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surface sites and different types of interactions
(dipolar, exchange etc.) occurring between the para-
magnetic ions, is also a common feature of these
systems. Several means can be employed to improve
the resolution of powder EPR spectra and to increase
the signal to noise ratio, such as registration in a
wide range of temperatures, at different microwave
power levels and at various frequencies (Q-, K-, X-,
L-, S-band), use of isotopes with non-zero nuclear
spin, application of thermal and chemical treatments,
and accumulation and simulation of the spectra.
Usually the best resolved spectra are obtained for
isolated TMIs with effective spin S = /,.

The aim of the present work is to describe the
possibilities offered by the joint application of EPR
techniques and coordination chemistry concepts to
study the molecular structure of transition metal
complexes at oxide surfaces and the phenomena
occurring at the gas (liquid)—solid interface. Typical
examples will be given to illustrate how this approach
can improve our understanding of processes related
to the preparation of catalysts, adsorption of gases
on solid surfaces, chemical reactivity, and catalytic
activity of TMIs situated at the gas (liquid)—solid
interface.

Il. Application of Transition Metal Chemistry
Principles to Oxide Surfaces

The principles of coordination chemistry have been
established from results obtained essentially by Jar-
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gensen and Werner at the turn of the century on
solution complexes containing only one TMI sur-
rounded by ligands.>7

The main goals were to understand the properties
of complex salts, i.e., their reactivity toward simple
reagents, their structures, the nature of different
chemical bonds involved, and the presence and
number of geometric as well as optical isomers.
Later, attention was focused on their optical and
magnetic properties along with their chemical be-
havior particularly in redox and ligand substitution
reactions. Successive theories were proposed (va-
lence bond, crystal field, molecular orbital, angular
overlap, etc.) which have greatly helped to improve
our understanding of transition metal complexes in
solution and inorganic transition metal compounds
in the solid state.
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Attempts have been made in the past to apply such
theories to catalytic systems.® It must be recognized
that they were by large more successful for homoge-
neous than for heterogeneous systems, which involve
complex gas—solid or liquid—solid interfaces. Sub-
stantial progress has now been made for heteroge-
neous systems, so that a general picture of a field
which has been called interfacial coordination chem-
istry (ICC) can be presented. It concerns the prepa-
ration of catalysts composed essentially of TMIs and
oxide supports, their catalytic properties in the
oxidized state, and finally the preparation of sup-
ported transition metals. The main results concern-
ing heterogeneous systems include (1) the demon-
stration that oxide surfaces can be studied, at a
molecular level, using TMIs as probes, which owing
to their partly filled d orbitals lead to characteristic
magnetic and optical properties; (2) the demonstra-
tion that oxide surfaces may act as o donor—zx donor
weak supermolecular ligands and can thus be intro-
duced into the spectrochemical series of ligands; (3)
the fact that the oxide support can act as a reactant
or a solid solvent; (4) a classification of the different
possible coordination chemistries; and (5) the fact
that a distinction can now be made between inter-
facial coordination chemistry and surface organome-
tallic chemistry in the same way as that done for
solution complexes.

In what follows, we briefly consider these various
points which have been discussed in a recent review
in relation to catalysis phenomena.®

A. TMIs as Probes of Oxide Surfaces and
Interfacial Coordination Chemistry Concepts

In order to probe oxide surfaces, we need to have
a suitable probe. It is particularly fortunate that
TMIs act most often as catalytic sites on an oxide
support for they turn out to be also the most ap-
propriate probes to follow their own interaction with
the oxide support and see the evolution of the
catalytic system all along its preparation. Because
of their partly filled d orbitals, any change in their
first coordination sphere immediately affects their
optical and magnetic properties and can thus be
detected by spectroscopy. In short, TMIs are both
actors and spies watching their own acting.

In order to understand the role of the support, the
strategy adopted is to use a transition metal complex
and investigate how the coordination sphere is modi-
fied during the preparation and further post-synthe-
sis treatments.

Because of its pedagogical interest, the competitive
ion exchange method has been selected to show that
if the adequate parameters of each preparation step
are controlled, it becomes possible to obtain the TMI
successively (Figure 1) in solution (model 1), then on
(models 11—-V) and in (model V1) the surface, to finally
reach the bulk of the oxide (model VII). It is
important to stress that models 11—V involve TMI
in extraframework positions, while models VI and VII
concern TMI in framework positions which differ in
their accessibility, mobility, and reactivity.!!

Cation exchange of nickel on silica using nickel
nitrate in water—ammonia solution has been studied
in detail by UV—vis spectroscopy.'? In the competi-
tive ion exchange method, the silica surface first
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comes in contact with an ammonia solution leading
to

=SiOH + NH, < {=Si0~, NH,"} (1)

The silica surface then comes in contact with a
nickel nitrate solution, giving rise to a competitive
ion exchange reaction, where ammonium ions com-
pete with nickel hexaammine complexes to occupy
the exchange sites of silica as follows:

2{=Si0~, NH, "} + [Ni(NH,)]*" =
{2=Si0", [Ni(NH,)s]*"} + 2NH," (2)

The competition level between NH," and Ni?* ions,
expressed as the ratio of their concentrations, allows
better control the amount and dispersion of nickel
adsorbed.

Reaction 2 indicates that the exchange has oc-
curred and that the oxide surface is acting as a
supramolecular counterion. Here, the TMI is bonded
to the oxide surface by ligand-screened electrostatic
adsorption (Figure 1, model I11).

Upon washing with ammonia solutions, grafting
occurs via substitution of two NHj3; by two surface
=SiO~ ligands according to the scheme

{2=Si0", [Ni(NH,)s]*"} =
[Ni(NH,),(=Si0),] + 2NH; (3)

in conditions of pH and NHj; concentration corre-
sponding to the stability range of the complex [Ni-
(NHz3)4(H20),)%". It is most likely that the grafting
reaction actually proceeds via the intermediate tet-
raammine complex as follows:

{2=Si0",[Ni(NH,)]*'} + 2 H,0 =
{2=Si0~,[Ni(NH,),(H,0),]°"} + 2 NH; (4)

{2=Si0", [Ni(NHy),(H,0),*'} =
[Ni(NH,),(=Si0),] + 2 H,0 (5)

It appears that the ligand exchange NH3/H;O in
the initial hexaammine complex weakens the coor-
dination sphere, making grafting possible via two
surface bonds (Figure 1, model 1V), with formation
of a neutral cis-octahedral complex. It is important
to note that the oxide, entering into the coordination
sphere of Ni?*, becomes a supramolecular bidentate
ligand via vicinal =SiO~ groups. The latter have
been found to be the most probable grafting sites, on
the basis of geometrical considerations!? and by
analogy with the silicate structure.*®* This has been
confirmed by EXAFS studies.

The chelating effect of the surface appears to be the
driving force for the formation of the surface cis-
octahedral complex. Equation 3, which is the sum
of eqs 4 and 5, is accompanied by an entropy increase
with the release of water molecules and the disap-
pearance of charged species leading to a subsequent
disordering of nearby solvent molecules. This aspect
is well-documented in solution coordination chemis-
try.57

The previous examples illustrate that the concepts
of coordination chemistry can be applied to hetero-
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BULK INTERFACE

SOLUTION OR GAS

Figure 1. Representation of the outer sphere of solvation and coordination sphere of TMIs at various positions relative
to the oxide—fluid (solution or gas) interface. The left-hand side represents the solid oxide. The shaded part on the right-
hand side represents the solution while the lower white part on the same side represents the gas.'° The arrow means that
the ion—support interaction increases as one moves from model | to VII.°

geneous systems. Once TMIs coming from complexes
of the liquid phase (Figure 1, model I) become bonded
to the oxide surface (Figure 1, model 1V), they can
remain attached to the support even though the
liquid phase is eliminated and the remaining gas—
solid system (Figure 1, model V) heated at higher
temperatures. It is then possible to produce vacant
coordination sites. The reactivity of such sites toward
ligand addition or substitution is the driving force
for adsorption and catalysis. This constitutes one of
the major differences with coordination compounds

in solution. The domain of chemistry which is
concerned with the behavior of TMI at solid—fluid
(liquid or gas) interfaces is called interfacial coordi-
nation chemistry.®

B. The Supermolecular Ligand Nature of Oxide
Surfaces and the Ligand Spectrochemical Series

The inclusion of the oxide surface within the
spectrochemical series of ligands is a difficult problem
since one is dealing with mixed complexes with
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different types of ligands, which each contributes
differently to the overall crystal field experienced by
the TMI.

The problem can however be solved, providing first
the surface complexes along the different preparation
steps be prepared and identified and second the rule
of average environment!®>'6 be applied. This rule
states that the decrease of the crystal field strength
upon substitution of NH3 by H,O in the [Ni(NHz)g]?*
complex is assumed to be a linear function of the
number of NH; ligands. With v; transition energies
of the [Ni(NHs)e]?" (28 200 cm™?1) and [Ni(H.0)s]*"
(25 300 cm™1) complexes taken as references,'”1® a
bathochromic Av; shift of —480 cm~1 is thus expected
for each NHj; substituted by H,0.

Since the v transition of [Ni(=SiO)e]*" in solution
is not available, we have to apply the rule using [Ni-
(H20)6)?t (25 300 cm™1) and [Ni(=SiO),(H20)4] (24 700
cm™?) as references. The latter complex is obtained
after reaction of the grafted complex with water
written, as follows:

[Ni(NH,),(=Si0),] + 2H,0 <
[Ni(NH,),(H,0),(=Si0),] + 2NH; (6)

The application of the rule of average environment
gives a shift of —300 cm™! for each H,O molecule
replaced by a =SiO~ ligand in the [Ni(=Si0),(H;0),]
complex. The substitution first of NHz; by H,O (Avs
= —480 cm™1) and then of H,O by =SiO~ (Av; = —300
cm™1) gives a total bathochromic shift of =780 cm™!
when NHjs is replaced by =SiO~.

The values derived above allow one to insert the
=SiO~ ligand within the spectrochemical series'® as
follows:

I”<Br <S? <ClI" <F <OH < oxalate’ <
=SiO" < H,0 < NH; < ethylenediamine <
dipyridine < CN™ < CO (7)

This order is consistent with theoretical expecta-
tions. As a matter of fact, the three ligands, =SiO™,
H,0, and NHg, are all o donors. However, it is known
from molecular orbital theory that the crystal (ligand)
field they can produce is all the more important as
their z-donor character decreases.>” This is in good
agreement with the presence of two, one, and zero
lone pairs on the donor atom for the =SiO~, H,0, and
NH; ligands, respectively. The oxalate C,0,42~ ligand,
with two terminal O~ ions, appears to be a very close
analogue of the surface bidentate ligand which is a
o donor—s donor weak ligand. Similar results are
obtained with Cu(ll) grafted on pillared clays.?° The
same approach has been taken for other systems such
as Pd/SiO,, Pd/AlL,O3;, and Pd/faujasite-type zeolites
using square-planar Pd(I1) precursor complexes and
led to a spectrochemical series of supports.?*

C. The Oxide Support as a Reactant

A number of papers have reported the presence of
intermediate compounds (silicates, aluminates, etc.)
after preparation involving the liquid—solid interface,
which suggests that the oxide support can act not
only as a supermolecular ligand but also as a reactant
(Figure 1). In the latter case, TMIs are eventually
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found as framework ions in an intermediate com-
pound represented in the graphical abstract as SO-
MOSO, etc., where S, O, M stand for the support
metal cation, oxide ion, and TMI, respectively.

There are some favorable conditions for the oxide
surface to become a reactant. For instance, acidic
oxides such as silica are known to dissolve easily in
a basic medium.?> Amphoteric oxides such as alu-
mina, CuO, or ZnO dissolves either in basic or acidic
medium, while basic oxides such as NiO dissolve only
in acidic medium.®® The dissolution of the oxide can
be regarded as a depolymerization process leading
to support monomers, which can then copolymerize
with the transition metal complexes regarded as
solution monomers. This copolymerization, particu-
larly for long contact times of the oxide support with
the exchange solution, can lead to new phases such
as nickel silicates for the Ni/SiO, system.?*

It is thus important to understand how bond
formation occurs between molecular solution species.
Sol—gel processes indicate that there are some pre-
ferred pathways such as

M—OH + M—H,0 < M—OH-M + H,0 (8)
M-OH + M—OH < M—0-M + H,0  (9)

where M represents the support ion and/or any TMI.
Olation (reaction 8) and oxolation (reaction 9) are
condensation processes in which a hydroxy or an oxo
bridge between two metal centers are formed respec-
tively.?> It becomes clear now that if H,O, OH™, or
0O?~, which all are bridging ligands, are substituted
by nonbridging ones such as NH3; around the TMI,
bond formation between the two metal centers will
be inhibited. When oxide supports are involved,
intermediate compounds can be formed on the sur-
face of oxide supports. In such cases the species
corresponding to reactions 8 and 9 can have M in
either framework or extraframework positions.

D. The Oxide Support as a Solid Solvent

TMIs can be found as framework ions (Figure 1,
models VI and VI1) using other preparation methods.
For instance, one involves thermal pretreatments of
systems with extraframework ions deposited by
methods such as competitive ion exchange seen above
or simple impregnation method. For instance, when
V,0s is deposited by impregnation on TiO, and the
system obtained is heated thermally, ion migration
occurs and V4 ions can be observed by EPR in
framework positions.?®

The oxide can also act as a solid solvent as in the
case of oxide solid solutions directly prepared as such,
by coprecipitation. The coprecipitation in a precursor
form (hydroxides, carbonates, etc.) of both the support
and the active phase from a solution has the advan-
tage of producing an intimate mix. The coprecipitate
leads on calcination to a support with the active
component dispersed throughout the bulk as well as
at the surface. The support can thus be considered
as a solid solvent. The ideal case is obtained for
systems such as NiO—MgO or CoO—MgO, where the
MgO host matrix of rock-salt structure acts also as
a sterically demanding polydentate ligand.'* De-
pending on the location of theTMI, the oxide can act
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0% 3 M™;3,

lattice defect

Figure 2. Representation of a surface (100) plane of MgO showing surface imperfections such as steps, kinks, corners,
etc., which provide sites for M;;"* and O,:2~ ions of low coordination (Ic = 3c, 4c, 5¢). M™* ions can be either Mg?* or TMls

such as Co?*, Ni?*, etc.®

as either a penta-, tetra-, or terdentate sterically
demanding ligand (Figure 2).

The TMI, now in surface framework position (Fig-
ure 1, model VI), is all the less likely to change its
coordination with the rigid surface ligand as its
coordination number is important. In Figure 2, the
same notation has been adopted for 02~ 272% and
TMIs22:30 in positions of low coordination and can be
easily extended to other types of ions, provided the
coordination number is known. The reactivity of ions
in framework positions and at the oxide surfaces has
been studied in detail. This has been done by EPR
and IR for Co?" ions of CoO—MgO solid solutions
toward natural molecular oxygen or enriched in
170.3132 The domain of chemistry which is concerned
with the behavior of TMIs in framework positions at
oxide surfaces is called surface solid state chemistry.®

E. A Classification of the Different Possible
Coordination Chemistries

As shown above, the two domains of interfacial
coordination chemistry and surface solid state chem-
istry have distinct characteristics with the oxide
surface acting essentially as supramolecular ligand
and reactant (or solid solvent) respectively.

On the basis of the models given in Figure 1 and
of the results given in sections A—D, it is possible to
propose a simple classification of the different types
of coordination chemistries related to systems involv-
ing TMIs and oxide supports. This classification'®
can be easily extended to other supports (sulfides in
particular).

Interfacial coordination chemistry is clearly inter-
mediate between solution (Figure 1, model 1) and
solid state (Figure 1, model VII) coordination chem-

istries. It can be subdivided into two coordination
chemistries referring to ions in extraframework posi-
tions (Figure 1, models 11-V) on the one hand and
the surface ions in framework positions (Figure 1,
model VI, and Figure 2), on the other hand. Whereas
the reactivity of the former ions depends on the gas-
phase pressure in the former case, it essentially
depends for the latter on the location of the ions at
the surface. In following the arrow in Figure 1, the
reactivity, mobility, and accessibility of the TMIs
continously decrease in contrast with ion—support
interactions, which continously increase. Concerning
the mobility and as pointed out earlier,® the zeolites
present such a structure that ions can move from
hidden sites to large cavities on adsorption of polar
molecules. The interface can now be defined, from
the standpoint of the probe, as the intermediate
region where there is a transition from the properties
of TMIs in solution to those in the solid state: it
extends from 8—10 water layers, on the liquid side,®
to a depth, on the solid side, equivalent to the radius
of the TMI solvation sphere (see Figure 1). The
importance of the interface has already been pointed
out by Haber .34

F. Interfacial Coordination Chemistry and Surface
Organometallic Chemistry

The above examples have shown that complex
systems such as oxide-supported TMIs can neverthe-
less be treated as classical coordination compounds,
where the oxide surface can simply be regarded as a
supermolecular mono- or polydentate ligand, able to
bind a substantial number of TMIs separately (iso-
lated ions) or together (oligomers or oxide particles).®®
Table 1 summarizes the distinction which may be

Table 1. Comparison of the Main Characteristics and Applications of the Two Domains of Interfacial
Coordination Chemistry (ICC) and Surface Organometallic Chemistry (SOMC)

ICC

SOMC

metal oxidation state high

ligands
S27, CI7, 0?7, H0, NH3

more ionic

crystal field; molecular orbitals

M—L interactions
models

applications
selective ion adsorption

hard (Pearsons); ¢ donor (;z donor);

ligands slightly perturbed; catalyst preparation;

low

soft (Pearsons); ¢ donor - sz acceptor;
CO, PR3, organic ligands

more covalent

molecular orbitals; 18e~ stability rule;
16—18e™ reactivity rule

ligands perturbed; organic synthesis;
catalysis
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proposed between interfacial coordination chemistry
(ICC) and surface organometallic chemistry (SOMC).
It gives the main characteristics of these two fields
and stresses the main domains of application. This
classification should be used only as a guide and not
taken too literally.

lll. Model EPR Spectra of Polycrystalline Samples

The oxide samples containing TMIs are usually
polycrystalline materials, composed of numerous
small crystallites randomly oriented in space. The
resultant EPR spectrum is the envelope of elemen-
tary resonance lines corresponding to all possible
orientations of the small crystallites containing the
paramagnetic species with respect to the magnetic
field. The g tensor ellipsoid with principal values
(9« Oyy» 922) along the X, y, and z principal axes with
respect to which the orientation of the applied
magnetic field can be defined by the angles 6 and ¢
is presented in Figure 3. The profile of a powder
spectrum is determined by several parameters among
which the most important are the symmetry of the
g and A tensors, the values of their components, and
the line width. Provided the spectra are well resolved
and there is no overlapping of different signals, the
g tensor components (Giso;; 9o, 9 Oxx Oy, Jzz) Can
usually be determined from inflection points of the
experimental spectra (vide infra).

Figure 3. Orientation of the magnetic field B with respect
to the g tensor ellipsoid in the frame of x, y, z principal
axes. 6 and ¢ are the characteristic angles defining the
orientation of B and leading to the g(6,9).

A. EPR Spectra Characterized by the g Tensor
Alone

This is the case where all surrounding atoms or
ions have nuclei with I = 0. The factor decisive about
the signal profile is then the g tensor symmetry. The
g tensor may be isotropic, axial, or orthorhombic.

The isotropic EPR lines with gyx = dyy = 0z = Giso
are not very often observed in the case of polycrys-
talline samples except for some solid-state defects
and TMIs in highly symmetric environment. An
apparent isotropy may be encountered in low viscos-
ity solutions where, whatever the symmetry of the g
tensor, a radical is subjected to very rapid tumbling
and reorientation. The observed g value becomes the
time average of the three components:

Oav = (O T 9yy + 9,,)/3 (10)
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Figure 4. Calculated EPR spectra for species with S =
1/, and axial g tensor in presence of single nucleus with
nuclear spin I. Figure d shows the effect of broadening of
the signal c on the resolution of the spectrum.

More common are the EPR spectra of polycrystal-
line samples with axial symmetry. Figure 4a gives
a schematic representation of the first derivative
signal, for a polycrystalline sample with a paramag-
netic center in axial symmetry.

Assuming that the microcrystals in a powder
sample are randomly distributed in space, simple
considerations®® show that the absorption intensity,
which is proportional to the number of microcrystals
at resonance for a given 6 value, is maximum when
6 = x/2 and minimum for 6 = 0 at magnetic field
values Bp and By, respectively; this allows the extrac-
tion of the gp and g, values which for sharp signals
practically correspond to the turning points of the
spectrum in Figure 4a.

The actual width of the lines strongly influences
the spectral profile and the resolution. The latter
becomes very poor for increasing line width as seen
by comparison of Figures 4c and 4d.

In the case of orthorhombic symmetry, the EPR
first derivative of the absorption line exhibits three
singular points corresponding approximatively to g;,
d2, and gs* (Figure 5a). The approximation is
satisfactory only for very narrow signals. For powder
spectra, the assignment of g;, g,, and gs to the
principal components g, Oy, and g,, of the para-
magnetic center is not straightforward and must be
based on theoretical grounds or deduced from mea-
surements of the same paramagnetic species in single
crystals where the crystal axes can be conveniently
oriented with respect to the external magnetic field.

B. EPR Spectra Characterized by the g and A
Tensors Together

The situation becomes much more complicated in
the case of the combined effect of the g tensor
anisotropy and the hyperfine (hf) splitting due to the
interaction of unpaired electron with nucleus of the
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Figure 5. Effect of the presence of one nucleus with
nuclear spin | on the calculated EPR spectra of an orthor-
hombic species with various sets of hyperfine constants.
The number of hyperfine lines centered on each g tensor
component is given by 2nl + 1 (n = 1 here and | takes
values 0, %/, 1, 3/,). Note overlapping of hyperfine compo-
nents shown in the figure by circles. (Adapted from ref 37.)

same paramagnetic ion, providing that its nuclear
spin | = 0.57 Then each of the three lines of the g
tensor (g1, 92, gs) will be split into a number of lines
(2nl + 1), depending on the number n of equivalent
nuclei involved and the value of the nuclear spin I.
The spacing between the hf lines will correspond to
the appropriate components of the A tensor (A;, A,,
As3) with g; split by A;, g2 by A, and gs by As.

The number of distinct cases derived from the
different possibilities of combining the anisotropies
of both g and A tensors is very high and cannot be
easily summarized. Some particular examples are
thus given in Figures 4 and 5% which have been
obtained by calculating the spectral profile by means
of the simulation program SIM 14A.38 In Figure 5,
the effect of the nuclear spin on the orthorhombic
spectrum anisotropic both in g and A tensors is
reported. The first spectrum (I = 0, no hf structure)
exhibits well-separated g;, g, and g features which
are split in the successive spectra when the hf
interaction is considered and values for | (from ¥/, to
3/,) and A, A,, and Az are introduced in the compu-
tation. For the sake of simplicity, the abundance for
the | = 0 nucleus has been considered to be 100%.

When | takes an integer value, the features of the
original I = 0 spectrum are maintained at the center
of the spectrum while when 1 is a half-integer the hf
lines dispose symmetrically about the center where
no such I = 0 spectrum is observed. Obviously, the
complexity of the spectra and the number of lines
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increase with increasing I values. It must be noticed
that in some instances, the hf lines related to differ-
ent components of the A tensor lie very close one to
the other leading to overlap and possible ambiguities
in the assignment (Figure 5).

Many systems in addition to the hf structure show
a splitting due to the interaction of unpaired electron
of the central atom with ligand nuclei (I = 0) or
unpaired electron of the ligand with the metal nuclei
(I = 0). This splitting leads to the so-called super-
hyperfine (shf) structure which is observed when
covalent bonding exists between the metal atom and
the ligand orbitals. The examples of the shf structure
are given in sections V.B.2 and V.E.2.

IV. The Working Tools To Extract Magnetic
Parameters from Experimental Powder EPR
Spectra

In this section, we will give indications on how to
resolve powder EPR spectra and what kinds of
information can be derived from spin Hamiltonian
parameters which can be useful in solving coordina-
tion chemistry problems on oxide surfaces.

Very often, in real solid samples, several paramag-
netic species are present and their signals can
overlap to give a broad, poorly resolved spectrum. The
main task of the experimentalist consists of (1)
separating the particular component signals contrib-
uting to the overall spectrum; (2) assigning the
individual signals to a given paramagnetic species;
and (3) confirming the assignment by simulation and
theoretical calculations.

Various means (physical, chemical, and numerical)
can be employed to achieve this goal.

A. Deconvolution of Complex EPR Spectra into
Component Signals

The deconvolution may be based on various prop-
erties of the paramagnetic centers depending on their
(1) location at the surface or in the bulk of the oxide
support, (2) different properties such as saturation
ability, relaxation characteristics, and chemical re-
activity.

1. Physical Tools

a. Registration of the Signal at Various Power
Levels and/or Different Temperatures. This
method consists of the separation of the components
of the spectrum on the basis of different saturation
abilities. The species with long relaxation times T,
and T, become easily saturated, i.e., their Zeeman
levels become equally populated and no EPR transi-
tion can occur. This is the case of organic radicals
and solid-state defects weakly coupled to the lattice.
These easily saturating species can be eliminated
from the spectra by increasing power of the micro-
wave radiation.

The spin—lattice (T1) and spin—spin (Ty) relaxation
times of TMIs are usually short enough to avoid
saturation, in the temperature range commonly used
(77 K to room temperature) to register the spectra.
The paramagnetic species containing TMIs differ
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Figure 6. EPR spectra (X-band, 77 K) after adsorption of
13C-enriched CO under a pressure of 400 torr on silica
supported Ni* catalysts: (a) first derivative and (b) third
derivative.®®
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Figure 7. EPR spectrum (X-band, 77 K) of a reduced
grafted Mo/SiO, catalyst: (a) first derivative and (b) third
derivative. (Reprinted from ref 40. Copyright 1987 Ameri-
can Chemical Society.)

however in their relaxation time which causes dif-
ferent dependence of the signal intensity on temper-
ature.

Thus, measuring of the intensity of particular
components of the spectrum as a function of temper-
ature and power level allows one to distinguish
signals originating from various species.

b. Third Derivative Presentation. In the case
of broad, overlapping signals, a useful approach for
spectra resolution consists in recording, besides the
conventional first derivative, the third derivative
spectra. The enhancement in resolution is clearly
seen, e.g., in the spectrum of Ni* tetracarbonyl
complex obtained after adsorption of 13C-enriched CO
under 400 Torr on the surface of Nit containing Ni/
SiO, catalysts® (Figure 6). Ni* ions were created by
slight thermal reduction of Ni?>* supported on SiO,,
in hydrogen at 443 K.

Another example is given by silica-supported mo-
lybdenum catalysts obtained by the grafting method,*
leading, after reduction in hydrogen at elevated
temperature, to a broad signal which in the third
derivative presentation exhibits three lines corre-
sponding to three different Mo>* species (Figure 7)
(see also sections IV.D. and V.B.1).

c. Multifrequency Approach. Sometimes it is
difficult to distinguish between the patterns arising
from g tensor anisotropy or hf splitting. Recording
the spectra at more than one microwave frequency
may help in solving this problem. The principle of
the method is based on the fact that the separation
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Figure 8. Field separation between the principal g values
in X- and Q-band in the case of axial symmetry and g, >
go- (Reprinted from ref 41. Copyright 1994 Plenum Press.)

ABan between the signal components related to the
g tensor anisotropy varies linearly with the micro-
wave frequency according to the equation:

|ABa,| = hvlug|(1/g,) — (1/9,)] (11)

The way of measuring the field separation AB,,
between the principal g values (9o, g;) of a species
with axial symmetry in X-band (v = 9.5 GHz) and
Q-band (v = 35 GHz)* is presented in Figure 8. The
spacing between gp and g, increases in the ratio of
the frequencies, i.e., by a factor of about 4 on going
from X- to Q-band.

The multifrequency approach enables distinction
between the tensor g components and features aris-
ing from hf [superhyperfine (shf)] interaction, since
the A tensor features are unaffected to first order by
microwave frequency changes.

This approach has been taken by Lunsford and
Vansant*? in the case of hexacoordinated low-spin d”
complex of Co?" in Y zeolite (Figure 9). Two sets of
eight lines, separated by 67 and 72 G, respectively,
are observed in the EPR spectrum of Co?" in both,
X-and Q-band (Table 2, A-3,5,6). (For a description
of Table 2, see section V.) The same separation of
the lines at both frequencies indicates that their
origin comes from hf interaction while the presence
of two sets of hf lines indicates the axial symmetry
of the g tensor.

It should be noticed that for polycrystalline materi-
als with a broad range of sites at which paramagnetic
centers are located, this approach may sometimes
fail. This is the case of Mo®" in ®*Mo-enriched Mo/
SiO, catalysts obtained by impregnation method*?
and reduced in hydrogen at 500 °C, which in Q-band
gives a broad unresolved line (Figure 10) although
in the lower frequency X-band a well resolved spec-
trum with hf structure is observed (see Figure 14b
in section 1IV.A.2). (Table 2, K-12). It has been
shown,** that the individual line width AB depends
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Figure 9. Experimental (solid line) and simulated (dotted
line) EPR spectrum (77 K) of [Co(CH3CN)g]?* in the X-band
(a) and Q-band (b). (The isotropic line at the center of the
parallel structure is due to another species.) (Reprinted
from ref 42. Copyright 1973. Chemical Society of London.)

100 G \/
|
DPPH

Figure 10. EPR spectrum (Q-band, 300 K) of a ®Mo-
enriched Mo/SiO, catalyst reduced by hydrogen at 500 °C.
(Reprinted from ref 43. Copyright 1978 Chemical Society
of London.)

on the angle 6 [between the magnetic field and the
principal axis taken as the z axis (Figure 3)] and the
resonance frequency v as

AB(8,v) = 2hlug-g~%(6) 6g(0)v (12)

This relation shows that the disappearance of the
hf lines due to ®*Mo nuclei (I = 55) in the Q-band
spectrum (compare Figures 10 and 14b) is caused by
the increase, particularly at high frequency, of the
individual line width due to the distribution of the
Mo®* sites, i.e., distribution of the g components.

In recent years it became evident that microwave
frequencies lower than 9 GHz (X-band) are particu-
larly useful in studies of disordered systems where
local structural inhomogeneities (“strains”) lead to a
distribution of the g and hf tensors and cause
considerable line broadening.*®* In order to find
optimum resolution it may be necessary to investi-
gate the system over a continous range of frequencies
between about 1 and 35 GHz.

A model that describes the line widths in the EPR
spectra of Cu?t complexes as a function of microwave
frequency and m, values was elaborated by Froncisz
and Hyde.*® The distribution widths of the parallel
component of the g tensor and of the hf tensor from
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Figure 11. Simulated (solid line) and experimental (dotted
line) ESR spectra of Nafion 83Cu2* D,O (Cu?* content 1%):
(A) X-band, 100 K, v = 9.376 GHz; (B) S-band, 123 K, v =
2.359 GHz. (Reprinted from ref 47. Copyright 1993 Elsevi-
er.)
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Figure 12. Variation of the line width from the four
signals of the parallel transition as a function of the
microwave frequency. (Reprinted from ref 47. Copyright
1993 Elsevier.)

the central cation, 6g and dA, respectively, can be
deduced from experimental spectra using this model.

The effect of microwave frequency on EPR spectra
of Cu?*coordinated by oxygens in Nafion membrane
swollen by D,O was studied by Schlick and co-
workers*” in L- (1.25 GHz), S- (2.36 GHz), and X-
(9.38 GHz) bands. Figure 11 represents experimen-
tal and simulated spectra at two frequencies (X- and
S-band) while in Figure 12 the line widths of the
parallel signals are plotted as a function of microwave
frequency for the four m, values of the parallel
component. It is seen that for m; = —%/, the narrow-
est line can be detected around v = 2 GHz, as
expected from the already mentioned model, while
for m; = —3/, the narrowest line is measured at 7
GHz. Frequencies higher than 9 GHz cause signifi-
cant broadening and are not useful in the investi-
gated system.

2. Chemical Tools

a. Testing the Oxide Surface with Probe
Molecules. This method consists of using probe
molecules to test various features of oxide surfaces.
An extensive review on this topic was recently
published.®” Different effects are observed, e.g.
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Figure 13. The most abundant isotopes of d (bold
characters) and f elements (italics) with | = 0 nuclear
spin. For the same | and abundance, the ordering of the
elements corresponds to increasing atomic number Z. For
elements having more than one isotope with the same
nuclear spin value (1), points (+) in the figure correspond
to the sum of abundancies. (Data from Table 1 in ref 48.)

changes in the line shape, line width, and g values,
depending on the type and strength of interaction of
the probe molecule with the paramagnetic centers on
the oxide surface. Physical interactions, e.g. mag-
netic dipole—dipole interactions, cause usually re-
versible (vanishing upon outgassing) broadening of
EPR signals of paramagnetic surface species upon
interaction with paramagnetic probe molecules, like
O,. This method is commonly used to distinguish
between the species situated in the bulk and on the
surface of oxides. Chemical interactions not ac-
companied by an electron (proton, etc.) transfer
change the coordination number of the surface com-
plex without changing oxidation state of the central
atom or ligands (see sections 1V.D, VB.1, V.B.2,
V.E.1). Examples of using probe molecules to deter-
mine the oxidation state of a TMI without changing
its value are given in section V.A.1l. Chemical
interactions occurring with electron transfer may be
used to test redox properties of the oxide surfaces
with electron donor (acceptor) probe molecules (see
V.E.2).

b. Isotopic Labeling. This method is used to
produce a hf or shf structure, i.e., when the investi-
gated sample does not contain isotopes with nuclear
spin | = 0 or when the natural abundance of such
isotopes is small. The values of the | = 0 nuclear
spins of the most abundant isotopes of transition
metals are presented in Figure 13.

The hf or shf patterns differ strongly for elements
with different | values and abundances. Even in the
case of the same | value and abundance, distinguish-
ing between the hf patterns is possible on the basis
of hf (shf) coupling constants which are related to the
values of nuclear magnetic moments.*®

The effect of isotopic labeling may be illustrated
by reduced impregnated Mo/SiO; catalysts*? (see also
previous section). A large EPR signal was observed
at 77 and 293 K, with g; = 1.940 and g, = 1.882,
characteristic of Mo®" in an axial crystal field (Figure
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Figure 14. EPR spectra (X-band, 300 K) of a Mo/SiO,
catalyst reduced by hydrogen at 500 °C: (a) natural
abundance of %Mo isotope (I = 5/,, ~25%), (b) catalyst
enriched in %Mo isotope (97%), (c) simulated spectrum with
magnetic parameters deduced from the spectrum b. (Re-
printed from ref 43. Copyright 1978 Chemical Society of
London.)

14a). On the low-field side of the spectrum two small
peaks were detected which changed with tempera-
ture and microwave power in the same way as the
main anisotropic signal, indicating that they are part
of the same spectrum. These two peaks were con-
sidered as components of the hf structure. Molyb-
denum possesses only two isotopes with nuclear spin
I = 0, Mo and °’Mo, of natural abundances 15.78
and 9.60%, respectively (Figure 13). Both isotopes
have the same nuclear spin I = 5/, and about the
same magnetic moment (—0.9270 and —0.9485 uy,
respectively*®) so that the hf structures resulting from
each are largely superimposed. The resulting EPR
spectrum would consist of six equally spaced hf lines
centered about the parallel and perpendicular fea-
tures arising from the isotopes with I = 0. The hf
lines should have a relative intensity ~6% of the
main feature (parallel or perpendicular) with which
they are associated. In the spectrum of Mo/SiO,
catalysts, the observed ~6% relative intensities ratio
of the two low field lines with respect to the perpen-
dicular line suggests that they belong to the perpen-
dicular hf pattern. The parallel hf lines are not seen.

This assignment is confirmed by the use of cata-
lysts enriched in ®*Mo isotope (97% enrichment).
Figure 14b represents the EPR signal of the reduced
9Mo/SiO, system where not only the perpendicular
but also the parallel hf pattern are seen. The change
in the EPR spectrum on labeling with **Mo shows
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unambiguously that the corresponding paramagnetic
species is associated with molybdenum ions. The
simulation of the spectrum presented in Figure 14c
confirms such assignment (Table 2, A-3,5,6). (For a
description of Table 2, see section V.)

In view of the variety of informations which may
be obtained from the hf and shf patterns (vide infra),
the relevance of the method of isotopic labeling is
evident.

c. Chemical Treatment. The chemical treat-
ment, e.g. oxidation or reduction at various temper-
atures and pressures, may be used to eliminate some
of the species contributing to the complex spectrum
and to enhance the concentration of others. This
procedure was successfully applied to identify the
different molybdenum species in reduced Mo0Q3.*°

B. Identification of Paramagnetic Centers in Real
Solid Systems

The identification of particular paramagnetic spe-
cies extracted from the complex spectrum is mainly
based on the analysis of g and A tensor values.

1. Identification from the g Tensor

Only in a limited number of cases, the values of
the g tensor alone allow one to identify the paramag-
netic ion. Even in the case of typical g values, e.g.,
of d? ions (Cu?*, Ni*), additional information such as
hf and shf parameters are necessary to attribute the
observed EPR signal to a given paramagnetic species.

2. Identification from the hf and shf Tensors

As described earlier (section 111.B), the information
which can be obtained from the hf (shf) pattern is
derived from the number of lines, their relative
intensities, and the number and values of A tensor
components.

Examples illustrating the use of hf (shf) structures
to identify the species involved in hf (shf) interaction
are given in sections IV.A.2, V.A.1, and V.B.2.

C. Spectra Simulation

Numerical methods are commonly used for EPR
data acquisition, processing, and evaluation. The
spin Hamiltonian parameters obtained from the
experimental spectrum can be further refined by
computer simulation. The simulation leads to ac-
curate values of the magnetic parameters for each
species contributing to the spectrum and provides
information on their relative populations (see, e.g.,
Figures 14c and 16).

D. Quantitative Approach

The quantitative approach to EPR spectra is based
on the direct proportionality between absorbed mi-
crowave energy and the number of paramagnetic
species taking part in the resonance. The most
common method of spin dosimetry consists of com-
paring the EPR signal intensity of an unknown
sample with that of a standard with a known spin
concentration. This approach requires a very precise
control of the factors influencing the EPR signal
intensity.5°
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Figure 15. Plots of the EPR signal intensity (measured
as the height of g component) of Mos®", Mos®", Mog >t
species as a function of temperature after methanol ad-
sorption at 77 K on reduced Mo/SiO, catalyst. (Reprinted
from ref 58. Copyright 1991 Polish Academy of Sciences.)

The experimental parameters (receiver gain, modu-
lation amplitude, incident microwave power, filling
factor, temperature, etc.), for the investigated sample
and the reference, should be the same or be changed
by a known factor.

Advanced chemical methods are applied to prepare
the standard samples and to determine the concen-
tration of paramagnetic centers by chemical analysis.
The appropriate standard for quantitative EPR mea-
surements should be at the best, similar—as far as
possible—to the investigated sample with respect to
the electronic structure of the paramagnetic centers,
symmetry of their surroundings, nature of ligands,
spin concentration, etc. Statistical methods are used
for evaluating the quality of standards.>!

The reference materials commonly used for spin
dosimetry are listed by Chang in a review article.5?
The procedure of preparation of standards based on
vanadyl sulfate for quantitative EPR measurements
of d! TMIs is described in ref 51.

Numerous examples can be given to illustrate the
importance of the quantitative determination of the
number of spins in interface studies (Table 2, E-11),
e.g., the mechanism of propylene adsorption on MoOj3
was deduced from the changes of Mo(V) signal
intensity as a function of temperature and pressure.>?
The kinetic model of redox processes occurring in
V,0s/M00O; catalysts upon interaction with oxygen
and propylene was elaborated on the basis of quan-
titative EPR measurements.>~5¢ Two different cen-
ters of reduced vanadium, stabilized by oxygen
vacancies or by Mo(VI) ions, were identified.55%¢

Another example is the quantitative determination
of isolated Co(ll) ions in CoO-MgO solid solutions,
which revealed a strong correlation between the
number of these ions and the amount of oxygen
adsorbed as O, radicals.®’

In certain cases, when the line shape remains
unchanged even a simple method of measuring the
height of the signal gives valuable results. For
instance, Figure 15 represents changes in the EPR
signal intensities of three molybdenum species:
Mog®", Mos®, and Moe®* as a function of tempera-
ture after methanol adsorption on reduced grafted
Mo/SiO, catalyst at 77K58 (see also sections V.B.1 and
V.E.1) (Table 2, F-14). The signal of reduced Mo/SiO,
sample was given in Figure 7. The assignment of
the broad first derivative signal (Figure 7a) to three
Mo®* species with different coordination numbers,
four (species Mo, > with go = 1.926 and g, = 1.755),
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five (species Mos>t with go = 1.957 and g, = 1.866),
and six (species Mog>" with gg = 1.944 and g, =
1.892), respectively, was based on the analysis of g
tensor components derived from the complex EPR
spectrum by means of the third derivative presenta-
tion (Figure 7b), on the behavior of the spectrum at
different temperatures and frequencies and upon
adsorption of probe molecules at various pressures*°
(Table 2, F-1,2,13,14).

After methanol adsorption at temperatures below
100 K, all three Mo5* species were present in com-
parable amounts, while above 200 K the hexacoor-
dinated Mog>t increased strongly, first, at the ex-
pense of Mos>" and then at the expense of Mos>"
(Figure 15). During this process, the integral inten-
sity of the overall spectrum remained constant which
indicates that the transformation of the surface
complexes of Mo®" occurs via coordination of metha-
nol molecules from the gas phase without changing
the total number of paramagnetic species.

The application of the spectra simulation to deter-
mine the relative content of the component paramag-
netic species will be illustrated on the example of
Mo%* in a poly(acrylic acid) matrix (Mo—PAA),°
where Mo®" species coordinate oxygen (from carboxy-
lic groups of the matrix) or chlorine ligands (from
MoCls used for preparing the samples). After activa-
tion at 373K two Mo®* species were detected: Mo(A)
with g, = 1.967, go = 1.937, Ay =819 G, Ap = 36.7
G (structural formula I) and Mo(B) with g, = 1.957,
go = 1.934, A, = 82.0 G, Ag ~ 37 G (structural
formula I1) (Figure 16a).

PC=0:MoCl, (0
| o PCSMoCl,
o
P = polymer P = polymer
Mo(A) Mo(B)
1 o

The presence of chlorine ligands in the coordination
sphere of molybdenum is deduced from the g tensor
components: g; > g (Table 2, H-1,2). For Mo®"
surrounded by oxygen ligands, the reverse relation-
ship occurs: g, < g*%%! (see also section V.B.1).

Changes in the EPR signals on thermal activation
of Mo—PAA samples in the temperature range 473—
523 K are shown in Figure 16b,c. At 473 K the EPR
signal becomes more symmetrical (Figure 16b) in
comparison with Mo(A) and Mo(B) (Figure 16a). The
signal detected after heating to 523 K is axially
symmetric with reversed g values (g, < gp) (Figure
16c); this is species Mo(C) with the structural formula
I11. Simulations indicate the following EPR param-
eters for Mo(C): g, = 1.902, go = 1.946, A, = 94.3 G,
and Ap = 40.0 G.

N
PC<0/M0(OOCP) .

P = polymer
Mo(C)

1
Computer simulations indicate that the EPR spec-

trum in Figure 16b, for the intermediate activation
temperature of 473 K, can be reproduced by assum-
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Figure 16. EPR spectra (X-band, 77K) of Mo-PAA (see
text) activated in vacuo at 373 K (a), 473 K (b) and 523 K
(c). Experimental spectra (thick line), simulated spectra
(thin line). (Reprinted from ref 59. Copyright 1993 Ameri-
can Chemical Society.)

ing a superposition of contributions from Mo(A), Mo-
(B) and Mo(C) species with relative intensities 2:3:5.

V. Correlation between Coordination Chemistry
Features and EPR Parameters of Surface TMIs

This review deals mainly with paramagnetic spe-
cies related to TMIs located on the surface of poly-
crystalline solids. Suitable supports for metal ions
are polycrystalline oxides and zeolites, i.e., crystalline
aluminosilicates.

The zeolites are characterized by highly developed
and well-defined internal surfaces which make them
convenient models for investigating surface phenom-
ena. Various types of natural and synthetic zeolites
are known. One of the most frequently used in
surface studies is faujasite with the structure pre-
sented schematically in Figure 17a.5> The sites of
various symmetry, located in the building units of
the faujasite, i.e., supercage, sodalite cages, and
hexagonal prisms, are indicated in Figure 17b. TMIs
introduced in the zeolite structure by cationic ex-
change may occupy sites of well-defined symmetry
and serve as paramagnetic probes. Depending on
their position, they can be accessible for various sized
molecules.

EPR spectroscopy can provide a broad spectrum of
information concerning such systems, ranging from
a simple statement that the sample is paramagnetic
and that the paramagnetic species is situated at the
surface, to precise assignment of the energy levels
involved in the EPR transitions and the distribution
of the unpaired spin density on the species. The
nature of the central ion, type of bonding with
ligands, coordination and symmetry of the surround-
ing, relaxation mechanism, and the type of motion
of the paramagnetic species at the gas (liquid)—solid
interface can also be inferred from EPR spectra.

Table 2 schematically outlines the research fields
of coordination chemistry and EPR spectroscopy of
surface TMIs covered in this review. In this table
the correlation between the EPR parameters and
coordination chemistry features are indicated by
black points. Several examples will be given to show
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Figure 17. (a) A scheme of the faujasite structure.
Aluminum and silicium atoms lie on the corners, oxygen
atoms near the edges. Sites | in hexagonal prisms and |1
in supercage are indicated. (b) A sodalite cage with two
hexagonal prisms. Hexacoordinated (1) and tricoordinated
(I', 11, 1I') cation sites are indicated. (Reprinted from ref
62. Copyright 1968 Elsevier.)

the existence of such correlations and to illustrate
the kind of information which may be obtained on
surface complexes from EPR spectra.

A. ldentification of the Central lon in a Surface
Complex

The assignment of the EPR signal to a particular
central ion in a surface complex is usually done on
the basis of the g tensor values and hf (shf) structure
(Table 2). It should be recalled that the interpreta-
tion of the spectrum is much easier when the latter
feature of the paramagnetic center is available (see
also sections 111.B, IV.A.2, and V.B.2).

1. Chemical Nature and Oxidation State of the Central
lon

The g values of d elements depend on the values
of the spin—orbit coupling constant (1) and crystal
field symmetry and strength (Figure 18) (Table 2,
D-1,2). High-spin highly symmetric d® ions (Mn?"),
as well as organic and some non-metal inorganic
radicals, show g values close to ge.

With increasing strength of the crystal field, the
deviations from the g. value decrease for d elements
while for f elements, due to the effective screening
of the f shell by the external s, p, and d orbitals, the
spin—orbit coupling is not disturbed by the crystal
field so that g values are practically unaffected by
the latter. When the separation between the ground
state and excited levels is small, the relaxation time
is very short, which makes it difficult to observe EPR
spectra unless very low temperatures are used (Table
2, D-13).
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d" > d’ ds d" < d’ f - elements
(screened
(e.g.Cu?*, Ni*) (e.g.Ti3*, V¥)  from CF)
< ;
g > ge ge g < ge
R*

organic and some non-metal
inorganic radicals

> <

increasing CF
strength

increasing CF
strength
Figure 18. Schematic representation of the relation

between g values of paramagnetic species and crystal field
strength (see text).
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Oxidation state of the metal ion

Figure 19. The variation of g, of O, ions with the charge
of the stabilizing cation. (Reprinted from ref 63. Copyright
1983 Academic Press.)

The non-Kramers ions,*® with an even number of
unpaired electrons (e.g., V3", Mn3*, Ni?"), are only
scarcely observed by EPR, especially in the case of
large distortion, because of the large splitting of the
energy levels occurring in the absence of the magnetic
field under the combined influence of the spin—orbit
coupling and crystal field, the so-called zero field
splitting. In the case when the separation of the
levels containing unpaired electron is greater than
hv they cannot take part in the resonance.

The use of probe molecules, like O,, may provide
information on the oxidation state of the TMI at
which the adsorbed species is stabilized, providing
e~ transfer can occur. As shown in Figure 19 the g,
value of the O, radical adsorbed on oxide surfaces
is strongly dependent on the positive charge of the
nearest cation® (Table 2, B-1,14).

Another example may be given by adsorption of NO
on copper exchanged, reduced Y zeolites where the
EPR features of the created Cu™—NO species prove
the 1+ oxidation state of copper®4 (Table 2, B-11,-
14). Cu?*Y zeolites exhibit an EPR signal charac-
teristic of Cu?" ions, which strongly decreases upon
treatment with CO at 500 °C, indicating reduction
of Cu?* into Cu* ions. Low-temperature adsorption
of NO on CO-reduced samples produces a strong EPR
signal (Figure 20) with axial symmetry. Both, in X-
and Q-bands, the gp and g lines exhibit four evenly
spaced components, indicating shf interaction of the
unpaired electron of the NO radical with the nuclear
spin 1 = 3/, of 8385Cu isotopes (natural abundance
~100%, Figure 13) (Table 2, A-7,9,10,14). From the
shf coupling constant it was calculated, that the
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Figure 20. EPR spectra (X- and Q-band, 77 K) of the
Cu*—NO complex after adsorption of NO on reduced Cu-
exchanged Y zeolite. (Reprinted from ref 65. Copyright 1972
American Chemical Society.)
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Figure 21. EPR spectrum (Q-band, 77 K) of oxygen
adsorbed on V,05/SiO,. (Reprinted from ref 66. Copyright
1968 Academic Press.)

unpaired electron spends 80% of its time on 2pa*
orbital of NO and only 20% of its time on Cut, where
it is distributed evenly between the dz2 and 4s
orbitals®® (Table 2, 1-7).

The use of a shf structure to identify the adsorption
center of oxygen on V;05/SiO; is presented in Figure
21.%6 The Q-band spectrum shows that each principal
value of the g tensor of O, radicals is split into eight
components (Table 2, A-7,9,10,14). Such splitting
indicates that the unpaired electron of O, ion is
coupled with the nuclear spin | =7/, of the 5V isotope
and that the adsorption center is vanadium in its 5+
oxidation state as inferred from the g,, value of O,
(see Figure 19) (Table 2, B-1,14).

Another example is presented in Figure 9, where
the hf structure composed of eight lines in both X-
and Q-bands indicates interaction of the unpaired
electron of d” low spin Co?' ions (S = ) in a
hexacoordinated methyl isocyanide complex with the
nuclear spin | = 7/,, of the %°Co isotope*? (Table 2,
A-3,5,6).

Both isotopes, 5V and %°Co, have the same nuclear
spin (I = 7/;), same natural abundance (~100%)
(Figure 13), similar theoretical values of the isotropic
constant for the free ion,*® but drastically different
hf coupling constants (~80 G for hf of Co and a few
gauss for shf of V). For the Co?* ion splitting arises
from the interaction of the unpaired electron with its
own nucleus (Table 2, A-3), while for O, adsorbed
on V,0s/SiO;,, the shf pattern is due to the interaction
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of the unpaired electron of O, with the V5" ion
situated on the surface at a distance from the O,
radical (Table 2, A-7). The interaction is thus much
weaker and the observed splitting consequently much
smaller.

2. Ground State of the Central lon

The ground state of paramagnetic TMIs may be
inferred from the dependence of g tensor values on
crystal field parameters (Table 2).

For d* ions in elongated octahedral complexes, the
unpaired electron occupies a doubly degenerate ground
state (dy,, dy;) and no EPR signal can be observed.5’
In a compressed octahedron, the nondegenerate dyy,
state lies lowest and for a slight distortion the low
lying 2-fold degenerate excited states (dy,, d;) are
close to the ground state (Figure 22a). The small

a /L///
/ \\
// \\
15 \
d'ion / N E— dx2-y2
% /
\ A d
t
\\\%/ d)y(i
~ : dy
(o compressed
octahedron
b c
de.y2 j‘ —1—r d,z
dz2 N % — dey?
A A,
d%ion Ay
duy i L
) %ﬁ:_ Ao, ayz
Xz, dyz ———
a H— %
elongated compressed
octahedron octahedron

Figure 22. Typical splittings of d orbitals in an octahedral
crystal field with tetragonal distortion: (a) compressed
octahedron, d! ion, (b) elongated octahedron, d° ion, (c)
compressed octahedron, d® ion. This figure only gives the
relative ordering of the energy of d orbitals.

energy separation 6 results in a short relaxation time
and the EPR signal can be observed only at low
temperatures (Table 2, D-13). Greater distortions
lead to longer relaxation times and EPR signals can
be observed at higher temperatures with g values:

9,=9.—8YA and gy=g.,— 210  (13)

where A = Ey2e—y2 — Exy and 6 = Ey;y; — Exy. Since A
> 0 > 1 and, for d! ions, 4 > 0, a negative shifting
values is observed for these ions (see also section
111.A) (Table 2, D-1).

The d® configuration corresponds to one electron
hole in the d shell, which in MLg complexes leads to
the so-called Jahn—Teller effect, i.e., spontaneous
distortion into a tetragonally distorted octahedron
with a dy2>-y2 or d;2 ground state for elongated or
compressed octahedron, respectively (Figure 22b,c).
In the former case, the g values are given by the
following equations:

0,=9.—8M/A, and gy=g9,— 24/A, (14)

where A; = (Ex-y2 — Eyy) and A; = (Exe—y2 — Eyyya).
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Figure 23. EPR spectra (X-band, 77 K) of Ni*-carbonyl
complexes formed upon CO adsorption on reduced Ni/SiO;
catalysts under a pressure of (a) 10 Torr CO followed by
evacuation at 340 K, (b) 10 Torr, (c) 100 Torr, (d) 400 Torr.
For the positions of the ligands, a stands for axial and e
for equatorial (formulae 1V, VI, and VII).3941

The spin—orbit coupling constant 4 is negative for
d® ions, and since A; < A, eq 14 leads to the following
sequence of g values: g; > go > Qe.

For a compressed octahedron, the g components
are given by the relations

g,=9. and g;,=g9,—64/A; (15)
where Az = (E2 — Exy,), which gives the relative
order: go > gy~ ge. Such relations were applied to
determine the ground state of Ni* d® ions in a series
of carbonyl complexes formed by adsorption of CO
on supported Ni* ions in Ni/SiO,, Ni/SiO,/Al,O3, and
Ni—zeolite systems® (see also section IV.A.1) (Table
2, C-1,2,14). Among the four carbonyl species in
Figure 23, only the dicarbonyl (species V) shows the
relative order: gy(91) > 9o(92 ~ g93) > g which
corresponds to the dy>—,2 ground state. Thus the
degree of electron—ligand interactions taking place
in the xy plane is larger than that along the z axis.
This implies symmetries such as elongated octahe-
dron (Dg4n), square pyramid (Cg4,), an angular trigonal
bipyramid (C,,), trigonal pyramid (Cs,), or a square
planar arrangement (Dg4y) (Table 2, G-1,2).

For other species, the relative order go > gy ~ Qe
indicates a d,2 ground state and stronger interaction
of the central Ni* ion with the z axis ligands of the
complex than with those along the x and y axes. This
is the case of a compressed octahedron (D4, or
compressed trigonal bipyramid (Dsn). The problem
of the symmetry of the Ni* carbonyl complexes will
be discussed further (see sections V.B.2 and V.C) in
relation to the equivalency of CO ligands and shf
patterns.

Another example of using g tensor values to
determine the ground state of the central atom is
given by Lunsford and Vansant*? (Table 2, C-1,2).
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The relative order: gg= 2.087 > g, = 2.008 ~ g, of
hexacoordinated low-spin d” complex of Co?" in Y
zeolite, presented in Figure 9, indicates a d,2 ground
state of the complex.

B. Influence of the Ligand Nature on Magnetic
Parameters

1. On the g Tensor

The ligands surrounding the central ion doubly
bonded to oxygen in a (M=O)Ls"~ complex may
influence the values of its g tensor also via spin—
orbit coupling interaction (Table 2). For such a
complex of C4, symmetry and with M = MoV, WY, VIV,
etc., d* ions only the g, component depends on the
spin—orbit coupling constant of ligands, and this
dependence is given by the relation:58

O = e — 2[(2AuB81 — ALB' BLVAE (o] (26,8, —
2[185'Spz — 2PoP1'Sp — P1'B2) (16)

where A and iy are the spin—orbit coupling con-
stants of the ligands and of the central metal ion,
respectively, 51, B2, B1', B2’ are the linear combination
coefficients of atomic orbitals in the expressions of
the relevant molecular orbitals and Syt and Sy are
overlap integrals for the appropriate orbitals. Equa-
tion 16 concerns polyatomic species with partially
covalent bond while relations 13—15 in the preceding
section (V.A.2) were derived on the basis of a simple
crystal field approach.

Two examples will be given to illustrate the effect
of the ligands on the g factor of (MoV=0)Ls"~ surface
complexes with (1) different number of oxygen ligands
and (2) the same number of ligands but with different
electron pair donors.

Reduced, silica-supported molybdenum catalysts
prepared by the grafting method*® exhibit an EPR
spectrum (Figure 7) which may be ascribed, as shown
in sections IV.A.1 and 1V.D, to three different Mo®*"
species: tetra- (Mos>"), penta- (Mos>), and hexaco-
ordinated (Moe>") which all possess a Mo=0 molyb-
denyl bond. Adsorption of polar, oxygen-containing
molecules, like water or methanol®6%7° caused a
stepwise transformation of one molybdenum species
into another without changing the total number of
Mo®>* ions (Figures 15 and 24) (Table 2, E-11, F-14).
These results were interpreted in terms of filling the
coordination vacancies of Mo°*, according to the
scheme presented in Figure 25.

The g, value of a molybdenyl species in C4 Sym-
metry depends on the spin—orbit coupling of the
ligands surrounding the central atom (eq 16) (Table
2, H-1,2). As the water (or methanol) ligand is
connected to the Mo®" ion by the oxygen atom, the
spin—orbit coupling constant is the same as that of
0% ion from the SiO, support in the Mo/SiO,
catalyst. Hence the Mo,>" species, coordinated by
one molecule of water (methanol), is expected to give
EPR signal similar to that of Mos>* while the Moyt
species, coordinated by two water (methanol) mol-
ecules, is expected to give EPR signal similar to that
of Mog:>™.

The effect of spin—orbit coupling constants of
ligands on the g tensor of the central atom can be
observed in the case of the early steps of preparation
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Figure 24. EPR spectra (X-band, 77 K) of oxygen-
coordinated Mo>* species formed during thermal reduction
of grafted Mo/SiO, catalysts (a) and subsequent adsorption
of water performed at a pressure of 1 Torr (b) and 18 Torr
(¢). (From Ref 40. Copyright 1987 American Chemical
Society.)
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Figure 25. Schematic presentation of the changes in the
coordination sphere of molybdenum species after reduction
and water adsorption. Similar scheme applies for methanol
or other polar, oxygen-containing molecules (see text and
ref 40).

of grafted Mo/SiO; catalysts (Figure 26)’* and for
Mo%* complexes in the matrix of polyacrylic acid
(Figure 16a)% (Table 2, H-1,2). In both cases, mo-
lybdenum first introduced as MoCls is finally coor-
dinated with O?~ and CI~ ligands. Because of the
different spin—orbit coupling constants of oxygen: 1o
= 152 cm~! 72 and chlorine: Ac) = 587 cm™1,%1 which
influence the value of g, (eq 16), the relative orders
of the g values for MoVOLs"~ complexes are go > g
for L = O?~ (Figures 24 and 16c) and g, > ggfor L =
Cl~ (Figures 26 and 16a).

2. On hf and shf Structures

The nature of the ligands and their position in the
coordination sphere of the TMI may be deduced from
the shf structure or in the case of paramagnetic
ligands from the hf structure of the EPR spectrum
(Table 2). Thus, hf patterns have been successfully
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g/ = 1.968

Figure 26. EPR spectrum (X-band, 77 K) of Mo®>" coordi-
nated by O%~ and CI~ ions in SiO, catalysts grafted with
MoCls. (Reprinted from ref 71. Copyright 1992 Academic
Press.)

interpreted leading to the identification of mono- and
polynuclear oxygen radical ions adsorbed on metal
oxides, i.e., coordinated to surface metal ions?":63
(Table 2, H-3—6).

The use of the shf structure to show the influence
of the ligand on the EPR parameters of a surface
complex may be illustrated in the case of the tetra-
carbonyl complex of Ni* in the Ni/SiO, system
(Figure 6, structure VI in Figure 23)% (Table 2, F-7—
10,14 G-7—10 H-7—-10). The shf splitting arises from
the presence of 3C (I = /,)-enriched CO in the
coordination sphere of Nit (see also sections IV.A.1
and V.A.2). The shf pattern consists of 4-fold split
doublets centered on each of the axial g tensor
components. The doublets with the greater coupling
constant are related to the axial CO ligand while the
guartets are generated by three equivalent CO
ligands situated in the equatorial plane of the
complex. This leads to the conclusion that the
complex adopts a trigonal-bipyramidal structure with
only one surface O?~ ion. Itis interesting to note that
the 13C shf constants of the axial CO ligand are
roughly twice those of equatorial CO ligands (Figure
6).

The same method applied to the spectra of other
carbonyl complexes of Nit leads to the different
symmetries indicated in Figure 23: tetrahedral,
square planar, and trigonal bipyramid.

C. Symmetry of the Complex —Equivalency of
Ligands and Equivalency of Atoms in Polyatomic
Ligands

Important information can be derived from the hf
splitting of the EPR spectrum on the structural
equivalency of ligands coordinated to a central ion
and distribution of the unpaired electron density
between atoms with | = 0 in polynuclear ligands
(Table 2).

Oxygen enriched in 17O has proved to be a powerful
tool to investigate the equivalency of oxygen nuclei
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Figure 27. Configuration for equivalent (a) and inequiva-
lent (b) oxygen nuclei, in the 02~ surface ion (@, adsorption
site). (Adapted from ref 63.)

in O, species adsorbed on oxides®® (Table 2, G-3—
6). For equivalent oxygens (equally distant from the
adsorption center) both 7O%0~ and %00~ give a
structure with six lines of equal intensity while
1700~ leads to a structure of 11 lines with intensi-
ties varying from 1 to 6 due to degeneracy in the
levels.

In the case of O,~ adsorbed on silica-supported
molybdenum? the oxygen nuclei are inequivalent,
then 010~ and %00~ become distinct species
with two different six-line structures and a single 'O
nucleus (}’0*0~ and 00O~ species) and a 36-line
structure for the 17O0O~ species with two 17O nuclei
(Table 2, G-3-6 H-3-6).

The observed inequivalency of oxygens in O,~ ion
adsorbed on supported molybdenum? indicates their
different distance to the adsorption center. This
occurs when the O, ion has some covalent bonding
to the surface cation and assumes an angle to the
surface. This configuration is called bent or “end-
on” in opposite to the parallel or “side-on” arrange-
ment (Figure 27).

The O, superoxide species consistent with either
“side-on” and equivalent oxygens or covalent “end-
on” configuration and inequivalent oxygens are formed
on CoO—MgO solid solutions3!:32 (see section V.E.1).

The previous examples illustrate the use of hf
parameters to study the equivalency of atoms within
a polyatomic ligand. The problem of equivalency of
ligands has also another aspect, related to various
positions occupied by the ligands in the coordination
sphere of the central ion and to the symmetry of the
whole complex. An example of using shf structure
to determine this type of equivalency in Ni* carbonyl
complexes was presented in section V.B.2 (Table 2,
G-7-10).

D. Chemical Bonding between the Central lon
and the Ligands

The EPR spectrum of a surface TMI may contain
information on the nature of its bonding with the
surrounding ligands, providing the central metal ion
or atoms coordinated as ligands contain isotopes with
nuclear spin | = 0 (Table 2). The hf coupling constant
depends on the spin density distribution over the
nuclei “seen” by the unpaired electron. Separation
of the hf (shf) tensor into its isotropic and anisotropic
components provides information on the nature of the
orbitals hosting the unpaired electron. The isotropic
component is related to the unpaired spin density on
orbitals with s-character while the anisotropic com-
ponent is related to the electron occupancy of the p,
d or other directional orbitals. From the values of
spin density on particular atoms, the character of
their bonding (ionic or covalent) to the central ion
can be derived.
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The superoxide species consistent with either an
ionic model, i.e., electrostatic interaction with surface
cation, or with partially covalent metal—ligand bond
are formed on the surface of CoO—MgO solid solu-
tions31:32 (Table 2, 1-7).

E. Reactivity of Surface Transition Metal lons

Surface ions possess lower coordination numbers
than those situated in the bulk (Figure 2). The
reason of this unsaturation is that at the crystal
faces, corners, or edges there are fewer rigid lattice
neighbors and that volatile ligands like H,O and CO,
coordinated by surface TMIs, may be easily removed,
e.g., by vacuum or thermal treatment leaving vacan-
cies in their coordination sphere. Interaction with
gas-phase molecules completes the coordination sphere
of surface metal ions. In the case of strong interac-
tion reactions within the inner sphere of the surface
complex may occur.

Interactions caused by unsaturation of surface
metal ions occur also at the solid—liquid interfaces.
Oxide catalysts are often obtained by hydrothermal
processes consisting in deposition (grafting, impreg-
nation) of TMIs onto oxide support from water or
organic solvent solutions. EPR studies of different
steps of catalyst preparation and catalytic reactions
were recently reviewed by Che and co-workers.”™
Different kinds of interaction, of physical or chemical
nature, occur at the liquid—solid interface which may
change the mobility of transition metal complexes in
solution or provoke significant modification of their
coordination sphere, e.g., by exchange of ligands with
O?~ oxide ions from the surface.

Examples illustrating how the features related to
unsaturation of the surface TMIs may be revealed
at gas (liquid)—solid interfaces by using probe mol-
ecules (Table 2) are given below (see also sections
IV.A.2, IV.D, and V.B.1).

1. Ligand Addition and/or Substitution

a. Gas—Solid Interface. i. Without Changing
the Number of Bonds of the TMI with the Surface.
The unsaturation degree of surface ions can be
determined from the number of small probe mol-
ecules entering their coordination sphere and in-
creasing the coordination number provided the total
number of spins does not change, i.e., that no redox
(e~ transfer) reaction takes place (Table 2). The
illustration of such behavior is given in sections 1V.D
and V.B.1 on example of tetra- (Mos>") and penta-
coordinated (Mosc®t) species in silica-supported re-
duced molybdenum catalyst adsorbing gas-phase
molecules.”®’® In this case, the probe molecules
complete only the coordination sphere of coordina-
tively unsaturated TMIs without changing the num-
ber of bonds with the surface (Table 2, F-1,2,14).

ii. Changing the Number of Bonds of the TMI with
the Surface. The interaction of surface TMIs with
gas-phase molecules may also lead to reversible
changes in the number of bonds with the surface
occurring when the ligand pressure in the gas phase
is varied. This effect was observed on silica-sup-
ported Nit ions® (see also sections IV.A.1 and V.B.2)
(Table 2, F-1,2,7-10,14, G-1,2,7-10, H-1,2,7-10). Four
different types of complexes were observed (Figure
23), and it was concluded that, depending on the CO
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pressure, one to four CO molecules can enter the
coordination sphere of the Ni* ion while the number
of surface oxygens acting as ligands decreases from
three to one.

The same method was applied to other Ni*-
containing supported catalysts.”®’” The common
feature to all these systems is the strong dependence
of the type of carbonyl complex on the CO pressure,
reversibility of the reaction with CO, and EPR
parameters characteristic for the species of a given
symmetry (Figure 23).

The main difference consists in the line width
which increases in the following sequence: Ni/SiO;

The broadening effect may be attributed for one
part to the unresolved shf splitting due to the
interaction of the unpaired electron of Ni* with 23Al
nucleus (I = 3%/,, abundance 100%), *'Ti (I = 55,
abundance ~8%), and “°Ti (I = 7/, abundance ~5%)
nuclei (Figure 13). This may be an indication of the
existence of Ni—O—Al"® and Ni—O—Ti’” bonds (Table
2, K-12). The broadening can result also from in-
equivalent surface sites leading to a range of different
g tensor components and an increased line width.

b. Liquid—Solid Interface. In certain cases,
interactions between the solid surface and TMIs in
aqueous solution are strong enough to modify the
coordination sphere of aqua complexes. This occurs,
e.g., in the case of Cu?" ions in Y zeolites.”®”® EPR
measurements were performed on copper-exchanged
Y zeolites containing less than five Cu?* ions per unit
cell to avoid dipolar broadening. At room tempera-
ture, fully hydrated CuY zeolites give a broad, almost
symmetric EPR line with g,y = 2.19. At 77 K, a
typical spectrum of polycrystalline paramagnetic
species of axial symmetry was observed with a hf
splitting, indicating interaction of the unpaired elec-
tron with 8365Cu nuclei [I = 3/,, abundance ~100%
(Figure 13)] and with g, = 2.38—2.33 and g = 2.07
(i.e., Oy > go > Qe), indicating that the unpaired
electron is in a dy2—2 orbital (section V.A.2 and Figure
22b) (Table 2, C-1,2). This finding implies that in
fully hydrated zeolites Cu?' ions are present as
hexaaqua complexes [Cu(H20)e]?* and that the crys-
tal field at the cupric ion has a tetragonal symmetry
due to the Jahn—Teller effect. At room temperature,
the complex is free to tumble rapidly which averages
out the anisotropic terms and hence results in a
symmetric EPR line (Table 2, N-1-4). This is an
indication, that the [Cu(H,0)e]*" complex does not
interact strongly with the zeolite surface (Table 2,
K-1,2). At 77 K the complex is frozen and tumbling
is precluded, leading to the anisotropic spectrum.
These changes are reversible upon changing the
recording temperature.

Upon dehydration, anisotropic EPR spectra were
observed at room temperature with an irreversible
change in the g values upon recording temperature.
It was concluded, that after removing water mol-
ecules from the coordination sphere of copper, the
Cu?* ions migrate toward the walls of the zeolite and
coordinate with lattice O?~ ions (Table 2, K-1,2 N-1-
4). The EPR parameters point out that fully dehy-
drated Cu?* ions occupy S, and Sy sites in the zeolite
structure (Figure 17). In this case the zeolite struc-
ture, entering the coordination sphere of Cu?* via its
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surface O?~ ions, acts as a supramolecular polyden-
tate ligand.®

Interaction of Cu?* ions with the structure of clay
minerals, saponites, pillared with polyhydroxo com-
plexes of aluminum, was shown by EPR? (Table 2,
K-1-6). Fixation of Cu?" at the pillars leads to the
broadening of EPR signals due to the unresolved shf
interaction of unpaired electron of Cu?" with the
nuclear spin of 27Al (I = 5/,, abundance 100%) (Table
2, K-12).

2. Electron-Transfer Reactions

Redox properties of TMIs on solid surfaces can be
studied at the gas—solid or liquid—solid interfaces by
using electron acceptor/donor probe molecules (Table
2). Charge transfer reactions occur between the solid
surface and the probe molecule:

S+A—S"+A" (17)
S+D—S +D" (18)

where S denotes a surface ion, while A and D
represent an electron acceptor or donor molecule,
respectively. The probe molecules can react from the
gas phase or from solutions involving organic sol-
vents.

Different kinds of information can be obtained from
this type of studies. For instance, the threshold value
of electron affinity (EA) of the acceptor molecule (A)
or ionization potential (IP) of the donor molecule (D)
at which the charge transfer starts to be observed,
characterizes the reducing or oxidizing strength of
the surface sites, respectively. The number of redox
centers is given by the intensity of the EPR signal of
radicals formed by electron transfer from the surface
donor sites to the adsorbed (A) molecule or from the
adsorbed (D) molecule to the surface electron acceptor
centers. The hf (shf) structure of the EPR spectrum
of adsorbed A~ or D" radical ions gives information
about the surface site at which the adsorbed species
is localized. Very often, the stabilizing site of the
adsorbed A~ or D" radical ion is different from the
donor/acceptor site. In some cases, EPR studies can
even provide information on the mechanism of elec-
tron transfer on oxide surfaces.

We will use CoO—MgO solid solutions and silica
or alumina-supported MoO; as model systems to
illustrate the whole range of information which can
be obtained using EPR.

The electron donor properties of the CoO—MgO
solid solutions with CoO content 0—15.3 mol % were
investigated using adsorption of nitrobenzene (NB,
EA = 1.05 eV), m-dinitrobenzene (DNB, EA = 1.75
eV), tetracyanoethylene (TCNE, EA = 2.5 eV), and
perylene (PE, EA = 0.71 eV) dissolved in benzene®
(Table 2, L-14). On pure MgO as well as on CoO—
MgO solid solutions pretreated in vacuo at 500 °C,
NB, DNB, and TCNE gave rise to EPR signals of the
corresponding anion radicals A~ produced by reaction
17, while PE reacted only with CoO—MgO solid
solutions. The EPR features of the radical formed
upon PE adsorption as well as its reactivity toward
molecular oxygen to form O, suggest that it can be
identified as the anion radical (PE~). The fact, that
PE~ can be formed exclusively in the presence of Co?*
ions indicates that the latter are the strongest
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Figure 28. EPR signal intensity of radical ions A~
produced from perylene (PE) (1), nitrobenzene (NB) (2),
m-dinitrobenzene (m-DNB) (3), and tetracyanoethylene
(TCNE) (4) on CoO—MgO solid solutions as a function of
CoO concentration. The curve (1) has been enlarged and
presented in the upper part of the figure. (Reprinted from
ref 80. Copyright 1985 Elsevier.)

electron donors in the CoO—MgO system. The de-
pendence of the EPR signal intensity of the radical
ions A~ vs CoO concentration is similar for all the
electron acceptors (Figure 28) (Table 2, L-11).

As shown by theoretical calculations,® only the
most coordinatively unsaturated Oz~ ions lose enough
of their lattice energy to become effective donors for
commonly used electron acceptors: Oz:2~ + A — Oz~
+ A~. The Og ions further react with an excess of
acceptor A:#2 O3~ + A — 1,0, + A~. The amount of
032~ ions is closely related to the presence of steps,
corners, and high index planes formed during ther-
mal activation of the solid solutions in vacuo.8® The
small concentration of electron donor centers in the
concentration range 10.4—15.3 mol % CoO (Figure
28) may be related to the decrease of specific surface
area,® which erodes the surface steps and favors the
formation of low index planes (Table 2, L-11,14).

Dilute CoO—MgO solid solution with low content
of CoO (~3 mol %) contain mainly isolated Co?* ions.
Those ions have been found recently to function as
heterogeneous oxygen carriers, i.e., they are able to
reversibly adsorb oxygen according to the process:
8132 Co?t 4+ O, <> Co® 4+ O,~. By adsorption of oxygen
at 77 K below 0.1 Torr, a complex spectrum with
distinct shf structure arising from 5°Co [I = 7/,,
natural abundance ~100% (Figure 13)] is obtained
(Figure 29a) showing two slightly different O,~ “end-
on” centers (species | and Il in Table 3) stabilized on
Co®" ions (Table 2, G-7-10, H-7-10, L-7-10). The
spectrum in Figure 29a corresponds to the initial
stage of the oxygen interaction with the CoO—MgO
system, since the two species, stable at 77 K, undergo
different evolution upon evacuation accompanied by
a slow rise of temperature to about 120—150 K. This
treatment leads to the spectrum of Figure 29b
(recorded at 77 K) composed of two superimposed
signals. The first one belongs to a new species with
Co shf structure and orthorhombic g and A tensors
(species 111 in Table 3). By comparison with parallel
IR data,’%32 species Ill has been assigned to a
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Figure 29. EPR spectra (X-band, 77K) of 80,~ adsorbed
on CoO—MgO: (a) species | and 11 (Table 3) obtained after
oxygen adsorption at 77 K and removing excess of oxygen;
(b) species 111 and 1V (Table 3) obtained after slow heating
of the adsorbed species | and Il to about 120—150 K and
pumping. (Reprinted from ref 31. Copyright 1986 American
Chemical Society.)

superoxide ion O,~, adsorbed on a Co®" center and
further stabilized by interaction with a neighboring
Mg?* ion. The second signal (species IV in Table 3)
is due to O, adsorbed on Mg?* ions.

The features of species Il disappear upon evacu-
ation at room temperature but can be restored by
oxygen readmission at the same temperature. If
oxygen is readsorbed at 77 K, species | and Il are
formed instead of species Ill. Species 1V, which is
the most stable, is destroyed only above 500 K. The
molecular nature of these various species has been
confirmed with Y’O-enriched oxygen.®? The analysis
of the hf structures due to the nuclear spin | = 5/, of
the Y70 isotope leads one to conclude that species I,
I1, and 11l have inequivalent oxygen nuclei corre-

Table 3. Spin Hamiltonian Parameters of Oxygen Species on CoO—MgO Surface (from ref 31)

species (o] [op) O3 A [G] A; (G) As3 (G)
I: O,7/Co3* 2.120 ill-defined 1.983 38 ill-defined 17.5
11: O, /Co3* 2.113 ill-defined 1.983 38 ill-defined 17.5
111: O;7/Co3t,Mg?* 2.141 2.033 1.990 31 7 15.0
1IV: O, /Mg?t 2.077 2.009 2.002
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Figure 30. Scheme of the interaction of oxygen with the
CoO—MgO solid solutions. (Reprinted from ref 31. Copy-
right 1986 American Chemical Society.)

sponding to a bent Co*tO,~ structure while species
IV assigned to Mg?+tO,~, exhibits equivalent oxygen
nuclei equidistant from the Mg?* surface cation
(Table 2, H-3—6). The results have been summarized
in Figure 30, where the cycle indicates the reversible
nature of oxygen adsorption.

In addition to the monomeric Co adducts described
above, Howe and Lunsford® have also described
mono- (O,:Co = 1:1) and dimeric (O,:Co = 1:2) species
in CoY zeolite. A dimeric peroxodicobalt adduct
[Co3L 022 CoLy]*", where L = NHz or CH3NH,,
can be oxidized to give a superoxodicobalt species
[Co3TL O, Co®'L,]°", which is paramagnetic and
gives a characteristic set of 15 lines in the EPR
spectrum due to shf interaction with two equivalent
59Co nuclei (Figure 31) (Table 2, A-7-10).

The formation of superoxide O, ions on oxide
surfaces may also occur with electron transfer from
the bulk of the oxide, as shown for oxygen adsorbed
on reduced **Mo-enriched MoO3/Al,03.85 The pres-
ence of O, radicals interacting with the nuclear spin
of Mo (I = 5/,) was observed after oxygen adsorption
at 77 K, while on warming to 300 K a shf structure,
characteristic of oxygen adsorbed on AIRY (¢7Al, | =
5/,, abundance 100%), appeared. The total concen-
tration of O,~ ions increased on warming, and O,~
stabilized on Mo®* can still be observed if the sample
was cooled to 77 K. Thus, formation of O, stabilized
on AI¥* was related to electron transfer not from O,~
stabilized on Mof* but from reduced molybdenum
sites, not available at 77 K. The electron transfer
can then be envisaged from Mo,®* ions located in the
bulk (Figure 32). These results are in line with EPR
measurements?® which show that molybdenum ions
deposited on the support surface can migrate at
moderate temperatures into the bulk of the matrix
where they are stabilized as Mo®" ions and then serve
as a reservoir of electrons (Table 2, L-7-11).

Electron transfer on oxide surfaces may occur, as
in coordination compounds, via inner- or outer-sphere
mechanism. The inner-sphere electron-transfer mech-
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Figure 31. EPR spectra of [Co%" (NH3)xO> Co3"(NH3)4]>"
in CoY zeolite: (a) experimental spectrum (X-band, 77 K),
(b) simulated spectrum. (Reprinted from ref 84. Copyright
1975 American Chemical Society.)
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Figure 32. Electron transfer occurring at the surface of

MoOz/Al,O3 from Mo,®* ions located in the bulk. (Reprinted
from ref 63. Copyright 1983 Academic Press.)
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anism operates, e.g., in the process of formation of
O~ radicals occurring by thermal decomposition of
N.O adsorbed on reduced Mo/SiO, catalysts?® (for
characterization of the Mo/SiO, catalyst see sections
IV.A1, IV.D, and V.B.1). The adsorption occurs only
on coordinatively unsaturated tetracoordinated Moy®"
species which is transformed to pentacoordinated
Mos>* (Table 2, L-1,2):

Mo,.>" + N,O — [Mo,.>"—N,0] (19)

The electron transfer then occurs from Mo®* to N,O
ligand via an inner-sphere mechanism. This step is
followed by thermal decomposition of the N,O~ spe-
cies with formation of the O~ radical:

[Mo,>" — N,O] — [Mo, > —N,O ]* —
[Mo, > —07]+ N, (20)

The intermediate species [M04®"—N,O~]* is not
detected by EPR, due to a lifetime that is too short.
At temperatures above 150 °C, another reaction,
occurring via an outer-sphere mechanism, competes
with reaction 20. It consists in the electron transfer
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from external Mos>™ and Mog>" ions surrounding the
[Mo,5t—07] species to the O ligand:

MOSc,605+ + [M0406+_O_] -
M050,606+ + [M0406+_027] (21)

This process can be followed by the decrease of the
intensity of both Mo®t and O~ EPR signals (Table 2,
L-11).

3. Catalytic Reactions within the Inner Sphere

Two examples will be given to illustrate the coor-
dination chemistry approach to the EPR studies of
the mechanism of catalytic reactions (Table 2): dimer-
ization of olefins and oxidation of methanol, both
occurring on the surface of oxide catalysts.

a. Dimerization of Olefins. As Ni" ions are the
active sites in the homogeneous olefin dimerization
reaction,® the coordination of ethene onto supported
Nit ions has also been investigated® (Table 2,
M-1,2,7-10). The dicarbonyl species (V in Figure 23)
progressively reacts with ethene, giving rise to a
complex spectrum assigned, by employing *C-en-
riched CO, to the [Ni(CO),(C.H4)]t species (VIII),
with two inequivalent CO ligands. The similarity
between the EPR g tensors of the tricarbonyl complex
of Ni* (VI in Figure 23) and species VIII suggests
that the structure of the latter is probably a trigonal
bipyramid with one axial CO, ligand and one equato-
rial CO. ligand associated with a large and about
twice smaller hf coupling constants, respectively.

CO, CZ:Hic
Co; ! CO; i
Nf’i— CoMy, Nf—\— CaHye
/ 0, / 0,
O¢ O,
VIII IX

Thus the ethene molecule is in an equatorial
position and species VIII is obtained by addition of
one ethene molecule to species V (Figure 23). In-
creasing the ethene pressure up to 600 Torr caused
a further change in the EPR spectrum. By using 13C-
enriched CO, a new species, IX, can be identified
again with a trigonal-bipyramid structure and the
CO molecule in axial position while the two ethene
molecules are in equatorial positions. The species IX,
[Ni(CO)(C2H.),]*, is obtained from species VIII by
ligand exchange, i.e. by replacing CO. in the complex
by (C2H4)e.

Catalytic activity tests were performed on systems
containing the two species VIl and IX. With species
V111, no appreciable olefin dimerization is observed
to take place after 24 h, whereas with species IX,
olefin dimerization does occur. The product distribu-
tion is very close to that observed in the catalytic
tests performed without carbon monoxide. It seems
therefore necessary that two ethene molecules should
be bonded to the same Ni* ion for dimerization to
take place. Itis important to note that there are four
types of ligands around the Nit ion: (1) the reactants
which are transformed into the products (i.e., the
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second type of ligands), (3) the CO spectator ligand,
which all are mobile ligands, and finally (4) the rigid
surface O ligand.

When alkylphosphines rather than CO are used as
spectator ligands, two effects are observed.®” The
first, of electronic nature, is proportional to the
number and basicity of the alkylphosphines intro-
duced and leads to an increase on the electronic
density at the metal center (Table 2, I-7, M-7-10). The
consequence is a weakening of the affinity for soft
Lewis bases such as the reaction products (for
instance, butenes for ethene dimerization) and an
increased stability of the catalyst by a weakening of
the chemical bond between Ni* and the products. In
addition to this electronic effect, a conjugated steric
effect due to both the surface and the spectator ligand
is superimposed.®® For instance, with bulky alky-
Iphosphines, the selectivity can be drastically in-
creased in 1-butene®” or 2,3-dimethyl-1-butene® for
ethene and propene dimerization, respectively.

b. Oxidation of Methanol. Methanol oxidation,
via the selectivity of the products obtained, appears
to be one of the most suitable probes of catalytic
surfaces. Known to be structure sensitive,®®% this
reaction can also distinguish acid—base from redox
catalytic sites.®? In addition, it was found to be very
sensitive to molybdenum dispersion, by comparing
silica-supported molybdenum catalysts prepared by
impregnation and grafting, with low and high disper-
sion respectively.” On the former catalysts, form-
aldehyde is the main product. On the latter ones,
the relative amounts of formaldehyde and methyl
formate, which are the main products, depend on
molybdenum dispersion, the latter product becoming
more important for increasing dispersions.

The mechanism of methanol oxidation™ (Table 2,
E-11, M-1-10) which involves elimination of two
different hydrogens coming from the methyl (nona-
cidic H) and hydroxyl (acidic H) groups consists of
two consecutive reactions. In the first, the methyl
hydrogen is extracted homolytically by the O~ ligand
in the LLHT (ligand-to-ligand hydrogen transfer)
elementary process and the reductant intermediate
*CH,OH is formed. The second, more complex step,
involves reduction of Mo®* via LMET (ligand-to-metal
electron transfer) accompanied by a proton release
from the OH group due to the acid—base type
interaction with O?~ ligand (LLPT, ligand-to-ligand
proton transfer). This mechanism is consistent with
the variation of selectivity in methyl formate and
aldehyde with Mo dispersion. Indeed, on highly
dispersed Mo catalyst such as grafted Mo/SiO,, the
decay of *CH,OH by redox process involves their
migration onto the silica support. This makes pos-
sible the side reactions with carrier surface groups
such as SiOCHgs;, opening pathways for methyl for-
mate formation. On the other hand, for bulk MoO3
or low dispersed Mo on MoOs/SiO, catalyst prepared
by impregnation, where the Mo adsorption sites are
in close interaction and involve at least pairs of
reducible Mo®* ions, the two processes LLHT and
LMET-LLPT are spatially coupled, i.e., take place at
the same active entities. No migration of intermedi-
ate radicals is required and CH,0O becomes the main
product of methanol oxidation. The study provided
evidence that the reaction takes place within the
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coordination sphere of molybdenum, revealing di-
rectly the role of coordinatively unsaturated Mo®*/
Mot ions redox couples as the reaction active cen-
ters.

F. Mobility at the Gas (Liquid) —Solid Interface

Changes in the environment of molecules adsorbed
at the gas-solid or liquid-solid interface, caused by
their motion occurring at various temperatures, play
an important role in determining the reactivity of the
molecules. The relevant theory was developed by
Freed.®® The temperature dependence of EPR spec-
tra can be used to conclude about the mechanism of
motional dynamics.

1. Gas—Solid Interface

Temperature-dependent EPR spectra of O, ad-
sorbed on Ti ions supported on porous Vycor glass
were analyzed by Freed and co-workers® in the
temperature range 4.2—400 K. It was shown that
the position of the g tensor component perpendicular
to the internuclear axis of O,~ remained constant in
the investigated range of temperatures, whereas two
other components shift in position which was ac-
companied by drastic line-shape changes. These
results indicate that the molecular motion of O,™ on
the surface is highly anisotropic, consisting es-
sentially of the rotation about the axis perpendicular
to the internuclear axis of O,~. The analysis of 17O
hf structure of O,~ suggested that the internuclear
axis is tilted slightly from the surface, i.e. that one
oxygen is closer to the Ti*" (Figure 27b). Simulation
of the EPR spectra showed that different mechanisms
of motional dynamics are operating at various tem-
peratures. The interpretation of the EPR results was
confirmed by extended Huickel calculations performed
by Freed and co-workers.%

Another example of motion of the O, radical on
oxide surfaces is given by Howe and co-workers.?¢ An
O, species adsorbed on silica-supported tungsten
was identified with a temperature-dependent shape
of the EPR signal, indicating anisotropic motion on
the surface. The spectrum observed at 77 K was
assigned to an O, radical with equivalent oxygen
atoms. The hf structure observed with *’O-enriched
oxygen can be fitted to an axially symmetric hf tensor
with the unpaired electron completely localized on
the dioxygen (Table 2, H-3-6, 1-3). The invariance of
Ayy with increasing temperature indicates that the
motion of the adsorbed radical is occurring predomi-
nantly around the y axis (Table 2, N-3-4).

The reorientation of the O, surface species ad-
sorbed on the y-Al,Oz-supported [Co''(ph)] (ph =
phthalocyaninato) was investigated by Barzaghi and
co-workers.®” The unusual symmetry of the EPR
signal of Co(ll) adduct and its change with temper-
ature indicated the occurrence of a motion of O, from
one [Co"(ph)]—y-Al,O; site to another. The authors
discuss the possible relevance of this behavior to
catalytic purposes.

The temperature-dependence of EPR spectra pro-
vides information not only on the mobility of para-
magnetic species adsorbed on oxide surfaces but also
on their stabilization at various surface centers. This
aspect is illustrated in section V.E.2 on an example
of O, radical produced on the surface of CoO—MgO
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solid solutions®'32 by electron transfer from a Co?"
donor center to O, molecule. The radical can be then
stabilized on Co®" or Mg?* surface ions, depending
on temperature.3!

2. Liquid—Solid Interface

In water solutions, TMIs coordinate water mol-
ecules, forming aqua complexes which are usually
free to rotate and migrate within the liquid medium.
The mobility of the complex is, however, strongly
modified in the vicinity of the surface and inside the
pores.® Distinct effects of temperature and of pore
diameter on the mobility of Cu?" complexes in a set
of copper impregnated silicas were found by Bassetti
and co-workers® (Table 2, K-12, N-12).

Comparison of EPR spectra of wet and dry samples
of saponites pillared with polyhydroxo complexes of
aluminum and containing adsorbed Cu?* ions allows
easy discrimination between mobile and immobile
Cu?* species® (Table 2, N-1-4,12).

VI. Time-Resolved EPR To Study the Location
and Mobility of TMIs in Various Systems

Time-resolved EPR spectroscopy is becoming in-
creasingly useful in studying the surroundings of
paramagnetic TMIs on a variety of oxide and alumi-
nosilicate (phosphate) surfaces. Electron spin echo
envelope modulation (ESEEM) spectra show a peri-
odic modulation of the echo amplitude which arises
from hf interactions with nearby nuclear spins.
Analysis of the ESEEM spectra allows determination
of hf coupling constants which are too small to be
measured in conventional EPR spectra. Thus infor-
mation on the identity, number, and distance of
weakly interacting nuclei may be obtained.

The ESEEM method was successfully applied to
study the location and coordination of TMIs in
mesoporous and microporous materials which are of
considerable importance as molecular sieves and
selective catalysts.

Mesoporous materials (MP) with pore diameters in
the range 20—500 A are typically amorphous or
paracrystalline solids such as silicas,'% aluminas,!°!
or modified layered materials such as pillared clays
and silicates.1271% The synthesis of these materials
involves the use of ionic surfactants which interact
with the inorganic ions to form ordered mesostruc-
tures. Recently, a new family of mesoporous molec-
ular sieves designed as M41S has been discovered.'%
A liquid crystal templating mechanism in which
surfactant liquid crystal structures serve as organic
templates has been proposed for the formation of
these materials.105106

To the microporous materials with pore diameters
< ~20 A belong, among others, aluminophosphate
(AIPO4-) and silicoaluminophosphate (SAPO-n) mo-
lecular sieves. The SAPO-11 molecular sieve is
composed of 4-, 6-, and 10-ring channels, intercon-
nected by 6-ring windows, a structure also found for
AIPO,-11, except that in SAPO-11 the framework
phosphorous tetrahedral sites are partially substi-
tuted by silicon. This substitution (P>*/Si*t) produces
a net negative framework charge which is balanced
by H* ions which can be ion exchanged. The modi-
fication of these materials by isomorphous replace-
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Figure 33. Three-pulse ESEEM patterns for Cu(ll)-doped
mesoporous hectorite (a) after air-drying and (b) evacuation
at room temperature. Only *H modulation is observed (see
text). (Reprinted from ref 107. Copyright 1995 American
Chemical Society.)
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Figure 34. Three-pulse ESEEM patterns for Cu—MP—
hect with adsorbed D,O. Solid and dotted lines indicate
experimental and simulated spectra, respectively. (Re-
printed from ref 107. Copyright 1995 American Chemical
Society.)

ment of framework atoms by TMIls or by direct
incorporation of such ions into framework positions
is of potential significance for specific catalytic reac-
tions. The catalytic activity of such materials de-
pends on the oxidation state, location, and dispersion
of TMIs and the properties of the supporting molec-
ular sieve.

Yamada and co-workers!®” investigated recently, by
means of EPR and ESEEM, Cu(ll)-doped mesoporous
materials (Cu—MP—hect) produced by calcination of
organophilic silica-bearing hectorite. After air-drying
and vacuum-drying an anisotropic EPR spectrum of
Cu—MP—hect is obtained, indicating that the Cu(ll)
species is bound to the interlayer surface or to the
pillars. The lattice of hectorite is composed of silicon,
magnesium, and lithium, the two latter elements
being distributed in the central octahedral sheet of
a layer. The ESEEM pattern of an air-dried sample
(Figure 33) does not show any “Li modulation, sug-
gesting that the Cu(ll) species is not located at a Li
site in the octahedral sheet but at a site close to the
pillar. In the ESEEM spectrum, a distinct modula-
tion related to the interaction with H is obtained at
7 = 0.09 us. After equilibration with deuterated
water, a strong ESEEM signal is obtained (Figure
34) which is best simulated, using a two-shell model
with N (number of interacting nuclei) = 6, R (dis-
tance) = 2.9 A, and A (isotropic hf interaction) = 0.16
MHz inone shellandN=2,R=3.7A, and A=0.04
MHz in the other shell. The Cu—D distance of 2.9 A
is characteristic of direct coordination of D,O to Cu-
(I1). Thus, three water molecules are directly coor-
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dinated to the Cu(ll) cations and another water
molecule is more weakly coordinated at a further
distance.

The ESEEM signal for a Cu—MP—hect sample
with adsorbed CD3;OH fits best a two shell model. The
experimental spectrum corresponds well to N = 3, R
= 3.8 A, and A = 0.07 MHz in one shell and N = 3,
R =4.8 A, and A = 0 MHz in the other shell. These
data indicate that in Cu—MP—hect, the Cu(ll) cations
have only one directly coordinated methanol molecule
and another one coordinated indirectly.

A series of papers by Kevan and co-workers!08-110
deal with location and properties of Nit ions in
microporous materials SAPO-5,11. 3P and ?7Al
electron spin echo envelope modulations were used
to determine location of Nit in the NiH-SAPO-11
matrix at various dehydration states. The location
site changes with temperature of dehydration. In-
teraction of Nit with adsorbates, water, methanol,
and ethylene, was evidenced by ESEEM spectra. The
molecular structure of the species created in the
course of adsorption was proposed.

The location and coordination of silver clusters and
silver—alcohol adducts stabilized in SAPO molecular
sieves were extensively studied by Kevan and co-
workers!! using EPR and ESEEM techniques. These
studies were related to previous research work of this
group on silver atoms produced in Ag*-exchanged
montmorillonite (smectite)!'? or in zeolites.*'3 Simi-
lar studies were performed on Pd(l) in K- and
L-zeolites** and in SAPO molecular sieves.''®

The main advantage of time-resolved EPR tech-
niques is the possibility to extract important infor-
mation concerning the nearest neighbors of the TMIs,
their location on the surface or in framework position,
number of coordinated ligands and their distance
from the coordinating metal ion, mobility and disper-
sion of TMIs. All these pieces of information may
be obtained from even very weak shf interactions
which are usually not seen in conventional EPR
spectra.

VIl. Concluding Remarks

The joint application of coordination chemistry
principles and EPR techniques appears very useful
in studying phenomena occurring at oxide surfaces.
EPR spectroscopy can allow one to distinguish fea-
tures originating from various surface centers, to
identify them, and to follow their transformations
upon interaction with gas (liquid)—phase molecules.
The application of the coordination chemistry con-
cepts to oxide-supported TMIs has led us to describe
and improve our understanding of the processes
taking place on oxide surfaces in terms of exchange,
elimination, or coordination of ligands. The mecha-
nism of these processes may be deduced, by analyzing
the evolution of the EPR spectra as a function of
parameters such as temperature, pressure, or con-
centration of reagents and time.

Overall, the EPR techniques have largely contrib-
uted to the emergence of a new field, the so-called
interfacial coordination chemistry.16
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