field splitting reported for the two complexes containing the
[Ti(urea),]1** ion is of the same sign as that reported in Table 5 for two similar
V' complexes. Although 4 is about 509 smaller in the Ti™ complexes it is still
rather high for the anticipated cubic symmetry of the metal atom. The distortions
reported for the other Ti"* complexes in Table 7 do not appear to bear any obvious
relationship to the nature of the ligands in the complex. Differences in the values
of A are as likely to be due to the errors involved in obtaining the experimental data
and interpreting it as to any chemically meaningful changes. It is to be hoped that
structural studies, E.M.R. measurements or susceptibility data at liquid helium
temperatures will become available to help in the interpretation of the axial field
splitting in these complexes.

The experimental data reported in Table 7 for the V'Y complexes were again
derived from average susceptibility measuremenis'*S. Since the average magnetic
moment is not very temperature dependent a range of values for the curve fitting
parameters is available for most of the complexes studied. It is gratifying to observe
that the complexes containing the vanadyl ion, VO?*, experience a larger axial
field splitting than those containing the hexachloro vanadium™ ion.

The results of eurve fitting for the Mo" and WY complexes included in Table
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TABLE 7

FITTING PARAMETERS OBTAINED FOR SOME d' COMPLEXES

Complex Afem=*) Afem Yk Ref.
C5.80, TSSO 12H-0O 200 154 0,9 134
750 152 0,95 i39
800 150 0,65 143
350 93 0,7 144
500 154 0,87 148
140 140 0,6 45
[{urea)sTi] (ClO4)a 400 120 0.8 142
[(area)sTills 480 160 0,65 145
[{C:Hg)s N} [TiCL2CH 3 CN] 500 150 0,55 145
. 600 155 0,8
TiC1:3CHCN { 500 120 0.8 } 139
600 150 0,6 142
. 600 155 0,9
TiCl,3THF [ 800 120 0,9 } 139
6310 139 0.7 142
. . 350 155 0.9
TiCl;3Dioxan { 450 120 0.9 } 139
440 147 0,7 142
130 130 0,75
{ —260 130 0,75 } 145
TiCly3p-pic 520 130 0,7 145
TiCla3/2(CHOCH 1) 530 ap 0,85 145
TiBra2[(CH1)3N] 260 130 0,6 145
Ti(zcac), 7500 150 1,0 51
Cs,VClg 130 130 0,85 146
{(pyH)>VCl, 150 150 0,75 146
{quinH);VCl4 [ 320 160 0,8 } 146
340 170 0,85
(pyH).VOCL, 2040 170 1,0 } 146
1300 130 0,8
(pyH),VOCL, 2H,O 2880 240 1,0 } 146
1i20 140 0,65
(quinH);VOCi, { 2160 180 1O } 146
1080 120 0,7
[(C3H )N MoClg 700 390 1,0 147
1760 220 0,95 ]
1000 100 1,0
CSzMOOBl’s { 600 80 0.8 } 147
960 1200 0,9
[(C:Hs)szINWBTE [ 660 1100 0’7 } 147
1800 2000 0,8
WHrs { 1400 1500 0,5 } 147
1800 00 1,0
Cs . WOBrs ( 1500 600 0.7 } 147
2100 400 1,0
Rb.WOCH ‘ 1000 €00 o6 } 147
8280 1800 1,0
[(CsHs)s AS]WOCILHLO { 2300 1000 0,5 } 147
. 7680 2400 0,85
(quinHY, WOCI, { AR00 1500 0.8 } 147
) 3750 1000 1,0
(quinH}.WORBC, [ 2000 1500 0.7 } 147

Footaotes see Table 1.
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7, indicate that A is generally larger for the second and third row transition metals
than for the first row ones. This is in agreement with the data on Ru'™ and Os'"!
complexes in Table 6. It also appears that the later tranosition series metals ex-
perience a greater reduction in 4 and increase in electron delocalisation indicative
of an increase in covalent bonding. Since neither structural data nor single crystal
magnetic data have been reported for any of these complexes, the interpretation of
the powder susceptibility results should be treated with caution.

The metal with a 4° configuration most likely to form a series of tetrahedral
complexes is copper(IT). Unfortunately many of its complexes display magnetically
concentrated behaviour®® which makes their susceptibilities unsuitable for inter-
pretation in favour of the symmetry of the complex. Also copper(Il) has alarge
spin-orbit couplingconstant (1o = —850 ¢cm™ ) thus if A~~2 then 4 is no longera
small perturbation with respect to the cubic field operator since for tetrahedral
complexes 10Dg =~ 5000 cm™*. Together these facts render many copper(Il) com-
plexes unsuitable for the theoretical treatrment considered here. No attempt appears
to have been made to interpret the magnetic studies of copper(II) tetrahedral com-
plexes in this way.

(v} Complexes with E ground terms

A 2E ground term arises from the configurations d' in tetrahedral symmetry,
d? and 47 spin-paired in octahedral symmetry. There is also the *E ground term to
consider; this occurs for d* in octahedral and 4% in tetrahedral symmetry. Since
E terms correspond to a non-magnetic doublet in cubic symmetry information
concerning the axial field splitting is not expected from magnetic susceptibility
measurements apart from the second order term in spin-orbit coupling which con-
tributes to the g tensor. The other means of estimating A is from variable temperatu
Mdssbauer spectra which at present limits the discussion to tetrahedral iron(II)
complexes. Some values of 4 relating to the axial field splitting for the SE term are
reported in Table 8.

All of the values of A reported in Table 8 are positive implying that the 4,7

TABLE 8
FITTING PARAMETERS OBRTAINED FOR SOME TETRAHEDRAL IRON{IT} COMPLEXES
Complex A fem—1) Afem—1} k Ref
[{C:H ) N]FeCL, I35 —103 1,0 149
1185 —103 1,0 150
[{CHj)4N},FeCliy 125 —103 1,0 149*
(POYFeCl, 470 —103 1,0 149
[(CoH )N FeBr, 96 —103 1,0 149
HCHa) N1, Fe(NCS}, 101 —103 1,0 149
{Cat)Fe(INCSe), 292 —103 1.0 149

Footnote see Tabie 1.
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orbital lies below the 4,22 and that a compression of the tetrahedron along the z
axic has occurred. The largest distortions are observed for the two complexes with
large flat cations, PQ and CaT, indicating that solid state effects as well as Jahn-
Teller effects contibute to 4 in these complexes. With the exception of
[(C.H;), NI, FeCl, A appears to be independent of temperature and is possibly due
to electronic effects ansing from the Jahn-Teller theorem. However the effects of
covalency and distortions produced by the surrounding lattice have not been in-
cluded.

In conclusion it should be mentioned that direct transitions between the
levels separated by 4 are possible in principle for many of the complexes studied.
But without single crystal structural data the polarised spectra necessary for the
unambiguous assignment of A have not been performed. In general the axial field
splitting of orbitally degenerate ground terms is smaller than in the excited terms of
the same molecule. Until more precise data become available from extensive ex-
perimental and structaral studies the values of A reported here should not be inter-
preted too literaily but in most cases general trends are significant.

REFERENCES
1 I H. Van VLECK., Phys. Rev., 41 (1932) 208.
2 R. ScHrarp anD W. G, Penney, Phys. Rev., 42 (19312) 666.
1 J H. Van Vieck, J. Chem. Phys., 3 (1935) 807,
4 J. Owen anp J. H. M. TuorNLEY, Rept. Prog. Phys., 30 (1967 675.
5 A. B. P. Lever, Coordint. Chem. Rev., 3 (1968) 119.
6 C. E. Suirrer AND C. K. JORGENSEN, Mat.-Fys. Medd. Dan. Vid. Selsk., 34 (1965) Na. 13.
7 D.S5. McCLURE, Advances in the chemistry of the coordination compornds, Fd. S. KIRSCHNER,

McMillan & Co., New York, 1561, p. 498.
8 W. E. MofrtT anD C. 1. BattHAUSEN, J. Inorg. Nucl, Chem., 3 (1956) 178.
9 H. YAMATERA, Bull. Chem. Soc. Japan, 31 (1958) 95.

10 R. A. D. WENTWORTH AND T. S. PeER, Inorg. Chem., 4 (1965) 709.

11 I H. VaN Vieck, J. Chem. Phys., 7 (1939) 19,

12 1. H. Van VLECK, Discussions. Far. Soc., 26 (1958) 96.

13 C. J. BaLLMAUSEN, Introduction to Ligand Field Theory, McGraw Hill, New York, 1962,
p- 99,

14 B. N. Fiaas, J. Chem. Soc., (1965) 4887.

15 D. R. ScorT anND F. A. MATSEN, J. Pliys. Chem., 72 {1968} 16.

16 R. KrisHNAMURTHY, W. B. SCHAAP AND J. R. PERUMAREDDI, Irtorg. Chenr., 6 (1967} 1338.

17 1. R. PERUMAREDDI, J. Phys. Chem., T1 (1967) 3144.

13 1. R. PERUMAREDDI, . Phys. Chem., 71 (1967) 3155,

19 D. M. L. GooncasEg, M. GoongaMme, M. A. HiTcHMaN AND M. J. WEEks, J. Chem. Soc.
(A), (1966) 1769.

20 C.D. BuresrmaEe, D. M. L. GoonGaME aNp M. GooDGAME, J. Chem. Soc., (1967A) 349.

21 T.C. GBB, J. Chem. Soc. A, (1968) 1439,

22 R. INGalLs, Phys. Rev., 133A (1964) 787.

23 'N. 5. HawMm, Spectrochim. Acra, 18 {(1962) 775.

24 C.J. BALLHAUSEN AND A, D. LieHR, Ann. Phys., 3 (1958) 304.

25 J. C. BiseNSTEIN, J. Chem. Phys., 34 (1961} 310.



THE EFFECT OF AXTAL LIGAND FIELDS 143

26

27
28
29
30
31
32
13
34
35
36
37
38
39
40
41
42

43
44
45

fI. C. LoNGuUET-HiGains, U. Orik, M. L. H. PryCE AND R. Sack, Proc. Roy. Sor. Al44
1958) 1.

J. H. VAN ViEck, Flectric and Magnetic Susceptibilities, Oxford Univ. Press, Landom, 1931,
B. N. Fioo1s anD J. LEwis, Progn. fnorg. Chem., 6 (1964) 17,

K. W_ H. S1evENS, Proc. Roy. Soc., A219 (1953) 542.

B. N. FicaGis, Introduction to Ligand Fields, Interscience, New York, 1966, p. 288,

K. LoNsDALE, Proc. Roy. Soe., A258 (193T) 145.

J. B. DEVoE AND J. J. SPOXKERMAN, Anal. Cherni. Ann. Reys., 40 {1958} 472R.

M. H. CoueN anD F. REr, Sofid Stare Phys., 5 {1957 322.

R. INGaLLS, Bull. Amer. Phys. Soc., 8 (1963) 42,

B. BLeaney anD K. W. H. STEVENS, Rept. Prog. Phys., 16 {1953} 108.

P. Zory, Phys. Rev., 140 (1965} A1401.

C. E. IouNson, W. MarsHALL AnD C. J. PERLOW, Phys. Rev., 126 (1962) 1501,

K. Ono anD AL Ito, J. Phys. Soc. Japan., 19 {1964) 899,

5. L. Ruby anD P_ A, Frmw, Rev. Mod. Phys., 36 (1964) 351.

Y. R. Gaprier aND S. L. Rubv, Nuc. Inst. Methods, 36 {1965} 23.

R. L. Corrins, J. Chem. Phys., 42 (1965) 1072,

R. W. Grant, H. WIEDERSICH, A. H. Mur, [J. GONsSER AND W. N. DELGLASS, J. Chenr.
Phys., 45 {1966) 1015,

H. H. WICKMAN AND A. M. TROZZOLO, fflorg. Chem., T {1968} 63.

W. I. NicHO1Is0N AND G. BUurMS, Phys. Rev., 129 (1963) 2490.

B. R. McGARVEY, Transition Metal Chem., 3 (1967) 90.

A. ABRaGad anD M. H. I PaycE, Proc. Roy. Soc., A205 (1951) 135.

J. 8. GRrIFFITHS, The Theory of Transition Metal Ions, Cambridge Univ, Press Cambridge,
1561, p. 320.

R. 8. RuBIns, Proc. Phys. Soc., 80 {1962} 244,

A, Aaracam AND M. H. L. PrYCE, Proc. Roy. Soc., A206 (1951} 173,

M. H. L. Pavce, K. P. Spma sanDp Y., TaMABe, Mol Phys., 9 (1965} 33,

A CARRINGTON AND A. D. McLACHLAN, Inrroduction 1o Maguetic Resonance, Harper Rowe,
New York, 1967,

F. K. KNeupflpr, J. Clem. Phys., 33 (1960) 1074,

K. D, Bowers anD J. Owen, Repi. Prog. Phys., 18 {1955} 304.

D. R. FATON AND W. D. PHiLLIPS, ddv. Mag. Resonance., 1 (1965} 103.

E. De Boee anp H. Van WILLIGEN, Progress in N.AMLR. Spectroscapy, 2 (196T) 112,

W. C. DickINsoN, Phys. Rev., 81 (1951) 717.

H. M. McConnNELL AND R. F. Ropertson, J. Chem. Phys., 29 (1958} 1361.

H. P. Fratz, H. J. KeLLer AND K. E, ScHwaRZHANS, . Org. Met. Chem., 7 (1967) 105,
D. R. Eatow anD W, D, PHILLIPS, J. Clem. Phys., 43 (1963) 392.

W. C. Lin anp L. E. Orger, Mol Pliys., 7 (1963 131.

A. CHAKRAVORTY AND R. H. Hotm, J. dmer. Chem. Soc., 86 {1964} 3999.

B. N. Ficais, I. Lewis, F. Mapis anp G. A. Ween, J. Chem. Soc. (A), (1967) 442,

E. KoniG AND A. 8. CHAKRAVORTY, Theoret. Cherm. Acta., 9 (1967} 151.

R. M. Gorpmit, K. F. Mox anp J. F. Duncan, frorg. Chem., 5 (1966) 774.

W. Horrmany, Z, Krist., 75 (1930} I58.

W. Horrmann, Z. Krise,, 78 (1931 279,

F. Hatra anp E. MEHL, Z. dnorg. Chem.. 199 (1931) 379,

A. Bosg, A. 8. CuaxravorTY AND R. CHaTTERIEE, Proc. Roy. Soc., A261 (1961) 207.

L. C. JacksoN, Phil. Trans. Roy. Soc. Lond., A224 (1924) 1.

J. T. RICHARDSON AND R, C. Saep, J, Chem. Phys., 29 (1958) 3137,

R. C. Sarp, J. Chem. Phys., 30 (1959} 326.

T. OKTSUKA, H. ABE AND E. KANDA, Sci. Rept. Res. Inst. Yohoku Univ., A9 (1967) 476.
A. Bosg, fnd. J. Phys., 22 (1948) 483.

L. C. TACKSON, Phil. Mag., 4 (1959) 269.

H. Eicuer, Z. Physik., 171 (1963} 582.

D. Parumpo, Nuove Cimento, 8 (1958) 271.

W. C. HammrToN, dcra Cryst., 15 (1962) 353.

Coordin. Chem. Rev., 4 (1969) [07-145



119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

G. A. WEBR

B. C. GHUA, Proc. Roy. Soe., A206 (1351} 353,
L. Mess, Naturwiss., 28 (1940) 78.
W. H. Baur, Acta Crysr., 17 (1964} 1167.
J. P. Jesson, J. F. WEIHER aND 5. TROFIMENKO, J. Chem. Phys., 48 (1968} 2058,
G. Foex, J. Phys. Radium, 2 (1931} 353.
G. A. Wepp, unpublished work.
B. R. PENFOLD AND J. A. GRIGOR, Aera Cryst., 12 (1959} 850.
C. . BURBRIDGE AanD 1. M. L. GoonGame, J. Chem. Soc. (A), (1968} 1410.
B. MorostN AND E. J. GraEBRER, J. Chem. Phys., 42 (1965) 898.
A. NaraTH, Phys. Rev., 139 (1965) 1221. .
C. E. Jounsown, Froc. Phys. Soc., 88 {1966) 943,
F. DE. 8. Barros, P. Zory anNp L. E. CaAMpPRELL, Phys. Letters., 7 (1963} 135,
E. KON1G, A. 5. CHAKRAVORTY aND K. MaDEIA, Theoret. Chem. Acta, 9 (1967) 171.
E. KoniG, 5. HUFNER, E. STEICHELE AND K. MaDEIA, Z. Naturforsch., 22a (1967) 1543.
E. KéniG, K. MaDE1a aND K. J. WATSON, J. Amer. Chem. Soc., 90 (1968) 1146,
K. Ono, A. ITo aND T. Fustra, J. PAys. Soc. Japan, 19 (1964) 2115,
A_ Bose, A. 5. CHAXRAVORTY AND R. CHATTERIEE, Proc. Roy. Soc., A261 (1961) 43.
G. A. RobLEY AND G. A. WEBB, to be published.
N. Ury0, J. Phys. Soc. Japan, 11 (1956) 7710.
K. KaMbE, 5. KoIlne anp T. Usut, Prog. Theoret. Phys., 7 (1952} 15.
B. M. Frcais, J. Lewis, F. Mabpes aND G. A. WeBB, Narure, 203 (19643 1138,
J. P. Jessowm, J. Chem. Phys., 45 {1966) 1049,
T. HAasepa, J. Phys. Soc. Japan, 15 {1960} 483,
B. Harna, Private Communication.
G. J. BuLLEN, Acta Crysr., 12 (195%) 703,
J. M. Van Nixmi AND F. R. L. SCHOENING, Aeta Cryst., 6 {1953) 609.
B. M. FiGais, J. LEwis, F. Mapps avD G. A, WEBR, J. Chem. Soc., (A), (1966) 1411.
A. Bosg, R. Rat aND 8. MrITRaA, Ind. J. Phys., 39 (1965) 318.
R. CHATTERIEE, Can. J. Phys., 45 (1967) 2121.
D. M. L. GoopGaME, M. GOODGAME AND M. J. WEEKS, J. Clem. Soc. {A), {1967) 1676.
P. PauLING, Tnorg. Chem., 5 {1966) 1458.
C. D. 51ucky, J. B. FOLKERS aND T. D. KISTENMACHER, Acta Crysr., 23 (1967) 1064.
B. M. Figagis, M. GERLOCH AnD R. Masown, dcta Cryse., 17 (1964) 506.
L. C. Lour anp W. M. Lrescoms, Inorg. Chem., 2 (1963) 911.
G. Gorton, D. E. HENN, H. M. Powert avp L. M. VENaNZL, J. Chem. Soc., (1963} 3625,
Yu. M. UpacHin aND M. E. Dyatkmia, Zhr. Strukt. Chim., 8 (1967) 368.
H. KamiMura, J. PAys. Soc. Japan., 11 (1956) 1171,
E. G. Terezaxis anp R. L. Carriv, Inorg. Chem., 6 (1967 2125.
G. A. WEBB, to be published.
R. L. Cantmi anD E. G. TerEzARYS, J. Chem. Phys., 47 (1967) 4901.
A. 5. CHAXRAVORTY, Proc. Phys. Soc., 74 {1959} TI1.
A, SIEGERT, Physica, 4 (1937) 138.
D. I. MacHm anND K. 5. Murray, J. Chem. Soc. (A), {1967) 1498.
M. H, L. Pryce anD-W. A, RunNcisaN, Discussions. Far. Soc., 26 (1958) 34.
C. R. QUaDE, W. H. BRUMAGE AND C. C. LiN, J. Chem. Phys., 37 (1962) 1368,
R. M. MACFARLANE, J, Chem. PAys., 40 (1964} 373.
A, Bosg, R. CHATTERIEE aND R. Ral, Proc. Phys. Soc., B3 (1964) 959,
I. M. Warxer anD R. L. Cartn, J. Chem. Phys., 46 (1967 3531.
B. N. Figgis, Narurs, 182 {1958} 1568.
W. Mo¥FriT AND C. Y. BALIHAUSEN, Ann. Rev. Phys. Chem., 7 (1956) 107,
R. M. GorpmiG, Mol Phys., 12 {1967 13.
R. M. Gorpmg, dpplied Wave Mechanics, Van Mostrand, New York, 1968.
B. N. Ficais, Trans. Faraday Soc., 57 (1961) 198,
B. N. FiGa1s, Trans. Faraday Sac., 5T (1961) 204,
J. B. Howaxwn, J. Chem. Phys., 3 (1935) 813,
Yu. M. UpacHIN AND M. E. DYATKINA, Zhar, Strukt. Khim., 8 (1967} 138,



THE EFFECT OF AXIAL LIGAND FIELDS 145

134
135
136
137
138
139
140
141
142
143
144
145
146
147

148
149
150
151

Yu. M. UpacHIN anD M. E. DYATKMNA, Zhur. Strukr. Khim., 8 (1967) 145.

I. M. Baker, B. BLEaANEY anD K. D, Bowers, Proc. Phys. Soe., 69B (1956) [205.

B. BLEANEY aND M. C. M. O’BRIEN, Proc. Phys. Soc., 69B (1%56) 1216.

A. D. BUCKINGHAM AND 5. M. MaLm, Chem. Phys. Letters, 1 (1967) 143,

B. N. FigaGls, I. Lewis, F. Masps aND G. A. WERR, J. Chem. Soc. (A), (1966) 422,

Yu. M. UpacHin, V. I. BELova anp M. E. DyatxiNa, Zhur. Struke. Khim., 8 (1967) 366.
R. M. GoLpING anD H. J. WHITFIELD, Trans. Faraday Soc., 62 (3966) 1713.

J. Lewis, F. Mangs anp R. A. WarToN, J. Chem. Soe. {A), (1967) 1366.

R.J. H. CLark, J. Lewss, D, J. MacHIN AND R. 8. NyHOLM, J. Chem. Soc.. (1963} 379,
A. Bose, A. 5. CHAKRAVORTY AND R. CHATTERIEE, Proc. Roy. Soc., 255A (1960) 145,

B. N. F1Ga1s, J. LEwis aND F. Masss, J. Chem. Soc., {1963} 2473.

D. J. Macum anD K. S. Murray, J. Chem. Soc. (A}, (1968) 195,

D. J. MacHmN aND K. 5. MuRrRray, J. Chem. Soc. (A}, (1967) 1330.

B. J. Bruspen, D. A. EDwarps, D. J. Macudmy, K. 5. Murray anD R. A, WarTon, J. Chem.
Soc, (A), (1967) 1825,

H. M. GLADNEY aND J. D. Swaren, J. Chem. Phys., 42 (15965) 1999,

P. R. EDWARDS, C. E. JOHNSON aND R. J. P. WiLLiaums, J. Chem. Phys., 47 (1967) 2074.
T. €. Gt aND N. N. GREENWOOD, J. Chem. Soc., (1965) 6989.

B. M. Ficais, M. GerrocH, J. Lewrs, F. Mapbs anp G. A. WEBS, J. Chem. Sgc. {(A),
(1968} 2086

Coordin. Chem. Rev., 4 {1969 107-145



