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Summary

The magnetic and optical properties of transition metal ion molecular compounds will
be treated highlighting the key factors which determine both of them, i.e. their
electronic structure with special reference to the d orbitals splitting and the symmetry of
the resulting electronic states. The UV-Visible spectra of the complexes will then be
discussed with some example showing the most important piece of information one can
draw from them. In the following sections, after a brief introduction to the fundamentals
of magnetism, the magnetic properties of simple paramagnetic complexes of different
transition series will be discussed. A further degree of complexity is then introduced by
treating the magnetic properties of polynuclear clusters, both in terms of isotropic and
anisotropic interactions. Finally a brief overview of some recent research topics in this
field will be presented with peculiar attention to systems showing interplay of magnetic
and optical properties.

1. Introduction

The complexes of transition metal ions have long attracted the interest of researchers for
the variability of colors and magnetic behavior which characterizes them. The
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application of Quantum Mechanics showed that these properties are due to the fact that
transition elements are characterized by having partially filled d shells, and the
investigation of optical and magnetic properties provides information on the element
involved, its oxidation number, its structural properties in terms of geometry and
coordinating atoms in a given compound. It is then quite obvious that the deep
understanding of the different factors which concur to determine magnetic and optical
properties of compounds containing transition metal ions have been of paramount
importance to disclose fundamental information about a large variety of molecular and
bioinorganic systems.

The first successes in this field were obtained in the 30s, with the development of
Crystal Field Theory by H. Bethe and its application to the rationalization of optical and
magnetic properties of salts of transition metal ions by J. H. Van Vleck who was co-
awarded the Nobel prize in 1977 for these studies. In the same period Linus Pauling
showed that hemoglobin, a crucial protein for oxygen transport in blood, is diamagnetic
when bound to O, or CO while it is paramagnetic when it is free, and was able to
explain these results following an approach based on valence bond theory. This pointed
out the need of inclusion of covalence effect in the description of both magnetic and
optical properties of systems containing transition metal ions. This was subsequently
carried out in the post war period which saw the development of Ligand Field theory
which incorporated Molecular Orbital approach within the Crystal Field theory and
formed, and still forms (notwithstanding the advent of Density Functional Theory based
calculations) the basis for the understanding of magnetic and optic behavior of isolated
transition metal complexes for chemists all over the world.

The following step concerned the rationalization of the optical and magnetic behavior of
systems containing two or more interacting transition metal centers. In these systems,
the interactions between ions strongly influence both magnetic and optical properties,
and the type of interactions was showed to be again strongly dependent on the electronic
and molecular structure of the whole system.

Magnetic and optic properties are not however to be regarded only as tools for
elucidating the structure of systems containing transition metal ions, but can be
exploited to build up new molecular based functional materials with tailored properties.
The main advantage in using the molecular approach for the synthesis of functional
materials is the possibility of obtaining crystalline materials in which all the functional
units have identical and well defined properties and orientation, which in principle can
be tuned using chemical approaches. Furthermore, it appears promising in order to
develop materials showing novel association of physical properties. Using this approach
chemists have been able to design more and more complex systems which are
interesting both for fundamental studies, as they show novel properties, and for future
applications like quantum computing or molecular optical switching.

In this essay we will try to give the reader some tools to understand both the
fundamentals factors affecting the optical and magnetic properties of transition metal
ion complexes, including polynuclear systems, resorting to well established theories.
We will then provide some hints about the latest developments in this field concerning
some exciting properties of newly synthesized systems. It is supposed that the reader is
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acquainted with some basic principles of quantum mechanics which is a fundamental
tool for the elucidation of the electronic structure of transition metal ions.

2. Electronic structure of transition metal ions

The electronic structure of transition metal ions in complexes can be regarded as
determined by different contributions:

= The Kinetic energy of the electrons and the electrostatic electron nuclear
attraction

= The electron-electron repulsion

= The spin-orbit coupling, i.e. the coupling between the orbital motion and the
spin of the electrons

= The effect of the surrounding ligands

It is common practice to include 1 and an average of 2 in an unperturbed Hamiltonian,
H, ., and the remaining part of 2 plus 3 and 4 are used to evaluate the energies of the

states using perturbation theory.

H:HO+H +Hs-o+HCF (1)

el-el
where H,,,, is the electron-electron repulsion, H_ the spin-orbit coupling, and H_.
is the crystal field Hamiltonian.

Historically, subsequent perturbation treatments have been used to calculate the energy
levels. For instance in many cases it is'a good approximation that H,, >H.>H_.

This is the so called weak field approximation for transition metal ions of the first
series, where field is referred to Crystal Field. An alternative approach assumes
Hee > H,. > Hg,: this is the strong field approximation.

In the following we will briefly describe the energy levels of the H, Hamiltonian,

which correspond to the description of free ions, and later will introduce the H..
Hamiltonian.

2.1. Free lon

In zero order perturbation we consider each single electron moving in an average field
due to the nucleus and to the remaining electrons and H, corresponds to the

Hamiltonian of a hydrogen-like atom. For a free transition metal ion this yields five
degenerate d orbitals, which are the product of a radial function R, defined by the

quantum numbers n and | and of a spherical harmonic Y,", depending on the quantum
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numbers | and m,. Thus, by considering also the spin angular momentum, each
electron is defined by 4 different quantum numbers:

n =1,2,3... indicating the energy and distance from the nucleus, i. e. what shell

the electron is occupying

= | =0,1,2... indicating what sort of orbital the electron is occupying: s, p, d...

= ml=-l...+l indicating the component of |, i.e. what kind of d orbital the electron
IS occupying: Xy, Xz...

= ms == % indicating the component of the spin angular momentum s (s =1/2 for

an electron)

The 1" configuration corresponds to degenerate states whose number k is given by:

(41+2)!

" (@l +2-n)int @)

where 41+2 corresponds to the number of spin-orbitals functions each electron can
occupy.

Introduction of the perturbation H,, removes this degeneracy, yielding states which

can be labeled using total quantum numbers made up of contributions from all the
electrons in the unfilled shells:

= S =maximum of £ms

L = maximum of m, for a given S.
M. =L,...,-L

Ms=S§,...-S

It is worth noting here that configurations with d” and d**" give rise to the same set of

free jon terms. Each term is labeled as **X, where X = S, P, D, F is related to the
angular quantum number so that L = 0 is an S term, 1=P, 2=D, 3=F etc. 25+1 is the spin
multiplicity associated to the total spin quantum number S. This is the so-called Russell-
Saunders coupling scheme. The ground term, i.e. the term with the lowest energy, is
obtained through Hund’s rules, i.e. the state with highest spin ,(2S+1), and orbital,
(2L+1), multiplicity lies lowest (see Table 1).

Configuration | Ground state | Excited state terms
term
dt,d° D -
dZ,d8 3F 3P, lG, 1D, lS
d°,d’ ‘D *P ?H, %G, °F, D, °D, %P
d* d® °D °H, 3G, °F, °F, °D, °P, °P, 11, 1G, G, 'F, D, ID, 1S, IS
d® S ‘G, *F, D, *P, %I, °H, °G, °G, °F, °F, °D, °D, D, °P, °S

Table 1: Free ion terms for d" configuration.
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In order to obtain the relative energies of the excited states it is necessary to solve the
Schrodinger equation for the interelectronic repulsion term explicitly. The energies are
expressed as a function of the Racah parameters A, B, C, which are related to two-

centers radial integrals <abl/r,|cd > where <ab| and |cd > are products of

monoelectronic wavefunctions occupied by the two electrons 4 and x at distance r, .

Of these parameters A is just shifting of a constant value the energies of all the states
and does not affect the spectroscopic properties of the metal centers, B indicates the
magnitude of the interelectronic repulsion between levels in the gaseous ions that have
the same spin multiplicity, while C expresses the energy difference between terms of
different spin multiplicity. The expression that one obtains for the energy for a given d"
configuration is then independent of the metal ion, but the magnitude of the Racah
parameters depends on it.

If we now take into account also the spin orbit coupling term, this produces a splitting
within each term, which in this approach is treated as a perturbation of the individual
term energies. For each term, the resultant angular momentum L, and the resultant spin

momentum S couple to give a resulting momentum |L-S|< J < L+S. The relative

order of the states within a given »*** L multiplet is given by solving the spin-orbit
Hamiltonian H_, =AL-S for given values of L and S, where A is the spin orbit

coupling within a given Russell-Saunders multiplet and is related to the spin orbit
coupling constant of the ion, ¢, by the relation 2 =+¢/2S. The plus sign applies to

configuration d” with 1<n<4 and the minus sign to 6 <n<9. For high spin d° ions
no spin-orbit coupling is operative at first-order in the ground °S state.

The energies of the J states are given by:
E(J)=4[J(J+1)-L(L+1)-S(S+1)]/2 (3)
and the energy difference between adjacent states is given by:

AE, ;,=4J 4)

Then for d" configuration with n<5 the ground term is the one with the lowest J,
while for n > 5 the ground term is that with maximum J .

It is worth noting here that this approach considers the spin orbit coupling to be a
perturbation with respect to the interelectronic repulsion and as such can be applied only
to first row transition metal ions (3d" shell). For second and third row d ions the
situation is different, as spin orbit coupling magnitude increase with atomic number and
overcome the interelectronic repulsion term. As a consequence spin orbit coupling is
considered as dominant and a different coupling scheme applies, the so called jj
coupling. In this scheme, the spin s of each electron is coupled with its orbital
momentum | to give a resultant monoelectronic resulting moment j. These individual j’s
are then coupled to give the resulting J for the system which is then perturbed by the
effect of the interelectronic repulsion energy.
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2.2. Coordination Complexes

When an ion is placed in a ligand environment with symmetry lower than spherical, the
energies of its partly filled d- orbitals (and to a lower extent f-orbitals for lanthanides)
are split by the electrostatic field of the ligands. It must be noticed that the presence of
the ligands removes the orbital but not the spin degeneracy. This is an immediate
consequence of the lowering of the symmetry as, even in the regular octahedral
geometry, group theory tells us that the highest possible degeneracy is three, while L
can be larger than 1. This is the basis of Crystal Field Theory, whose deeply symmetry
based formalism was developed by Hans Bethe in 1929. Crystal Field Theory is a
purely electrostatic, non-bonding approach, where the metal ion is placed in a field due
to its ligands, which are approximated by negative point charges and thus assumed to be
fixed and unpolarized. Thus in Hamiltonian (1), the H.. term s given by:

Ze
Hee =) — )
i
It is worth highlighting here that Crystal Field theory is not treating each ligand
separately but considers them as a whole, exploiting the total symmetry of the
surrounding of the metal ion. This is accomplished by expanding each one-electron

Hr in terms of spherical harmonics centered at the metal nucleus:

k

ZZ@Y (9|’¢|){ k+lj Yq(e ¢J) (6)

>

AW I

i' k=0 g= k(2k 1)

here r_ usually refers to electron-nucleus distance and r. to the nucleus-ligand distance.
The first spherical harmonic, Y,!(6,¢) refers to the ligands and the second to the

electron, both defined by their polar coordinates. The problem thus reduces to the
evaluation of matrix elements of (6), depending on radial integrals which are considered
as parameters. It is evident that the use of a certain set of spherical harmonics critically
depends on the geometry and the electron configuration of the system. Indeed, H_..
must obviously transform as the totally symmetric representation in the symmetry group
concerned, i.e. should not vary on transforming it by the symmetry operations of the
groups. This introduces severe limitations on the use of given Y./, and strongly
simplifies (6). Thus, for the d electrons the sum over k is limited to k =0,2,4 while it

goes up to k=6 for f electrons. Further, if the symmetry group possess a fourfold, a
threefold or a twofold axis of symmetry (or a symmetry plane), only terms characterized
by g values multiples of 4, 3 and 2 (including q = 0) respectively, can be retained. If the

symmetry is octahedral only k =4 and q=0 , £4 terms are retained and thus only one

parameter is needed to obtain the energy of the d orbitals in such configuration. This
parameter is called Dqg and the obtained energies for d orbitals in octahedral geometry

are -6Dg for d, , d,, andd,, and +4Dq fordxz_y2 andd ,. In this approach the
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quantization axis of the octahedron has been chosen to be the tetragonal one. The
energy difference between the two subsets of d orbitals is then10Dq, and this can be
accessed through electronic spectroscopy (see infra). This result translates in
quantitative terms the intuitive expectation of a larger destabilisation of d22 and

dxz_yz orbitals, which in octahedral symmetry directly point toward the negative charge

of the ligands, with respect to the d,,d,,, and d,, ones.

The reverse splitting is obtained for purely tetrahedral complexes (see Figure 1).

However, the corresponding energy difference is smaller, with de,dXZ, and dyZ lying

at 16/9Dq and dxz_y2 and d22 at-(8/3) Dq, the total splitting amounting to -4/9 of the

corresponding octahedral one.

Octahedral Field Free lon Tetrahedral Field
U:E dﬂﬂ,rl
W T Sy G S
2
00y @ — — — — = 40/8D
t : B,
2y E dxz dv-, 22 Ty

Figure 1: Splitting of the d orbitals in octahedral and tetrahedral ligand field.

A fundamental consequence of this splitting is the resultant “quenching” of the
magnetic contribution due to the angular orbital momentum: the removal of the
degeneracy of d ions makes impossible for d electrons to freely circulate between
orbitals of different symmetry. This was one of the most relevant results obtained by
Crystal Field Theory as it explained why complexes of the first transition series usually
present a magnetic moment value corresponding to that arising from the spin alone (the
so-called spin-only value, see below). Another important point that is easily seen is that
for very high Dqthe levels may be split so much that the Hund rule asserting that the

lowest energy state is that of maximum multiplicity permitted by the Pauli principle is

not obeyed any more. This situation may occur for d*-d”ions and is shown
schematically in Figure 2 for the configuration d°. In the high spin configuration there
are four unpaired electrons while in the low spin one there are no unpaired electrons:
this clearly strongly affects both the optical and magnetic properties of the
corresponding compounds.
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Figure 2. High- and low- spin electronic configuration for an octahedral d® complex
The treatment to be employed in the case of a Crystal Field energy which is large
compared to the interelectronic repulsion is quite obviously different from what we have
discussed up to now. Indeed, in this case the effect of the ligand over d orbitals is
treated first and then the interelectronic repulsion is added as a perturbation. If we
consider a d" metal ion in a octahedral geometry as an example, the energy of a given
configuration is then obtained by simply counting the number of electrons in the
t,q and e, orbitals and multiplying it by the corresponding (de)stabilization energy, i.e.

-4Dq for thg and +6Dq foreg. The electron-electron repulsion energy is then added.

On the other hand the symmetry of the state is determined on the basis of group theory
techniques. The symmetry is identified by the Mulliken symbols, whose meaning is
reported in Table 2.

Mulliken
Symbol
a Non-degenerate and symmetric with respect to the principal
symmetry axis
b Non-degenerate and unsymmetric with respect to the principal
symmetry axis
e Doubly degenerate
t Triply degenerate

subscript g |[Symmetric with respect to inversion

subscriptu  |{Unsymmetric with respect to center of inversion

subscript 1 [Symmetric with respect to a binary symmetry axis perpendicular to
the principal symmetry axis.

subscript 2  {[Unsymmetric with respect to a binary symmetry axis perpendicular
to the principal symmetry axis.

superscript: ' [Symmetric with respect to a plane perpendicular to the principal
symmetry axis.

superscript: " [Unsymmetric with respect to a plane perpendicular to the principal
symmetry axis.
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Table 2: Symmetry properties of orbitals (small caps) and states (capital letters)
associated with Mulliken symbols.

The two situations of “strong” and “weak” fields have to be considered as a simplified
view, which helped much in the treatment of electronic energy structure in a period
where computation facilities were limited. The actual situation encountered in real
systems is often an intermediate one and the correct solution is obtained only by
complete diagonalization of the matrix of the Hamiltonian (1), which is now easily
feasible by using modern computers. The variation from weak fields to strong fields is

normally described, for different d"configurations, by means of Tanabe-Sugano
diagrams (Figure 3). Here, the changes in the energies (expressed as E/B) of the states

of each configuration as one goes from “no field” or “Free lons” (far left on the x axis)
to Strong Field ligands is plotted as a function of A (equal to the 10Dqg value) in unit of

the Racah Parameter B .
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Figure 3 Tanabe Sugano diagrams for octahedral d > dsconfigurations. For clarity
reasons some of the states have not been included in the graphs. Their parent free ion
terms are indicated on the left of ordinate axis. The vertical dotted lines for

d*-d” evidences the high spin low spin transition on increasing the ligand field.
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