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Chapter one
INTRODUCTION

And so I turn to the abyss

Of mnecromancy, try if art

Can voice or power of spirits start,
To do me service and reveal

The things of nature's secret seal,
And save me from the weary dance

Of holding forth in ignorance,

Then shall I see,with vision clear,
How secret elements cohere,

And what the universe engirds,

And give up huckstering with words.

Goethe
Faust/part I

Trans: P, Wayne
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INTRODUCTION

This thesis is concerned with the application of
photoelectron spectroscopy (PES) to the study of transition
metal compounds in an attempt to clarify the details of their
molecular electronic structures, Photoelectron spectroscopy
is a new technique1(the first ultra-violet PE spectra were
obtained in the early sixties) which has already proved to
be of immense value in understanding the nature of the chemical
bond, and is based upon the energy analysis of photoelectrons
“ejected using ultra-violet or X-radiation of fixed frequency.
The kinetic energy of such emitted electrons is directly
related to the binding energy Ii by the Einstein equation

hy = I, + (K.E.),
where Vv is the frequency of the incident photoionising
radiation and h is Planck's constant, For gases the binding
energy Ii may be equated with the ionisation potential of the
electron, but for solids, correcting factors are needed to
take account of the work function and other cooperative
phenomena% and it is for this reason that no absolute binding
energies will be quoted for solids.

Although there is no fundamental dichotomy between
UV-PES and X-PES(ESCA), owing to instrumental difficulties,
it has normally been the case until very recently that samples

studied by UV=PES have been examined in the vapour phase,
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whereas ESCA samples have been studied as solids, as is the
case for all the spectra reproduced in this thesis. As a
corollary to this, a series of transition-metal complexes
had to be synthesised which were sufficiently volatile at
room temperature for their vapours to be analysed in the UV-PE
spectrometer employed in this work, which required a static
vapour pressure of ca. 10-2 mm Hg. After some consideration,
a series of complexes of the ligand hexafluoroacetylacetone
(hfa) were selected. These had been found to be volatile
enBugh for gas-chromatographic separation4at only slightly
elevated temperatures and gave excellent UV-PE spectra, Their
ESCA spectra were examined at low temperatures for reasons
discussed in chapter two. In addition a second series of
compounds, the transition-metal metallocenes M(05H5)2, were
also examined by ESCA though their UV-PE spectra have been
reported by previous workersf. A substantial quantity of new
information will thus be presented in this thesis and subsequent
chapters will contain a detailed account of how this information
can be used to supplement and clarify that obtained by earlier
studies.

In the early development of PES, attention was confined
mainly to either small inorganic molecules, where the problems
are mainly spectroscopic, or to organic molecules, where fairly

-

well defined electrqnic theories can be employed. Metal
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complexes differ in several resbects from these two types
of system, and, in order to interpret the spectra, new theories
and approaches have proved necessary.

The most important difference between metal and non-metal
compounds is that the potential field generated by charge
separation in metal complexes is much larger. In simple terms,
if we invoke Koopmans' theorem? the ionisation energy is given
by an equation of the general form

I, =-T, +V, -R, =-§&, (1)
w%ere, Vi is the potential acting on an electron in orbital
i, Ri the electron repulsion between it and the electrons in
the remaining orbitals, Ti the kinetic energy, and Ei the
orbital energy. Thus, if we compare an aluminium complex with
one of scandium, the bond contraction between ScIII and AlIII
will lead to an increase in positive potential Vi for all the
ligand orbitals, and, if there is little change in real charge
on the central metal ion, we would expect the observed
ionisation energies (IE's) for the ligand orbitals in the

AlIII complex to be higher than those in the corresponding

ScIII complex,
In addition, of course, the ligands will exert a potential
on the central metal in a complex, lowering the observed IE

of the metal very substantially from the value observed for

the corresponding orbital in the free ion, even in the absence
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of any covalence. We can quantify this by noting that, if
the charge is written in units of e(1.6 x 1017 coulombs) and
r expressed in Angstroms, the potential V is given by

ge

v= "1 =z % x 14.45 volts

Pre,r k)

Thus, for a neutral complex of the tris-chelate form, in
which -}e charge is present on each oxygen, the potential at
each oxygen due to the central metal is 22.5 volts, and at
the central metal due to all the oxygen atoms -22.5 volts,.
If we were to include the destabilising potential from the
remaining oxygen atoms, the net potential is +11 volts at each
oxygen. These are substantial figures in any considerations,

For ESCA spectroscopy, a slightly different formula
from (l) is used, since Koopmans' theorem applied directly to
core ionisations is found to give rather poor results. The
jonisation energy for a core orbital localised on atom A is
given byg

I=kq +V, + 1 (2)
where, a, is the charge on atom A, and Va the potential at
atom A arising from all the other atoms in the unit considered.
For molecular solids, we will assume throughout that only the

individual molecules need to be considered, but, for ionic

solids, it would of course be necessary to consider the
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complete Madelung potential at the given site, in a manner
analogous to the evaluation of lattice energies. The
relationship between the equations (1) and (2) is difficult
to derive in the most general case; perhaps the simplest
explanation is to divide Vi into two parts, that potential
derived from the nucleus concerned (since a core orbital may
be regarded as being effectively localised about one particular
\pucleus) and the potential from the remaining nuclei. From
each nuclear potential, we subtract the repulsion of those
electrons located at or near that nucleus to generate the
intra-molecular Madelung term Va. The kinetic energy Ti may
be assumed proportional to the net potential derived from
atom A, by a sort of virial theorem, and, subtracting the
repulsion of all electrons located about atom A gives an
effective potential due to atom A which will be related to the
effective charge on that atom,

Thus, the formula (2) is only approximate and is used
in an empirical manner. The constant 1 is meant to correct
for the reference level used and, as we shall see, can be
assumed constant throughout a series of closely related
chemicals. The importance of the equation is that it
re-emphasises the essential feature of polar molecules, namely

that the trends observed in the ionisation energies of metal

complexes may not reflect in any simple way the charge on the
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metal atom itself.,

In addition to the position of a PE band which gives,
by inference, a molecular orbital energy, two other properties
of the band may be investigated, namely the intensity and the
width, The latter will be a function of both the more familiar
spectroscopic broadening effects (pressure broadening, Doppler
broadening, etc.) and of effects peculiar to PES, In UV-PES
the main line broadening is still an instrumental effect in
systems such as the inert gas atoms, and the limit here is
probably the line width of the Helium resonance radiation
(ca. 0.002 eV). However, for larger molecules, the plethora
of vibrational modes excited usually leads to broad unresolved
bands from which information may be deduced only if the band
has a rather unusual shape as is the case when Jahn-Teller
interactions are important. Hence we will not be concerned
for the most part with the shape exhibited by UV-PE bands. In
ESCA however, the main contributions to the much larger half-
widths of the bands observed are the width of the exciting

Al Ko radiation (0.85 eV), the extremely short lifetimes of

1,2
the core states (Heisenberg broadening) and, in solid state

work especially, the creation of local asymmetric potentials
due to inadequate neutralisation in the bulk of the solid.

Thus little of chemical import can be deduced at present from

ESCA linewidths, but precisely the opposite is true of band
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intensities. A detailed account of the relevant theory

is given in the supplementum to this thesis, but certain

fundamental laws may be conveniently stated in this

introduction.

l. The fundamental selection rule in photoionisation is that
if an electron is ionised from orbital ‘a}), the ion
states accessible through the removal of this electron are
precisely those summed over in the expansion of the
molecular ground state wave function into fractional

10, 1f
parents.

2., For a closed-shell molecule, only one state is attainable
by ionisation from a particular orbital, and this will be
a spin doublet having the symmetry of that orbital. If,
furthermore, we make the assumption that the ionisation
probability from each particular MO is the same, the
relative ionisation cross-sections for the various states
will be proportional to the total spin and orbital
-degeneracies of the levels Ia}>. Thus, in the photo-
jonisation of the methane molecule, whose ground electronic
state is [core] aitg, two bands, of relative intensities
3:1 are expected in the valence region,

3. If the molecule possesses only one open shell, and if this
shell is less than half filled, only one state can be

attained by ionisation from this shell, and its relative
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cross-section will be prpportional simply to the occupancy
of the shell,

Consider the case of ionisation from a closed shell in an
open shell molecule. Then in general several ion states

can be realised, <The total intensity of all these states
together will be proportional to the occupancy of the closed
subshell, that is, to the total spin and orbital degeneracy
of the closed shell level considered in isolation. To
consider how the total intensity might be distributed
amongst the various possible bands consider first the simple

~

case of a non-degenerate closed shell, Ionisation can only
yield the two states of spin S + ¥ and S - ¥ (where S is
the spin of the ground state species) whose relative
intensities are as (S + 1):S. In the event that the closed
shell ionised is degenerate then the various components

of T(j)X) T(G) will be realised, where T(j) is the

orbital symmetry of the ionised level ]Q}) and T(G) the
_symmetry of the ground state, and whose relative intensities
will be given by the spin-orbital degeneracies of the
states obtained, However, for the ionisation of core
levels, spin-orbit splitting may be significant and a

11

complex intensity pattern may be generated,

Although these rules can account semi-quantitatively for

the intensity distribution in photoelectron spectroscopy, they
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will break down if:

l. Either ground or excited states, or both, are subject
to substantial configuration interaction (CI); that is,
if the molecular wave function can no longer be adequately
represented as a single determinant whose elements are
one-electron orbitals.

2., One or more orbitals have anomalously high or low transition
moments, a case in point being the 4f orbitals which seem
to have a low cross-section in UV-PE and a high cross-
section in ESCA,

3. If the excited state can interact strongly with a molecular
Rydberg level.

This latter condition is usually termed autoionisation., If a

molecular ionisation potential exists with an energy only

slightly greater than 21.2 eV, then there will be molecular

Rydberg levels near this energy and, if we are using 21,2 eV

He(I) radiation, the transition moment to such Rydberg levels

will in general be much larger than the photoionisation cross-

section for any of the observed PE bands, FanJ? and later Mie;?
showed that such states could participate in configuration
interaction with a photoionised state, the intensity of such
interaction depending on the interaction matrix element
<yr-,}*¢2|yﬁ%d>and on the energy difference between the two

states, if a simple perturbation treatment is used, In
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diatomic molecules, this effect often manifests itself as

an anomalous progression of Franck-Condon factors, but in

more complex molecules, such as those considered in this

thesis, would normally only be seen as an alteration in the
expected intensity pattern. Unfortunately, the hexafluoro-
acetylacetonates all have intense ionisation regions just

above 21 eV arising from F 2p orbitals, and earlier studies
brought to light some very strange phenomena which are discussed

in the experimental and instrumental sections following,

Reorganisation and Correlation

The numerical values obtained for ionisation energies
are, as we indicated above, compared to the theoretical orbital
energies calculated using a self-consistent Hartree-Fock method.
Several points need to be made about such a comparison,

(1) Itﬁis only valid as a direct comparison in the case of
closed-shell molecules., For open-shell systems, using
Roothaan's formalism, corrections must be made to avoid
counting electron-repulsion terms twice. The analysis
for atoms has been given elsewherelff

(ii) At the moment, calculations of Hartree-Fock quality are
not available for transition-metal complexes, and much

more approximate methods are used. In essence, the

problem is side-stepped in this thesis, since a set of
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orbital energies is defined such that they are
qualitatively related to the "true" orbital energies,
and obey Koopmans' theorem. Even this algorithm breaks
down for complexes Possessing more than one open-shell,
and no attempt has been made to derive orbital energies
for Mn(hfa)3 and Fe(hfa)B.

(iii) Koopmans' approximation involves the assumption that
the remaining orbital wave functions do not alter when
an electron is ionised from one given orbital., An
exhaustive analysis of the situation in atoms showed that
Koopmans' theorem was only successful numerically owing
to a fortuitous cancellation of the neglected
re-organisation and correlation terms. To understand
how this might be so, consider fig. 1.1, where the
potential curves for a diatomic molecule and ion XY and
XYY" are plotted. The continuous lines A and A' are the
potential functions determined experimentally or by
exhaustive CI calculation, and the corresponding dotted
lines are the Hartree-Fock potential energy curves
calculated using respectively the best molecular and
(separétely optimised) ionic Hartree-Fock orbitals. Tt
is fairly clear that if we use the molecular HF orbitals
to calculate the energy of the ion we will obtain curve

B, which will always be at an energy higher than the ionic
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Hartree-Fock energy (which is, by definition, the best
orbital approximation). It follows that the energy <c>
on the diagram is always positive., The correlation
energies of ground and ionic states can be represented
by the values {a) and <b> respectively as shown on
the diagram, and, since we have removed an electron
from the molecule, we would expect that, in general <a>
will be greater than <b> + The experimental ionisation
energy < d) is shown in the figure, as are the Hartree—
Fock IE {e) and the Koopmans' IE <{f> , and the
following relationships exist

<e> <d> + <b> - <a>

<E£> <d> + 0> + (e - (2>

and it can be seen that the Koopmans' IE <f> may be

a better approximation to <d> than is at first sight
apparent if there is a fortuitous cancellation between
<a> —\/b> and <c> 3 that is, if the reorganisation
energy < c> and the change in correlation energy

<a> - <b> are approximately equal, Save where there

is a disproportionately large change in one of these, the
approximation does lead to excellent results, at least
for atoms. Significant deviations in the early periods
only occur for Be and Mg, where there is a large ground-~

state CI term derived from the 1S (core) 2p2 state which
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is lost in the ion, and fo} the later elements of the
first short period, where reorganisation energies are
Particularly large; that is, for F and Ne, the ground-
state orbitals approximate very poorly to those of Fr

and Ne* respectively,



Chapter two
INSTRUMENTAL SIICTION

Exegi monumentum aere perennius

Horace
Odes TII xxx 1



(as)
INSTRUMENTAL SECTION

The great majority of the UV-PE spectra reported in
this thesis were obtained using a compactly designed
spectrometer constructed in this 1aboratory?’ The basic
design of the spectrometer has been adequately described
elsewhere, but certain points are worth emphasising, The
plates of the 127o analyser were coated with aquadag
(colloidal graphite in water) and then covered with benzene
soot to absorb the scattered electrons. 0wing7however7to
the very large number ofnear-zero kinetic energy electrons
pr;duced by multiple scattering effects in the target
chamber, a sharp peak (the zero-energy peak) is always seen
at an apparent binding energy of 21.2 eV which provides an
additional calibration line and a check on the scale
expansion.

The detector used for the electrons is a Mullard
"channeltron" type consisting of an efficient secondary
emitter baked into lead-glass which is fashioned into a
spiral. These multipliers offer a number of advantages over
the more common plate multipliers; being smaller in size,
having an enhanced resistance to corrosion, and, from the
point of view of the involatility of some of the samples

investigated, most importantly, they do not tend to develop

large background count rates swamping the photoelectron signal.
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The sensitivity characteristics of retarding analysers,
such as that used here have been the subject of some
controversy? It is now clear that such analysers do not,
in general, give constant sensitivity over the entire
spectrum7due to dispersive effects within the electron
optical arrangements, Furthermore, the count rates obtained
from simple deflection analysers such as those in the
commercially available Perkin-Elmer series, cannot be simply
corrected to the count rates of the retarding type by
dividing by the electron kinetic energy. Thus the situation

'
at the moment is rather confused and only for closely spaced
bands should the relative intensities be taken as a measure
of the relative ionisation cross-sections for the orbitals
involved.,

Samples were introduced into the spectrometer using
the vacuum lock assembly described by Evans. They were
prepared in specially designed tubes which each incorporated
a greaseless "rotaflo" tap. When opened, the sample vapour
was pumped into the target chamber, and photoionisation
occurred in this region.

To extend the range of compounds which could be studied,
a second spectrometer was also constructed in this laboratory

which had built into it a heatable probe and target chamber.

The analyser design was altered to incorporate a parallel-
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plate deflection system used in conjunction with a pre-~
accelerating slit, and scanned in a retarding mode as the
instrument above. Unfortunately, the second instrument
did not function well, since fringing effects caused a
serious loss in resolution and counts. On replacing the
analyser by a more conventional 90o sectag sufficient
improvement in performance was realised to warrant the study
of a few acetylacetonato complexes using temperatures of
ca, lOOOC. Spectra were also obtained using the heated
probe arrangement available on the commercial Perkin-Elmer
PS-16.

A number of instrumental problems have arisen in
running the UV-PE spectra of these complexes which have been
dealt with in various ways. An early and apparently unique
phenomenon, as discussed in the introduction, was induced
oscillation of the helium discharge lamp, first observed in
the spectrum of Co(hfa)B. The figure shows a clear oscillation
in the count rate with a period of about five minutes.
Experimentally, it was observed that increasing the helium
flow rate in the lamp caused the oscillations to disappear,
and all subsequent spectra were recorded at a much higher
helium pressure than that normally employed., Presumably, as
the flow rate is increased, the differential pumping on the

helium lamp can no longer cope adequately and much more gas
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diffuses down the collimating capillary of the lamp, thus
preventing back diffusion of the metal chelate into the
discharge area, However, the periodic nature of the effect
remains unexplained, It may be that an autoionisation
resonance can occur. Rydberg levels are sensitive to
pressure (as is the He(I) line itself, very slightly) and

it is possible, as Smitﬁ}has pointed out, that at low helium
pressures, and hence low target chamber pressures, there is
an autoionising level at precisely the frequency of the

HegI) line. The oscillation may then be the result of a slow
cycling effect in the rotary pumping system, The fact that
such oscillations in the spectrum have only been observed
clearly for Co(hfa)3 is then understandable. Russian worker;g
who have also noted this effect, attributed it to secondary
transient effects within the lamp, though the origin of these
effects was not discussed. A possibly related phenomenon is
the very high background sometimes obtained with a variety
of compounds., With some of those containing hydrogen, the
explanation seems to be that decomposition of the compound
occurs in the target chamber, and the hydrogen liberated
diffuses into the discharge region giving rise to an intense
Lyman-{ emission. The effect may, in some cases, be
ameliorated by increasing the helium flow rate as above.

A second effect, which has proved rather more troublesome,
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arises from adsorption of molecules onto the carbon-soot
surfaces. As a result, the surfaces cease to be equipotential,
and the resulting fringing effects cause a progressive
deterioration in both the sensitivity and resolution. It is
curious that only a very few compounds are adsorbed to the
extent where such effects can be observed; thus
tris(hexafluoroacetylacetonato)manganese(III) gave rise to

a rapid and complete loss of signal and indeed, a satisfactory
spectrum could not be obtained using the laboratory spectrometer,
An attempt was made to obtain the spectrum on a commercial
PS-15 spectrometer, which has gold-coated analyser plates,

but the compound was found to attack the plate multiplier

used inthe instrument irreversibly. Thus, two spectra of

this compound have been reproduced, but neither is particularly
satisfactory. Other compounds which have had this effect
include cobaltocene and a number of transition-metal
organometallic derivatives containing cyclopentadiene and
carbon monoxide as ligands. Some improvement could be obtained
by warming the whole spectrometer to 60°C, but no higher a
temperature could be used since the channeltron series of
multipliers employed developed a large background count rate
above this temperature. Unfortunately, 60°C was not high
enough to cause the desorption of Mn(hfa)3 though cobaltocene

could be run quite easily at 50°C. Characteristically)complete



(20)

recovery of the machine occurred after pumping overnight.

A third, and catastrophic effect has been occasionally
noted, The main symptom is a steady loss in sensitivity
without a concomitant loss in resolution. No recovery
occurred, even after prolonged pumping and it seems that
irreversible attack of the coatings of the multiplier by
certain compounds may take place. Again, no consistent
chemical pattern can be distinguished, and it seems that a
different set of compounds attack plate multipliers, One
substance that was found to cause severe though not permanent
da;age in this way was VClu, but RuO4 caused a very permanent
loss of sensitivity, presumably because it attacked the layer
of hydrocarbon on the surface of the multiplier. Very
recently, Os(hfa)3 was found to raise the threshold operating
potential of the multiplier rapidly on being introduced into
the spectrometer, and no explanation of this remarkaﬁle effect
has been found,

Finally, a minor problem in UV-PE work, though a major
one in ESCA, is the question of the calibration of the spectra,
In He(I) work, this is achieved by measuring the ionisation
energies of the three inert gases, argon, krypton and xenon.
Their ionisation potentials may be accurately determined from
atomic spectral data and the three together provide a check

on the absolute values of the observed ionisation energies
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and on the linearity of the scale. However, it was observed
that certain compounds caused a substantial shift in the
apparent positions of these ionisation potentials, presumably
by some kind of reversible adsorption on the carbon coatings,
which, whilst large enough to cause a shift, is not
sufficiently large to cause the effects discussed above,
This means that the calibration of all the spectra had to
be made simultaneously, both the inert gas and the sample

being fed in at the same time.
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The X~ray photoelectron spectra were obtained using
the commercially available AEI ES 100 spectrometer, which
was modified as described below. The design of the source
chamber is shown in fig. 2.2. It is machined out of a
stainless steel block which is sealed to the analyser at the
top and to the X-ray source at the bottom. All seals are UHV
compatible, using compressed gold wire, though the normal
operating pressure in daily use has been only ca, 10-7 torr,
The X~-ray gun is fed by a standard Elliott power supply and
transformer which delivers 15 - 20 mA at 15 - 20 kV, though
the power drawn has never been greater than 300 watts. The
filament supplies are also fed from the same power unit
through separate leads not shown on the diagram,which give
about two amps., and the normal lifetime of the filament
appears to be about three months. Experiment has shown that
the alignment of the filament is critical but unfortunately
there seems at the moment to be no simple method, other than
by trial and error, of determining the position of optimum
alignment, Electrons released from the filament and accelerated
through 15 - 20 kV bombard an aluminium anode; the X-rays

produced from the Al KLL transition have an energy of 1486.6 eV

*
with a fwhm of 0,85 eV. The very large number of scattered

¥ full width at half-maximum height
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and secondary electrons are filtered out by an aluminium
window 00,0003 inches thick, though this in turn produces
a substantial number of secondary electrons which flood
the sample. Photoionised electroms pass through a slit at
earth potential and then through an isolation valve into
a lens system which retards them to one-twentieth of their
initial kinetic energy. The scanning mode is a simple
deflection type on the analyser plates operating at the
necessar;‘reduced voltage, this scan system being fed from a
power feed which also supplies the X-axis of the pen-recorder.
Unlike UV-PE spectroscopy, the sample is examined in the
solid state., In the simplest possible mode of operation,
the sample is introduced by first grinding it into a powder
and fixing it to a solid copper probe by double-~sided Scotch
Tape. The probe arrangement is then introduced slowly into
the vacuum lock and subsequently pumped down and driven through
a Goddard bellows valve into the main source chamber.
Experiments performed with this method have,however,indicated

that it is not entirely satisfactory_ and for volatile samples

?
a second mode of operation was used,in which the probe was
first pushed into position and then cooled by a thermostatted
liquid nitrogen bleed. A cylindrical tube was introduced

through a second vacuum lock which replaced port X and,

attached to the outer end of this tube was a specially
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constructed adaptor to which could be fitted a standard
sample tube., Continuous bleed of the sample vapour allows
the surface of the sample to be clean at all times, and
experiments have shown that only micrograms of the sample
are normally required.

Photoionised electrons are detected by a Mullard
channeltron multiplier of the same type as that used on the
UV-PE spectrometers, and the signal from this is fed via a
simple pre-amplifying circuit into standard Nuclear Enterprises
counting equipment consisting of ratemeter, timer and scalar.
A }unction on the analyser drive supply allows point plotting
to be done by stepping the scan voltage. A major instrumental
problem is the very low signal/background ratio inherent in
the technique., Background arises mainly from the bremstrahlung
X-radiation produced classically from the deceleration of the
electrons on striking the target, and modern instruments
employ a primitive form of X-ray monochromatisation giving
much better S/B ratios. Because of the low S/B ratio, very
slow scanning is frequently essential’and the spectra of most
compounds may take several days to obtain. To preserve the
vacuum when the machine is used with a continuous bleed of
the sort discussed above, a cryotip is employed to act as a
sink, and the machine must be baked out frequently. Since

the Goddard valves have nylon seats, these must first be
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removed and replaced by blank-flanges before bake-out is
commenced. The source and analyser are then warmed to
180°c slowly and uniformlyband the system left pumping for
at least 24 hours, Owing to the very large heat capacity,
a further 48 hours of pumping are usually necessary to recover
the vacuum in the analyser, though the source can be pumped
out much more rapidly,

To measure the spectra of less volatile materials, a
sample holder is available from AEI which consists of a
hollow brass capillary rod into which the sample is driven,
tﬁe whole then being placed in a cylindrical heating jacket
which can be introduced into the source region through a
Goddard valve. The maximum temperature attainable is about
MOOOC. A sample tip was manufactured to provide an eccentric
nozzle which could be directed onto the surface of the
probe, and this was tested out with HgClz. However, it was
found that the vacuum lock assembly did not have a sufficiently
linear drive to accommodate the whole heatable probe assemblage
and so, before the initial tests, the Goddard valve was
replaced by a UHV-compatible mass-spectrometer inlet valve
which consisted of a ball joint separately pumped on either
side, the low vacuum side being roughed out and the high
vacuum side pumped by a trapped Edward's one inch oil diffusion

pump backed by an ED 50 rotary pump. The whole assembly took



(26)

several days to pump out, and the vacuum lock facility was
lost, so that rapid change-over of compound in the holder
was not possible, The rather poor resolution in the mode
may be due to the difficulty experienced initially in
controlling the temperature,or possibly to the inductive
effect of the heater itself,and further experiments are
essential before any conclusions concerning the viability
of the mode can be drawn.

A number of very serious problems have arisen over the
fev years in which solid state X-ray photoelectron spectroscopy
has been used as a physical technique, Of considerable
interest is the actual effecﬁive sampling depth?ﬂ1Under normal
circumstances the maximum depth from which a photoionised
electron may escape is considerably less than 100 K. Non-
quantum effects in scattering cause a considerable loss in
intensity of the primary electrons even at depths of 20 or
30 K, especially for the very intense sharp peaks such as
those from F 1ls or Au hf,and metals seem to be particularly
opaque to the photoelectrons. A corollary of this is that
surfaces studied must be scrupulously clean, and, fortunately,
for inorganic systems, an immediate check is provided by the
Cls peak derived from impurity hydrocarbons on the surface
of the sample. The large cross-section of Cls means that

this is quite a sensitive test, and almost all powders run
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on gauze or tape are found to exhibit strong contaminant
lines from carbon and oxygen. Initially, with the machine
running at rather poor wvacuum, such peaks often dwarfed
the remainder of the spectrum, and the surface layer of
contaminant usually reduced the count level of the whole
sample very substantially. Apart from the inconvenience
entailed in running spectra under such poor S/B conditions,
little credence can be attached to early valence region
studies, since that part of the spectrum is dominated by
C 25 and 0 2s and 2p. Considerable improvement in the
situation was effected after about eight months of operation
when the vacuum lines were carefully cleaned and baked and
a large cryotip was inserted into the source chamber., This
resulted in a much cleaner vacuum and the growth in
hydrocarbon contamination on the surface of the sample was
reduced to negligible proportions., However, although this
has reduced the most serious effects of contamination, there
clearly remain some doubts as to the reliability of valence
region scans,

A second serious problem is the damaging effect of
X-radiation on many samples., Although no general predictions
can be made as to which compounds are likely to be sensitive,
some types of compound appear to be particularly susceptible.

Many metal halides suffer extensive damage due to the induced
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formation of free halogen which is rapidly pumped away.
In this category of course come the silver halides and,
interestingly, those of gold (compare the Edwardian gold
tints in early photography). We have, for example, examined
the spectrum of CsAuClu,which shows a strong time dependency;
the Au 4f peak, which is initially seen as a clean doublet,
splitting slowly into a triplet with an extra band at lower
binding energy, which presumably arises from metallic gold
or AuI. A second effect, observed with KCl, is the trapping
of photoelectrons in vacant sites giving rise to Farben-
c;ntres. The sample, when withdrawn, was bright blue in
colour and the count rate had slumped dramatically, After
exposure to air for some time, however, the crystals became
colourless again)as expected. A similar observation on
crystals of the tris(dipivaloylmethanato) complexes of the
lanthanides may well have the same explanation,though it may
be that induced fluorescence is responsible,

In an attempt to overcome these problems, a method
was devised for running volatile solids which is described
above., The test compound chosen for the pilot experiments
was tris(hexafluoroacetylacetonato)chromium(III),since the
carbon ls signal is very characteristic, and the metal

levels extremely weak. The first figure (2.3) shows an

attempted run on adhesive tape. No cryotip was used here
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and the carbon signal is seen to be exceedingly ill-
resolved., The high volatility of the compound’moreoven’

was such that it rapidly sublimed off the probe-head and
attempts to reduce the rate of sublimation by cooling the
probe lead to the complete obliteration of the sample signal,
and its replacement by that of hydrocarbon contaminant. In
consequence, a bleed experiment was set up in which the
cryotip was also installed., This latter was cooled to

liquid nitrogen temperature and the bleed was directed onto
the probe head which was held at -120°C. Gradually
increasing bleed rates were employed and the figures show

a slow decline in the intensity of the low binding energy
peak, Increasing the bleed rate beyond that for the last
spectrum resulted in very little further change in the
relative energies and intensities of the three peaks and

it was deduced that this represented a situation in which

the contribution from hydrocarbon contaminant to the total

C 1s signal was negligible, Following this7the contamination
from O 1s (almost entirely due to water vapour slowly desorbing
from the stainless steel walls of the source region) was
examined, It proved very difficult to gauge the extent of
this contamination since the O l1ls signals from the sample

and contaminants were effectively degenerate and the relative

intensities of the F 1ls and O 1ls signals of the pure material
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were unknown, At length, the following procedure was

tried: the whole machine was carefully baked out and the
stainless steel inlet pipe rigorously dried in an oven,

A pure7dry sample of the most volatile member of the series,
Fe(hfa)B, was prepared by multiple sublimation and transferred
to a previously flamed-out glass sample tube attached
directly to the inlet tube. The spectrum was then run under

a very fast bleed rate and the measured F 1s/0 1ls ratio

taken as standard. For the other compounds, it was found
that, provided the inlet tube was pumped overnight before

a spectrum was run, little trouble was experienced.
Exceptiong)howevep,were Ti(hfa)B, which crystallised in

a rather involatile form, and V(hfa)3 which was initially
contaminated with traces of VO(hfa)z. Less of a problem

was presented by the metallocenes, which were also run in

this mode)since for these, the bleed rate was adjusted until
the oxygen signal had vanished. The only serious problems
were experienced with Mn('}GC)2 which sublimed as the brown)
highly involatile form)and all efforts to reduce the O 1s
signal to below ca, 10 cps prerd unsuccessful, However
this represents only about 0.5% of the intensity of the main
C l1ls peak and this level of contamination is probably

tolerablg)though by no means satisfactory. To check that

both carbon and oxygen peaks could be eliminated, a volatile
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tetrahalide was also run in this mode. Figure 2.5 shows
the spectrum of TiBrh run under precisely the same
conditions as those chosen for Cr(hfa)g. As can be seen,
there is no trace of oxygen and probably none of carbon

1ls either, though it is difficult to be certain, since the
C 1s signal would occur just where the shadow peak from

Br 3s is observed. The very clear Ti ionisations should
also be noted. It is in fact very difficult to conceive
of any other way of satisfactorily running a compound such
T as TiBru, which would certainly attack Scotch Tape,even if
;he very considerable sample handling problems involved

in depositing the powder on tape in the first place could
be overcome,

The fact that manganocene was effectively limited by
volatility, lead to the introduction of a heated probe
system which is also described above. This has a temperature
range of up to ca. 400°C and should serve to obtain the
spectra of complexes as involatile as the thallous halides
by the condensation method. Unfortunately, some teething
problems have been experienced with the device but the
spectrum of HgCl2 obtained in this fashion was encouraging
in that it showed no lines ascribable to oxygen or carbon,
figure (2.6).

Finally, though most important in ESCA, is the problem
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of accurate calibration. Unlike UV-PE studies, there are

no completely independent sets of data available for
comparison which do not suffer from lack of accuracy or ﬁmm
surface effects comparable to ESCA. The original assignments
of ESCA spectra were based on X-ray emission work but in
many cases the very low cross-sections inherent in ESCA

lead to rather doubtful, highly'optimistic'assignments

which subsequent work has shown to be untenable,

The problem is basically to decide to what extent

-surface charging occurs as a result of electron depletion
éhrough the photoionisation effect. In these considerations,
the bleed-in method may be ignored)since the extremely thin
layers deposited and the continuous replenishment of the
surface both imply a negligible charging effect. This is
supported by the fact that the line widths in condensed
samples are usually no larger than those of the corresponding
free metals, The situation is rather different with powders

spread on Scotch Tape,since variations in the thickmess of

P
the layer may play a significant part in line broadening.
However, even for these charging effects may be quite small,

i

since there are two ways invhich the sample may be
neutralised
(i) Under the influence of X-radiation, the polymeric

deposits constituting Scotch Tape become much more
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conducting,and so electrons may pass from the

earthed probe to the sample, This is not so

surprising as it sounds)since the currents involved

are very small, and if the resistivity of the tape
dropped to 1012 ohms only a small p.d, would be
necessary to ensure sufficient current flow,

(ii) A second mode of neutralisation is from low energy
electrons in the source chamber which arise either
from the aluminium window through X-ray irradiation
or from the sample as photoionised electrons reflected
from the walls of the source.

To test these hypotheses several experiments were
performed. A metal sample was first attached to the probe
and the whole electrically insulated fromthe source. A
bias voltage was then applied to the probe and, as expected,
the apparent binding energy of the electrons varied, being
greater for a positive bias and less for a negative bias,
The variation was in fact linear with a proportionality
constant of unity. A second experiment was then made in
which a piece of metal foil was attached to the probe with
Scotch Tape. On the application of a positive bias, the
apparent binding energy again became larger, but this time,
although the variation was linear, the proportionality

constant was only 0,7. On applying a negative bias a very
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curious effect was observed. Basically, the binding

energy became larger, though very much more slowly,
following an approximately 5/2 power law until the biasing
voltage reached about -60 volts, whereupon the variation
became roughly linear with a ratio of 0.2, Now these
results are very difficult to understand unless there are
at least two neutralising mechanisms as discussed above.

In so far as conduction may occur through Scotch Tape, it

is unlikely to be ohmic in nature and in fact is likely

to show space-charge limited behaviour, as indeed will
neutralisation from athermal electrons in the source region,
This would imply that a fairly complex dependence on the
probe voltage is to be expected, In qualitative terms,

we can see that at a positive probe bias, since the potential
at the surface of the sample is smaller than that on the
probe, electrons will flow through the Scotch Tape from the
sample. However, since the probe and sample are becoming
more positive, more electrons from the source will be
attracted to the samplg,offsetting to a certain extent the
photoionisation current and the probe current. Thus, as the
probe voltage Vp increases, the sample voltage Vs will also
increase, though at a slower rate., If the probe voltage
becomes negative, electrons will flow from the probe to

the sample., However, electrons will now be repelled from
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the probe region, and the effective neutralisation of

the sample by athermal electrons will no longer take

place to the same extent. It appears from the results

that this latter is the more important contribution to

the sample neutralisation, but a more gquantitative assessment
of these figures must await more detailed information on

the electrical behaviour Scotch Tape when irradiated

with X-rays.

The calibration of the ESCA spectra of the
hexafluoroacetylacetonato complexes proved rather problem-
atical. If we assume that the condensed sample is at the
same potential as the probe, which is very probable since
the sample layer is probably less than 1000 3 thick, then
two means of calibration are possible:

(i) the ¢s-condensation of a tiny quantity of some chemically
inert gas or volatile liquid

(ii) the simultaneous measurement of a sample line and one
from a thin underlying strip of metal such as gold.

Method (ii) is quite difficult to achieve in practice9
since the gold line is obliterated rapidly as the sample is
fed in, but calibration was achieved in this way for
Cr(hfa)3 after extensive experimentation with bleed rates.
From what has been said above, the layer of sample on the

Q
gold surface was probably less than 20 A thickpso that
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perfect electrical contact was obtained, Thus we can

refer all the peaks in the Cr(hfa)3 spectrum to a common
gold peak. However, the problem remains as to the exact
value of the spectrometer work function which will determine
the absolute energy scale of the results relative to the
vacuum level., Even if we knew this, since the Fermi level
of a molecular crystal is a completely undefined quantity,
we cannot consider that it in any way equalises with that

of the spectrometer, If we could measure the surface BE w%n
completely isolated in the solid state, the binding energies
;btained would refer directly to t he vacuum level and so,
assuming that the only effect of a thin layer of the sample
is to ensure that a definite potential is imposed on the
surface, then measuring relative to the gold peak gives a
definite line from a sample of known binding energy relative
to the same potential, namely, the contact potential between
the gold sample and the spectrometer. It will readily be
perceived that as the layer thickens, the potential on the
sample will change from that on the gold probe to that

of earth, It appears however that this potential is
fortuitously small in the case of gold or copper and stain-
less steel, Having in this way obtained a binding energy for
the F 1ls and C lsofHK(h{hfa)B QFB- group, these were then

assumed to be at constant binding energy for the other
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tris-hexafluoroacetylacetonates, Although this assumption
is open to criticism, it is probably reasonably wvalid
within the general inaccuracies of the technique. The
principle of using an invariant chemical label to calibrate
ESCA spectra of other groups of compounds has been used
before; thus the triphenylphoshine complexes may be

20
calibrated from the phenyl C l1ls bands,
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Please do not shoot the pianist:

He is doing his best.

Oscar VWilde
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PREPARATION OF THE SAMPLES INVESTIGATED IN THIS THESIS

Although very many TM chelates have been investigated
and their volatility characteristics determined, only those
compounds whose spectra were actually measured are
discussed here,

1. The preparation of the tris-hexafluorocacetylacetonato
complexes.

Many of these are either unkmown in the literatureyor
else poorly describeqjand synthetic methods had to be found
to generate the compounds in sufficient yield for measurement.,
! 2, 22,23
(i) Synthesis from the anhydrous trihalides.

3
The complexes of Al(IIIfi V(III), Ti(IIIff Fe(III)
and Ga(III) were synthesised directly from their
respective trihalides. The synthesis of Ti(hfa)3 will
serve as an example,

A suspension of dry TiCl_, was dispersed in dry

3
degassed cyclohexane under nitrogen. The suspension
was then chilled, the containing vessel evacuated7and
free hexafluoroacetylacetone distilled onto the surface
from a separate test-tube kept at OOC. Roughly 3

moles of hfaH was added per mole of trihalide, a slight
excess usually being employedvsince the free ligand

is a powerful water-scavenger. Instead of cyclohexane,

benzene can be used, but, owing to the difficulty of
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drying halogenated solvents, chloroform and carbon
tetrachloride were not employed,save in early syntheses
of Fe(hfa)B,which is much less water sensitive than

the others.

The chilled mixture of ligand and trichloride
suspension was then allowed to warm up under a slight
positive pressure of dry nitrogen,and the reactants
thoroughly mixed. The flask was then cautiously warmed
with frequent vigorous shaking until effervescence had
ceased (usually two to three hours). After the flask
had cooled, it was rapidly transferred from the reflux
condenser to a sublimation tube and the solvent and
excess ligand cautiously removed under vacuum over a
period of about two hours. Attempts to remove the
solvent at a faster rate always lead to pronounced
bumping, possibly because of occluded HC1.

MC1, + 3CF,COCH_,COCF, == M(CF,COCHCOCF

3 3 2 3 3 3)3

When the reaction mixture had been thoroughly

+ 3HC1

pumped dry, the required compound could be sublimed
under high vacuum at ca. 40°C. Usually triple
sublimation sufficed to purify the complex adequately,
but in some cases, especially with V(hfa)g, further
purification steps were needed (see below).

In general, the yield from these reactions, based
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on the trihalides, is extremely high and the purity

of the chelates was checked by mass-spectrometry

and infra-red spectroscopy. It was found impossible
to check the purity by elemental analysis, since
standard analytical methods give erratic and non-
reproducible results for both hydrogen and carbon.
This may be due to a failure to break down the C-F
bonds completelysand other workers have also commented
on this aspect of fluorocarbon chemistry., Fortunately,
the cracking patterns of the tris-chelates are highly
characteristic7as are their infra-red spectra, and
only Ga(hfa)3 gave an anomalous mass-spectrum. To
discover whether the sample of Ga(hfa)B’prepared from
Ga2016ﬁcontained any chloro-complexes as impurities,

a second sample was synthesised from Ga Br6 whichy

2
however,was identical to the first sample in physical
properties and UV-PE spectrum. The different cracking
presumably reflects the rather different bonding in
Ga(hfa)3 though a mass-spectrum of Al(hfa)3 was not
measured gsince this latter compound is very well known
in the literaturéJand its other physical properties
exhaustively characterised,

V(hfa)B,and, to a lesser extent Ti(hfa)g,

presented rather special problems., In spite of all
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attempts to exclude water, a small quantity of
VO(hfa)Z always formed, presumably from small
quantities of hydrate in the commercially supplied

VC1l vo(hfa)2 has similar volatility characteristics

3
to V(hfa)3 and sublimes as a light green micro-
crystalline solid. Separation was finally achieved

by extremely slow fractional sublimation in a closed
system, followed by hand-picking the large lustrous
brown crystals of V(hfa)B. Resublimation gave a pure
product which was stable indefinitely under vacuum,

In the case of Ti(hfa)B, the main impurity was yellow
[TiO(hfa)21x which is a comparatively involatile
polymer and easily separated by fractional sublimation,
The pure product in this case however is extremely
sensitive to heat and to air and careful handling was
essential,

Synthesis from the hydrated halides.

This was only attempted for Sc(hfa)B, since ScCl,.6H,0

3
was the only scandium compound available and is not
easily dehydrated. Furthermore, anhydrous ScCl3 is
known to be rather unreactive and the preparation
described below would probably not work. The solvent

used here was benzene, since experiment had shown that

a very efficient azeotrope system could be set up,
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Hexafluoroacetylacétone reacts with free water

to form the dihydrate as a white, fairly involatile
solid, and, when the benzene, hfaH and ScClB.6H20
mixture was refluxed, water was azeotroped into the
condenser and there reacted with the concentrated
vapour of the free ligand (which is the most volatile
component of the mixture) depositing the hydrate on
the walls of the condenser. Provided only gentle
refluxing conditions were employed, the hydrate was
not washed down into the flask so that, in effect,
water was continuously removed from the mixture. A
large excess of the ligand was necessary in this
preparation and the yields were not very high. The
product when isolated was very volatile, but rapidly
hydrated in air, giving a less volatile form which
decomposed on warming in vacuo. A recent paper has
suggested an alternative route in which the hydrate,
made by standard methods, was dehydrated by P205 in

25

vacuo. Experience with drying Cu(hfa)z.xH O suggests

2
however that this method is unlikely to be much
improvement since the volatile anhydrous chelate tends
to sublime onto the drying agent and decompose.

4
(iii) Synthesis of Cr(hfa)j

Several literature methods exist for synthesising
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this well known compound, and the best available

appears to be the reduction of K CrOh. Hexafluoro-

2
acetylacetone is a powerful reducing agent, a fact
which makes the preparation of Co(h_f‘a)3 from a
cobaltous salt and hydrogen peroxide extremely
hazardougé and, on mixing 5 mmoles of hfaH and 1 mmole
of dry chroh a vigorous reaction occurred on warming,
generating green Cr(hfa)3 and a variety of other
products. The product mixture was extracted with
boiling CCl4 and the extract evaporated to dryness in
air, The crude complex was recrystallised twice from
CClh and resublimed twice onto the sides of a
sublimation tube, whence it was removed by scraping.
Finally, the complex was slowly sublimed in a closed
flamed-out system and sealed off, The melting-point
and i.r. spectrum agreed well with previous workers
and the compound appears to be stable indefinitely.

(iv) Synthesis of Mn(hfa)3
This compound proved rather difficult to synthesise
initially and several different methods were tried.
The only literature method appears to be ligand exchange
with tris(l,lti trifluoro 2,4-pentanedionato)manganese

~“
IIT), Mn(tfa),. This compound can be prepared by
3 )

Cartledge's synthesié% in which a mixture of an
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aqueous Mn(II) salt and the free ligand at pH 5 is
oxidised by KMnO, : Mn(tfa)3 precipitates as a black
solid in poor yield. Cartledge's method does mnot

work at all for Mn(hfa)g%and Mn(hfa)2.2H20 is thrown
down before KMnOu is added. The ligand exchange was
accomplished by dissolving Mn(tfa)3 in pure
hexafluoroacetylacetone and throwing out the Mn(hfa)3
with petrol, Unfortunately the yield was extremely
poor and the method is too costly to generate Mn(hfa)3
in sufficient quantity.

The anhydrous trichloride MnCl3 is unstable
above -hOoC which is too low a temperature for the
reaction to occur, but K2Mn015 may be synthesised quite
easily by reducing KMnOh with concentrated HCl and
cooling to 0°c whilst passing HCl through the mixture,
The compound is very dark in colour but smelled so
strongly of chlorine that further synthetic work was
abandoned.

By analogy with the preparation of Cr(hfa)3
described above, it was thought that reduction of
KMnO4 with free hexafluoroacetylacetone might generate
Mn(hfa)B. For this reaction 6 mmoles of the free

ligand which had been dried before use were added to

dried KMnOu with careful safety precautions being
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taken, A rather slow reaction occurred when the
mixture was gently warmed, and the liquid turned
black in colour. Excess ligand was removed under
vacuum and an attempt was made to sublime the residual
s0lid material. Small quantities of Mn(hfa)3 could

be obtained in this way but the preparation was not
sufficiently reliable or repeatable for use as a
synthetic method.

Finally it was decided to use the basic properties
of Mn203 (braunite). To a suspension of Mn203 in
petrol was added an excess of free ligand. The
mixture was sealed off with a glass-stopper and shaken
at frequent intervals for fourteen days. The resulting
solution was decanted and the black Mn(hfa)3 recrys-
tallised from petrol at —80°C. It was then transferred
to a sublimation tube under N2 and sublimed twice,
the second time into a flamed out section of glass
tubing which was sealed off under vacuum., The large,
jet-black lustrous crystals had the same physical
properties as those described in the 1iteratur§ﬁ the

yield was about 50% based on Mn and the preparation

203
is quite reproducible., As indicated above, the

compound had a rather dramatic effect on the UV-PE

spectrometer though its ESCA spectrum was measured
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without difficulty.

Synthesis of Co(hfa)B.

As stated above, this compound cannot be safely
prepared by oxidation of Co(II) to Co(III) in the
presence of the ligand., The only stable trihalide

of Co(III) is CoF, which is reasonably reactive so

3

2
that the literature method 'is based upon the scheme

CoF, + 3NaF + 3CF,COCH,COCF, = Co(CF,COCHCOCF

3 5COCH,COCE 3 3)5* 3NaiF,

Pure hexafluoroacetylacetone was dried by shaking with
conc, stoh and then distilled. NaF was dried by
baking in an oven for two hours and cooling in vacuo,

and CoF, was dried by pumping in a flamed-out vessel,

3

A solution of NaF in hexafluoroacetylacetone was

Py and added to the COF3' The mixture

was then gently warmed to 3500 and left for twenty-

made up under N

four hours by which time a dark green colour had
developed. After excess ligand had been removed under
vacuum, the residue was carefully sublimed to yield

dark green crystals of Co(hfa) whose physical

3’
properties were identical to those described in the
literature, The compound is very water sensitive,

decomposing rapidly to orange Co(hfa)2.2H20, but seems
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to be reasonably stable under dry nitrogen.
Synthesis of Ru(hfa)j.
The literature methodhinvolves refluxing RuCl3 in
concentrated HC1l with hexafluoroacetylacetone,
neutralising the resulting solution with NaHCO3 and
steam distilling out the Ru(hfa)B. There are several
disadvantages to this preparation: the yields are
extremely small since the equilibrium

RuCl, + 3hfaH N Ru(hfa)3 + 3HC1
is well to the left in conc., HCl., Secondly, during
the neutralisation stage it is essential to warm the

3

solution since Ru +aq. reacts extremely slowly.
Neutralisation is indicated by the development of

a maroon colour, but the endpoint proved remarkably
difficult to determine with accuracy.

The insolubility of RuCl, in organic solvents

3
precluded any of the techniques described above and
finally a rather complex two phase synthesis was tried.
An aqueous solution of RuCl3 and a benzene solution

of hexafluoroacetylacetone were mixed and refluxed

in air for twenty-four hours, Periodically, the
reflux condenser blocked with a white deposit of the

ligand dihydrate which was pushed back into the

reaction mixture., After the flask had cooled, equal
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volumes of benzene and water were added and the whole
transferred to a separating funnel where the benzene
fraction was removed. The aqueous layer was further
extracted with 5 equal volumes of benzene and the
benzene extracts were all recombined in a flask
connected to a sublimation tube. After removal of

the benzene under vacuum, sublimation of the residues
gave red microcrystalline Ru(hfa)3 in good yield. The
preparation clearly works because the equilibrium
described above is disturbed by the extraction of
Ru(hfa)3 into the benzene phase as it forms, The
complex is air and water stable and has the properties
described in the literature.

Synthesis of 0s(hfa)3.

Attempts to prepare this compound by the same method
as used for Ru(hfa)3 failed, possibly because the
compound is more sensitive to air and water. The

O0sCl,, supplied by Johnson-Matthey was soluble in

3

THF and so a mixture of OsCl3 and hexafluoroacetyl-
acetone was refluxed for several days in THF, No
change was observed however in the colour of the
solution and no volatile products could be extracted.

Finally, by analogy with the preparation of Cr(hfa)B,

it was decided to mix OsO4 and hexafluoroacetylacetone
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together in an inert solvent (petrol) as diluent.
A mixture of OsOu and petrol was chilled and
hexafluoroacetylacetone distilled onto the surface.
Then, very cautiously, the mixture was allowed to
warm up to room temperature and was left standing
under nitrogen for fourteen days, during which time
it steadily darkened through maroon to black, After
this period the solution was gently warmed to complete
the reaction and then recooled to room temperature.
On removal of solvent under vacuum a dark red oily
residue was left which slowly crystallised on pumping.
The compound p}oved to be very sensitive to air and
could only be identified spectroscopically.
3. The preparation of the acetylacetonato complexes,
Only four of these were made since the spectra, especially
in the low binding-energy region, strongly resembled those
of the corresponding hexafluoroacetylacetonato complexes,
(i) Synthesis of Fe(acac)B.
This was prepared by a standard literature method
from freshly prepared Fe(OH)3 and acetylacetoné?
The brick-red crystals recrystallised from benzene
had physical properties identical to those described
in the literature., In common with other acetylacetone
complexes, it showed a tendency to decompose in the

vapour phase at temperatures above ca, 15000 and so
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sublimation was only used as a last purification
step before the spectrum was measured,
(ii) Synthesis of Cr(acac)B.
This complex was also prepared by a standard literature
method%i An aqueous solution of CrCl3 and urea was
boiled with free acetylacetone overnight and the
purple crystals were purified by recrystallisation,
(iii) Synthesis of Mn(acac)é%
This was prepared by Cartledge's method described
above and the black crystals recrystallised from
benzene,
22
(iv) Synthesis of Be(acac)z.
This was prepared by the literature route from basic
beryllium carbonate and its physical properties were
in agreement with those found by other workers. The
compound is, of course, highly toxic, and special
precautions were taken during handling. The laboratory
was carefully tested after the synthetic work on this
compound to ensure that no beryllium residues were
ingrained into the fume-cupboard desk.
4, The preparation of the complexes of trifluoroacetyl-
acetone CFBCOCHZCOCHB.
Fe(tfa)3 was synthesised by the literature methogi it is

thrown down as a red solid on addition of the free ligand
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to a solution of TFeCl, buffered with sodium acetate.

3

Owing to the unsymmetrical nature of the ligand, two

geometrical isomers, the cis and trans forms are possible

f’\ o
% Gy
(,Fs 0\ Cf:g
~N
CF3
Cis
L rams F

3
Clearly both can exhibit optical isomerism, In fact,

nmr lH and 15

F evidence strongly suggests that the

compound Fe(tfa)3 is highly labile and is synthesised
mostly in the trans form. The statistical ratio of trans
to cis forms is 3:1 but experimentally it appears that

the ratio is very much higher., The other tris-trifluoro-
acetylacetonato complexes whose spectra are reprodqped are
Al(tfa)3 and Cr(tfa)j. The aluminium complex, like that
of Fe(III) is labile but Cr(tfa)3 gives two stable isomers,
the cis being formed in 17% yield by the method of Piper
and Fay, No data is available on the relative volatilities
of these two forms, though it is likely that the trans

form is the more volatile on the basis of the dipole

moment.
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5. The preparation of the complexes of dipivaloylmethane
MeBCCOCHZCOCMeB.
(i) Complexes with the transition metals.
These were all made by the methods described by
Hammond et af?, though in many cases the solvent
used, especially the proportions of ethanol and
water, had to be varied by trial and error to
optimise the yield. The only complex whose UV-PE
spectrum was obtained was Fe(dpm)3 prepared by the
addition of an ethanolic solution of the free ligand
to a buffered aqueous Fe(III) solution., The solvent
used to recrystallise the complex was 60-80 petroleum
ether, since the original suggestion by Hammond et
al. of DMF has the disadvantage that DMF itself is
a powerful complexing agent. Indeed the tris-
dipivaloyl complexes of the rare earths originally
reported by these authors are in fact DMF adducts.
The recrystallised Fe(dpm)3 was cautiously sublimed
at 120°c before its UV-PE spectrum was examined.
Experimentally, the bis-dipivaloylmethanato

complexes of the first transition series have the
advantage over the corresponding hexafluoroacetyl-

acetonato complexes of having known, well defined

structures and being monomeric even in the solid
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state, Thus Ni(dpm)2 is a red, square-planar
diamagnetic solid and Co(dpm)2 is tetrahedral,

(ii) Complexes with the lanthanide metals,
A number of these were prepared for study by both
ESCA and UV-PE and the method of synthesis is a
minor modification of the method of Eisentraut and
Sievers?’.:r An ethanolic solution of Na+dpm- was made
up and a solution of the lanthanide trinitrate
hydrate in 50% ethanol was added rapidly. A pale
coloured precipitate usually appeared at once and
the solution was rapidly degassed in the usual way
to avoid air oxidation of the rather sensitive
dipivaloylmethane. At this stage the complex
frequently oiled out and rapid stirring for several
hours was usually essential to redisperse the oil
and obtain a filterable suspension, It was found
advisable to have slightly less than the equivalent
amount of dipivaloylmethane since this did prevent
oiling in a few cases. After the reaction was
complete, normally after some twelve hours' stirring,
about half the solvent was removed under vacuum and
the residue thrown into ten times its own volume of
boiled out distilled water. At this stage also oiling

out tended to occur, especially with Nd(dpm)3 and
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Yb(dpm)3 and, in these cases, instead of filtering,
the o0il was extracted into chloroform and recrystal-
lised from this solvent under vacuum. The solid
filtrate from the other preparations was dried in

air and transferred after grinding to a sublimation
tube., After pumping at 10—3 torr for at least four
hours and preferably overnight, the sample was

warmed to 120°C at 10_3 torr and left for several
hours to complete the drying process. When
thoroughly dry, the sample was further warmed to ca.
lhOOC and a slow sublimation over a period of about
five hours (of gramme quantities of the chelate)
effected. This usually left a fine powder as residue
(presumably small quantities of the lanthanide oxide)
and sublimations were repeated until all the compound
sublimed cleanly. In this pure state the compounds
were rather sensitive to surface decomposition by
water vapour and were stored under dry nitrogen until
required,

The purity of the complexes was checked by
elemental analysis and infra-red and mass spectra,
The infra-red spectra however bore a remarkable
resemblance to one another and were used chiefly

as markers for water contamination., One compound,
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Nd(dpm) gave some trouble since it appeared to

37
exist in two different crystalline forms, one

purple and one blue., The analytical results for

both forms were the same and agreed with an empirical
formula Nd(dpm)3 and no evidence could be found to
suggest that one of the forms might be Na+Nd(dpm)Z.

Of interest perhaps here is the fact that such

complexes are known for hexafluoroacetylacetone and
appear furthermore to be fairly volatile, presumably
subliming as ion-pairs.

Structural studies on the lanthanide dipivaloyl-
meth;nato complexes are rather inconclusive, Incomplete
X-ray work on Pr(dpm)3 indicates that the substance
is a dimer whereas two later lanthanide complexes
appear to crystallise as monomers, No gas-phase
structural work has been attempted as yet, though there
seems to be no reason why these substances should not
sublime as monomers, Owing to the low volatility of
the complexes, UV-PE spectra had to be determined
using a heatable metal-probe arrangement supplied by
Perkin-Elmer Ltd., and I am grateful for the assistance

of Dr, J. N. A. Ridyard in obtaining the spectra of

La(dpm)g, Pr(dpm)3 and Ho(dpm)g.
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The ESCA spectra of the metallocenes were obtained for the

most part on samples donated by other members of the group

to whom I would like to record my thanks, All were resublimed

before use and transferred, if necessary, to fresh sample
tubes. Cobaltocene was prepared in collaboration with

Dr. W, E, Silverthorn by a novel synthesis. Hydrated cobalt

chloride was dried by warming to 180°C overnight in wvacuo

and then taken up into dry THF. Previously purified thallocene

was then added in solution and the T1Cl thrown down was removed

by filtration under nitrogen., The THF filtrate was then

tr;nsferred, pumped dry, and tle residues extracted with petrol

in which thallocene is insoluble. The petrol extracts were

then, in turn, pumped dry and the residue sublimed as black

lustrous crystals. Physical properties were in accord with

samples of cobaltocene prepared previously by the normal route
(reaction of sodium cyclopentadienide with anhydrous cobalt

dichloride) and the ESCA spectrum confirmed the identipy of

the’crystals.



Chapter four
Interpretation of the
UV-PE gspectra

It is as true as taxes is. And

nothing’s truer than them,

Charles Dickens

David Copperfield
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DISCUSSION OF THE UV-PE SPECTRA OF THE TRIS CHELATE

COMPLEXES

Before considering the spectra in detail, it is
necessary to develop a suitable theoretical model as an
aid to interpretation, since the more usual assignment
criteria are not helpful for such large complexes, Having
used such a model to gain an initial impression of the
orbitals whose ionisations give rise to the often intricately
structured low ionisation energy (IE) region, the assign-
ment may be checked by examining trends within the series,
and it will be seen that an internally self-consistent
picture can be built up which sheds new light on the
chemistry and bonding in transition metal complexes,

The model to be used arises naturally out of the
group-overlap approach to bonding which has been used to

’

help in the interpretation of the non-metal halideg?n'Since
we will not in general be concerned with spin-orbit coupling
considerations in the early part of this chapter, the model
will be developed from a simple MO viewpoint. The essential
feature of the method is to build up from the individual
MO's or AO's molecular orbitals which transform as irreduc-
ible representations of the overall molecular point group.

Consider the ith component of an MO transforming as 1: H

the wave function is given by
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where !}> are the isolated ligand orbitals used to

construct i715> and ci? the symmetry determined expansion

-1/2

coefficients, N the normalising factor.

The orbital energy of ‘ﬁ'> is given by

Voo
, PN -l — —R k .
Ek;'—'— <TL !‘j’«;fh/ = N IZ.JJ‘)]_ C"Cf-L('].I;qlL)

we can immediately find N-l from

s 1~ = ! ck >
\ P 'kll ) 1 T, Z;’L C'.v- Cllvl- <J !l>
thus finally
TR
‘: L;l(_’,«-:<4‘;.'!“'>
~a T : - :

The Hamiltonian ?{ used is in reality a one-electron
Fock operator, and Eki a one-electron orbital energy,
which, by Koopmans' theorem, may be subsequently equated
with the ionisation energy of orbital hl:> (with, of
course, a suitable change of sign).

The expression for Eki can be simplified considerably

by introducing the following approximations:

R . . . .
let <i' 22> = Em where m is an index referring to
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the nature of orbital ‘J> y €.

S, p/ 1 th etc.

and <]‘f— 1"L>

1

jll> , if “>)H_> are on different

[
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5
A

=0 if .">,f1> are on the same atom,

then immediately we have, from the fact that

] .
and that a value depending solely
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provided 7<L" is small,
Empirically, it appears that v < &, , so replacing

k hun

(nmn -En ) by Tmn , We obtain

w4
gki: EM-{-:P L
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This equation implies that the extent to which the

energy of an isolated ligand orbital is altered on -
formation of the symmetry determined cluster is dependent
on the extent to which this orbital overlaps with similar
orbitals on different ligands, The subscript i may be
dropped from the equation since all components of !f;j>
will have the same energy. Furthermore, clearly‘the
orbital is stabilised for ;{k>>0 and destabilised for
ﬂ; < 0O ., The evaluation of the ;&C for the orbitals
required in our analysis will be given below,

In general, there will be more than one orbital
transforming asiiz and it is necessary to consider the
interaction between these, In order to do this we may use
the technique of matrix perturbation theory.

Consider a matrix M such that

M = M
and let M have eigenvectors ci such that

Mc. = A.c,
i i’i
\
Since M is Hermitean, the ‘Ai are real, and
A

+ AN Lo,
i ij

c.Mc. = (cTMc.)+ =
J 1 i J
(
where Oij is the Kronecker symbol,
Now, if the matrix may be written as
/
M=M + M
o

/
where M has elements small compared to Mo’ and the
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. o . . .
eigenvectors of Mo are ci a simple perturbation expansion

can be developed, giving to second order in - i

' g Ol 12 ’ —
P R A B o o\l ot T N/ sk, on
2 7 C —_ ) ‘ ! Ve o v V4 3
L .\.’ . L o, ‘»..L T ' . \‘ l: - A &y C’ R C ( . ':: ,
- 1 o, Lt n, .
and to first order in c.
4 .
~ _ c L v—; ‘/‘?_ \o [/’0 /,! l)\’ /_q
. = Lo LI_ S \7, ‘ ‘C‘ 5
A < L % v . )

This can be very considerably simplified under the
following special conditions: namely that we will take

Mo to be a diagonal matrix and M to be a matrix possessing
only small, off-diagonal elements. The cz now become

very simple in form since all elements of the vector are
zero save only the ith element which is unity. Further,
the .X: are the diagonal elements of Mo' It is clear,

that if M, contains no diagonal element

G

!

dasl o
C’LMCL

u

o' 0 !
¢, e Mo th '
the in element of M

and so
‘ I\
sy = >\2+ ZT: (Min)
X=X
o — (?";/') o
Ci—" Ci + Z‘ T c‘l\
mn

oo

We have clearly effected a considerable simplification
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in the matrix algebra; thus, consider two orbitals

transforming as /L and belonging to the same component [1)

of /; . Then, if we assume that 'P ‘).’ T ”) derive

from the same orbital type

' '
TSN N T g £ PRI
Y -‘f/;{{_l)) Z. C-(K;”>
J ) j !
) Al
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The required off-diagonal element is given by

<0 E T - (H)( )] (.7( Vq)ku” o! mc Gy <>
= EKO:Z‘)

The energies of the states will then be given by the
eigenvalues of the following matrix
\
Ek (l} Ek(‘)z) \
)‘:, I . /L
.\"’"’\«t,"1\’ L"-‘\ )

which are

! ’:2 \ "‘2 o
T Bl - 0D L eelgas BN
Ek(ﬂ l:k@-) v'lm (){h(l\_,\ /1.\\)
and
- ! {2\ ~ VA r:“(f:,;
Rt oot w\p ) = ——=
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From the discussion above it is clear that Ek(l,z) is

proportional to the overlap integral between | 7;(Q'>
[A7  /~n"

and ;. ' #*'~ which can be written Sk(l,z) and, if Ek

is the required proportionality constant we have

v \

- 1/" = - , ~ R ! 0 ' Teoe ! [ -}
P R A i el Cow, . )
H . .

ro ~ s . — D—

Ya

ALz
where b;&[;:} is the energy difference of the unperturbed

orbitals. 1In actual fact, the same formula can be obtained

using Brillouin-Wigner perturbation theory when .Ahxﬁ)z) is

the difference between Ek(l) and Elé(z) and this is
probably more accurate,

By simple extension, if we have several orbitals all
-—

transforming as ‘& , We obtain

'
I il SR v~ .
VO | e T A L r.
e, o~ J [ L‘(_ CI", ([")‘L> SE',L l,?'u} L,J'ﬂ :/l’f,

3}

Thes formulae suffer from the general faults
associated with any simple Huckel theory; it is only a
well defined approximation for closed-shell molecules
or open-shell systems which can be described by a single
determinant, where Em may be unambiguously defined. For
the more complex systems, the theory will not work in

general, since, as for any Huckel theory, electron
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repulsion may not be easily included.

The actual fim are also difficult to determine, since
they are not orbital energies for the isolated ligands,
but are corrected for charge and potential effects to
give the self-consistent energies of the concomitant MO's.
They are usually determined empirically, and much of the
interpretation which follows is built up from a knowledge
of the values of & m needed to account for such simple
spectra as acetone and formaldehyde. It is clear that for
metal complexes, the problem may be reduced to a pseudo-
’diatomic situation in which we consider the complete ligand
system separately and the metal separately and then permit
the two to interact.

We first consider the UV-PE spectra of the simple

1/

carbonylsf Many of these contain the CH, fragment whose

3

energy level scheme can be calculated quite simply and will

serve to illustrate the algebra above. The hydrogen ls

prbitals transform in C3v as al + e, and the required
symmetry orbitals are:
/. s ol '
\PR1 = %z. ($|+52.+S'5> ’}_Ql’zs) S‘ (SIKSI> ol
z 17 T ’
O/ ‘e (/\E 'L,ZS‘—": 53) / '
g o4 { !;- /I:\‘.‘ ‘S»} }\eA )
2 L [ »

Let S;‘ denote the overlap between the H s-orbital and the

carbon pd orbital. Define x,y axes as shown in the figure,

'¥All the exverimental IE's are given in table 4A at the end of

this chapter,
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with their origin at the central carbon, and let o€ be

the semi-vertical angle

h2 .
- Vo)
< HA4
G—0
s > .X-
e
3
4
20 (29 . <
> = [ et

LS
[

If we put « = 70o (tetrahedral geometry) then we have,

for the energy levels:

, an Cas B -

T ooy C feye RIS / 0335 7

Lpl)= R8s 0T f/:a (&)= E, &)+ i,

C e T * 1 P
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Giving a simple MO picture of the form shown, provided

/.
So, is small

e
He ==

= _/S
a 7’.‘—:"_: ;;_,(c)
e —

— 5(¢),
G.L —
If now we add a fourth hydrogen to make methane, we must

/.
add g:gf//k;,ﬁ;-gmgj to E; (C), which will, approximately,
; e 1
give a., and e degenerate., The approximation arises

1

because we have not considered the interaction of the

fourth hydrogen with the other three.
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Thus, we have built up a very simple picture of
the bonding in the methyl fragment. Of course it is not
quantitative and, unfortunately, epr data on CH3 is not
helpful since the isolated radical is apparently planar,
though with a very small deformation constant. However
it can be seen that th% al orbital is the only one greatly
affected when methyl bonds in the fourth position and,
to a good approximation.the bonding e orbital should ionise
from compound to compound at much the same energy of about
14 eV. Throughout the above analysis, the influence of
the s orbitals on carbon has been neglected. This is
because there is known to be a 10 volt gap between the p
and s orbital jionisation energies in gaseous methanéi but
there are some circumstances in which the central carbon
atom s orbital is strongly destabilised such as in
neopentane by inductive effects where the s orbital must
be considered as "true" valence orbital.

The main bonding of the CH, fragment will be through

3

the a; orbital which will be labelled t_,. in the discussion
below., The interactions of the e type orbitals of the
fragment with the remainder of the molecule will not be
considered since evidence suggests that hyperconjugation

in the molecules considered is a small effect. It would

of course be essential to include this effect in strongly
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aromatic systems,

Consider now the formaldehyde molecule, whose UV-PE
spectrum is given in fig. 4.1:1 We have the following
orbitals to consider

(i) The H 1ls orbitals whose symmetric combination has

al symmetry and is given by

¢

I P A
& = \‘EL"‘K""

g
T

and the antisymmetric combination of b2 symmetry

where S is the overlap integral s, s >
(ii) The p orbitals on carbon and oxygen.

Taking axes as shown

with x running out of the plane of the paper to complete
a right handed set, we have P py, and P, transforming

as b,, b, and &, respectively.

2 K
Thus, in toto, we have 3 orbitals transforming as al,
3 as b2 and 2 as bl' The b1 orbitals are straightforward,

the energy of the bonding b, orbital being given by

1
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Rin) = g xs s 0T
where L= 5C - 50 and it is assumed
that c. < g,)
Consider now the b2 orbitals, There are three, whose
energies are
I A l2 w) !
- — N - <2
‘v' (51,) - EC(I)L) - s o " s "',3— assuming EC.<8H
= n ’L:lg:4
= /s T - o N . .
Ry Loy ) Bl assuming that the bonding
=N between oxygen and hydrogen
[N ) ("A
F O )= 840) = S is negligible
’ Ahey

Now,
highest occupied level in formaldehyde i
localised mainly on the oxygen atom., Th
and so we know that

By(b,) < By(b,)
which suggests an ordering

<

Ec<lo sty
There are eight electrons only to be pai
so there is only

and H 1ls type orbitals,

orbital which has an energy

27 2 1y
El@)-e(e) + 3% 4 g 5°
A&) 'Z'lcu

Since Qf is normally larger than Sx y We

independent evidence exists to suggest that the

s a b2 orbital1

is must be E2(b2)

red up in p-type

one occupied a1

would expect



(69)
the ordering of levels to be
5. <l by < by

Interestingly, this is precisely the ordering suggested
by Turner on the basis of much more elaborate calculations
and vibrational assignments., The method of overlap seems
to be working quite well.

Turning to the spectrum of acetone (fig. 4.2), it
can be seen that the first band has a very similar structure
to that in formaldehyde, the splitting being about 1200 —
suggesting that the C-C stretch or C-H bending modes have
been excited, The excitation probability is obviously
greater in the case of acetone suggesting a larger degree
of delocalisation of the lone pair. It is also notable
that the ionisation energy of this b2 orbital in acetone is
1.1 eV lower in energy than the corresponding orbital in
formaldehyde., The remainder of the spectrum is much less
well-resolved save for a curious band at about 18 volts.
Comparison of this band with bands in other hydrocarbons
suggests two possibilities
(a) It is the predominantly C 2pZ a, orbital whose

ionisation has excited a specific C-H bending mode at

1370 cm-l. Such a situation is known for cyclopropane.

(b) It is the predominantly C 2s a, orbital, or a strong

1

admixture of this and 2pz. Such s-type al orbitals are
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known to be structured from He IT spectra, though
it is difficult to see why it should be so destabilised.
If possibility (a) is allowed, we must postulate very
strong C-C bonding in acetone, since the al orbital in
formaldehyde is found at 17 volts.
The strong band at 15.6 eV in the spectrum can

probably be assigned to the lowest b, bonding orbital

2
which is i@f skeletal and mainly C-C-C bonding. It is

also strong in formaldehyde which again suggests this
assignment. The lone pair (bz)/f-bond (bl) splitting in
formaldehyde is 3.2 eV, and, assuming that this is unaltered
in acetone, the “ -bond probably ionises to give rise to
either the first or second of the three ill-resolved bands
between 12 and 14 eV. Since we have assumed that the e
orbitals of the two methyl groups do not interact to any
great extent either with the framework of the molecule or
with each other their most probable assignments are to the
two bands at 13.3 and 14.0 eV, leaving the band at 12.6 eV
to the J/-band. Clearly this is only very approximate;
these e orbitals must be split since the overall point

e TC':G

group of the molecule is C which contains no«irreducible

2v’
representations. However we can say with some certainty
that the methyl ionisations occur between 12,5 and 14,0 eV

in acetone and do not greatly interact with the lone-pair,
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More interesting is the consideration of the lone-pair

P
interactions in the spectra of glyoxal and diacetyl,

Both molecules have the trans configuration
0
n - z-axis out of plane to define

b a right-handed set

# 4
N
The effective symmetry group is CZh and again, in diacetyl,
we will assume that the methyl groups bond via a, type

orbitals which are labelled t, (1) and t_ (2). The

orbitals of the molecule can be partitioned immediately

into two subsets: those lying in the x,y plane and those
lying perpendicular to it and constituting the 7 -orbitals.

The energy of the carbon v -orbitals is given by

CN
Jo ~are

- -
e =
o’

and the levels are

-~ L -

. o o
- [P -

where it is assumed that the two O 2p1t orbitals do not
interact directly with one another. If we assume that
EC < &, (in order that the top occupied level by

mainly oxygen'lone pair'in character), and that

,50- €Cl<ISLS7TC} , then the lowest &, level is pre-
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dominantly carbon in character and the next lowest b

7 level predominantly oxygen in character. That is,

we have the 7~ -MO scheme shown

The antibonding a, level has the orbital energy

.2
EO + ‘2@ Sj
(EO-Ec)“:’ZS";

*
and so the first o o1 transition within the Huckel

approximation has the energy

295 T ca
J::"TFCI. et

A

(6-<y= "=

It should be emphasised that these T -orbitals are quite
different in form and energy from the single bl carbonyl

bond in formaldehyde. Since Eb > & the lowest one must

C’
be primarily a C=C bond with some oxygen character. To
preserve electroneutrality, the upper one must primarily

be the two isolated O y-orbitals out of phase and bonding
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to the =* C=C bond; alternatively it may be looked
on as two bl carbonyl bonds out of phase. For this
reason, we may, with some confidence, place the energy
of this bg orbital above the bl orbital in formaldehyde
(ca. 14.3 eV vertical). We shall see that for the spectrum
of glyoxal this allows us to make an unambiguous assignment
of the band at 12.4 eV to this bg orbital,

Consider now the ¢ ~framework. The oxygen orbitals
may be swiftly dealt with; define local axes as shown:

too,

O ‘?‘I < Tra.l
//1;\\6///

o
\[/ Pc'O

SLO by,

/\_‘
lt

We assume linear combinations of these can be taken,

and that the orbitals do not overlap. For the P_ orbitals

- 1
I V. 1 i \
\/’,y = T 2 -
o e V0TI, 7, J
Vg, ‘ -
~
1
N ’ /r
] - .7 . -
N -
N 0, qQ,

and similar combinations for the oxygen p_ orbitals may
be written down. The carbon p orbitals are defined along
the x and y axes defined above. We will allow these to
interact with each other first before considering inter-

action with the oxygen orbitals, This first step generates



two bonding orbitals:
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The two hydrogen atoﬁs will not interact directly with

each other to any significant extent and, to a good

approximation, not with the oxygen atoms, so we have:

) (s N
‘2, L bi"""‘z") !
2 ;
-
|
R ST
. - LR i J
Sy Y

v, and %, have energies:
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The position indicated for °
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of the T -framework above. That of ¢ is more doubtful,

H
but the formaldehyde spectrum seems to indicate that

~

H,L‘.',O.

-

Consider the 7 -in plane orbitals of oxygen
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Neither of the 7 -orbitals is strongly bonding, and we
have one of two possibilities:
(i) the band in the glyoxal spectrum at 10.6 eV may be

assigned to both the lone pair =~ _ and ’fb orbitals

g u
(ii) the bands at 10.6 eV and 12.4 eV are assigned to the

—

. and
a

g u
We can say with some confidence that Op.-. ~ will be higher

el

orbitals.,

in energy than the highest out-of-plane %’-orbital of Symmdq
bg,as an examination of the energy expressions will show,
However, we also saw that the third band of glyoxal at

14.0 eV is too high in IE to be considered as the

bg T -band. The likelihood is, that the Z’bg band is

12.4 eV which automatically leads to assignment (i).

However, that leaves open the question of the assignment

of the band at 14 eV. It is unlikely to be the second

T =level a, and cannot be one of the two strongly ¢’ -bonding
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skeletal orbitals. The most likely assignment is to the

d—ag bonding level, of energy
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which, assuming reasonable values for S, and S_, will
lie lower in energy than the bg(f) orbital, The au(f)
is more difficult to place with confidence. However, if

we assume that the carbonyl b, orbital in formaldehyde

1
?t 14.3 eV has split in glyoxal to yield an antisymmetric
combination ionising at 12.4 eV then the symmetric
combination should ionise at 16.2 eV, There is indeed

a strong band at 16 eV whose general profile resembles that

of the 12.4 eV band. This cannot however be assigned to

the a, orbital however, since it is certain that au(')

L
S

must be much less stable than either ﬁ” or S Unless
the bu skeletal bond is strongly destabilised by interaction
with the bu combination of carbon 2s orbitals, which we

have not considered, the au(”) orbital must correspond to
the ionisation giving the shoulder at 15.6 eV. There is

in fact an orbital at ca. 20 eV in glyoxal, very weak in
HeI which might well be the bu C 2s combination., However

the spectrum of the molecule diacetyl shown in fig, L. 4

shows no band higher in energy than 17.4 eV, This orbital
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is in some ways reminiscent of that found in acetone
and again suggests either very strong C-C bonding or
a dramatic destabilisation of the C 2s orbitals., It
should also be mentioned in support of this hypothesis
that the ESCA spectra of the metallocenes have shown
beyond reasonable doubt that there is a carbon 2s band

between 16 and 17 eV in the cyclic C grouping so that a

5
very high energy C 2s combination arising from an extended
carbon framework may be a quite general phenomenon. The
first two bands of diacetyl at 9.5 and 11.5 eV are clearly

'related to the first two glyoxal bands at 10.6 and 12.4 eV,
The difference between the two shifts is not very large
but may indicate that the two bands do indeed originate
from rather different orbitals as suggested above.
Unfortunately, the remainder of the spectrum is diffuse
and difficult to understand, the structure of the third
band at 14 eV has been completely lost, presumably owing
to superimposed ionisations from the methyl groups.

Thus, to summarise, the overlap model has been less
successful in the assignment of the glyoxal and diacetyl
spectra, though it has enabled us to rule out several

alternatives. The ordering of the levels is almos t certainly

¢ (f—bonding)-{‘i (¢ -bonding) < a., (T-bonding)
@, 3, 3

-~

< O:J (¢~bonding) < Eg, (T-bonding)

/7 G
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<'O5' (in-plane lone-pair) < 0 (in-plane lone-pair)

%y if“bu.
If the band at 12.4% eV is assigned to Opr, » We must

2
explain why the antisymmetric combination‘of ——~carbonyl
bonds is destabilised so very little from the single
7 ~bond of formaldehyde and is also so much more stable
than that in acrolein which ionises at 10.9 eV, It is
not sufficient to say that the C=C bond in ethylene ionises
at 10.7 eV and the C=0 bond in formaldehyde at 14.3 eV
since we are not dealing with single bonds but with a
split Huckel T-system. The correlation of these molecules
with butadienéiis illustrated below assuming that the oxygen
lone-pairs in glyoxal are degenerate, and the upper ' -level

can be seen to stabilise steadily from 9.2 eV in butadiene

through 11.0 eV in acrolein to 12.4 eV in glyoxal,

£

=
%o - o—
O RS //
10-0 - 01n L
I o 1. - e
— as
Neg e ""7"'—
! -
. -
-~ s P
————
./ a -
/ 3 Vs
I-ry e Tezn O[~m 2V
ey .
4
L3 A ZoH Y l=Clu0 CHECRCY= (L
- -

Having now gained some idea of the relative intensities
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of -7 and lone pair orbitals in simple carbonyls, it is
Possible to make some predictions about the spectra of

the T%-diketones. The prototype compound, acetylacetone,
exists in the vapour phase and in non-coordinating solvents
almost entirely in the enol form (fig. 4.5)? The six-
membered ring is planar, conferring sz symmetry on the

molecule, and, of the other ? ~diketones studied, where
there is less direct structural evidence, hexafluoro-
acetylacetone (R:R = CFB) is known to exist primarily in the
enol form even in aqueous solution?and will almost certainly
exist as such in the vapour phase; trifluoroacetylacetone
(R = CFB’ R = CHB) will presumably follow suit; dipivaloyl-
methane (R = R = MeBC) is more difficult to predict, the

alternative keto-type structure also shown

™~ !
\c—o z Q
/ N\ o\\ P %
u—C H enol c \\C keto
A f |
/C‘D R h

- t
[\

would be expected to be less stable owing to steric
interaction between the two bulky tertiary butyl groups
and so the enol form would be favoured. The compound
trifluorotrimethylacetylacetone (R = CFB’ R = MGBC) is
impossible to predict though the results of Hammon&%would

again suggest an enol form. It is possible however that

the very unsymmetrical charge distribution within this
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molecule might lead it to behave in an anomalous fashion
and its UV-PE spectrum is very difficult to understand.

The planar ring system will generate a set of
A

T -orbitals which has been extensively discussed. This

—
-

.-=-system derives from the out-of-plane py orbitals of
the three carbon and two oxygen atoms which together

transform as 3b2 + 2a2 in CZv" The five “-orbitals are

shown in fig. 4.6 and simple Huckel theory leads to an

energy ordering 7 < T

1 2«”?3\3 AR 5 and, with the usual

choice of parameters, it is found that ~f3 is well separated

L3R
. Sl AL

- —_— )
from both “n and Tl implying that neither of these
orbitals will be of great importance as regards the bonding

in metal chelates. Fig. 4.6 shows that 77

o may be regarded

as an antisymmetric combination of localised C-0O N=bonding
orbitals and 7#3 as a slightly anti-bonding orbital formed
from the symmetric combination of the two ~-C=0 orbitals
out of phase with the p " AO on the unique carbon atom.

Now the 7C-0 bonds will certainly not interact to the
extent found in diacetyl (IE 11.5 eV) and in fact we would
expect the energy of :ﬁz to be quite close to the value
observed in acetone (between 13 and 14 eV). The separation
of Tﬂz from {5 is very difficult to gauge from the spectra

of simple carbonyls but simple Huckel theory suggests a

value of 3 - 4 eV, similar to that found for the two
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occupied 7 orbitals in glyoxal. The strong implication

must be that this TTB level will separate from the
o’ -framework and be seen as a band at low IE.

As with the other ketones, it is also necessary to
consider the oxygen non-bonding level. We saw that for
glyoxal, the symmetric and antisymmetric (n+, n_) oxygen
lone-pair combinations, built up from the px orbitals in
plane and perpendicular to the C-0 bond, were no separated
by more than a few tenths of an electron volt in energy.,
Such a situation is not however expected for acetylacetone
and other 7 -diketones in the enol configuration. This
is because the symmetric combination n+(a1) of the two
oxygen p_ orbitals interacts with the hydrogen 1ls orbital,
this being probably the major source of bonding with the
proton, The antisymmetric combination n_(bl) is however
immediately comparable to the lone pair in acetone., From
the above analysis of the acetone spectrum, this ionisation
occurs at 9.8 eV and bands in the acetylacetone spectrum
are observed at 9.7 and 9.2 eV. Now, through-space
interactions would be expected to destabilise n_ slightly,
and, though it is very difficult to assess the extent of
such interactions, the energy differentiation between n,

and n in the anion acac is probably rather small, We

neglect through-bond interactions in this analysis since



they are probably small and likely to affect n+ and n_
3
in much the same way. It is almost impossible to order

n and 77, with the information presented above, and the

- 73

tentative energy level scheme given in fig., 4.7 which

places above n_ is ultimately defined by the PE

-

3
spectroscopic information derived from the metal chelates,
where there is little doubt as to the ordering.

The remainder of the acetylacetone spectrum (fig. 4.8)
is disappointingly diffuse. A 1.5 eV window separates the
7f3 and n_ ionisation bands from an edge at 12 eV, A
histinct peak can be seen at 12.7 eV which is rather low
for the methyl ionisation and there are two possibilities;
either it is the ionisation of the second * orbital, fz, or
it derives from the n+(bl) orbital., Its intensity would
suggest that it probably arises from an orbital similar in
type to the one giving rise to the band at 9.74 eV, which
we have assigned to the n_(bl) ionisation., Hence we may
tentatively assign this band to the n+(al) orbital giving
a splitting between n, and n_ of 2.94 eV, which is not
unreasonable as a measure of the hydrogen binding energy
(70 kcals/mole).

This assignment is supported by the HeI UV-PE spectrum

of hexafluoroacetylacetone fig. (h.9), which exhibits three

low energy bands at 10.75 eV, 11.26 eV and 14.03 eV. The
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shifts of the first two bands from acetylacetone are
respectively 1.58 eV and 1.52 eV, It might seem strange
that the 7. orbital shifts to a greater extent than the

orbital on replacing CH, by CF, but this is almost certainly

3 3

a consequence of the very strong ~ overlap characteristic
of fluorine which manifests itself in the theory of aromatic
substitution as the fluorine effect.* Thus, CF, does not

3

behave chemically in a manner predicted by extrapolation

* The fluorine effect should not be confused with the incon-

veniently named perfluoro—effect?ﬁ The latter arises from

a study of the movement of ¥ -bonds when fluorine atoms are
substituted for the olefinic hydrogen atoms: e.g. a comparison
of ethylene with CZFh or trans-but-2-ene with trans-2,3,
difluoro-but-2-ene. It is found experimentally that, although
the ¢ -bonds are strongly stabilised on fluorination, the
Z-bonds are hardly affected in energy at all, presumably
because of extensive through-bond interactions with the
fluorine lone-pairs. The fluorine effect mentioned above is
connected with fluorination in the ? position?)and the
standard PE example of this is the comparison between trans-
but-2-ene and perfluoro trans-but-2-ene, where both ©- and ¢

levels are strongly stabilised on fluorination, but the ©

level 0.2 eV more than the ¢ 1level.
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from CClB’ often exhibiting highly anomalous behaviour.
Assuming that the effect of CF3 substitution on 772 is

at least as marked as on the possibility that the band

Y
at 14,03 eV arises from 572 may be ruled out since the

shift from acetylacetone is only 1.4 eV and the similarity

of this shift to that observed for the band we have assigned
to n_ is added support. Furthermore, comparison with the
formaldehyde spectrum would strongly suggest that ﬁé in
hexafluorocacetylacetone should be lower than 7. C-0 at

14.3 eV.

' Interestingly, in hexafluoroacetylacetone, the
separation between n+ and n_ has been reduced to 2.77 eV
suggesting some loss in the bond strength of the hydrogen;
this in turn suggests that the major reason for the extensive
enolisation of hexafluoro species lies in the availability
of the 7 system in the enol form stabilised by interaction
with the CF3 groups. Since fluorine 2p has a higher cross-
section than oxygen 2p, admixing F 2p from the CF3 groups
with 1(3 should raise the cross-section of that orbital
relative to n+ and n_ and a glance at the two spectra shows
that this is indeed the case, adding further support to our
assignment.

In an endeavour to settle the low IE ordering, and to

investigate other ’F—diketones with a view to measuring the



spectra of their complexes, the spectra of dipivaloylmethane
(2,2,6,6,tetramethylheptane 3,5~dione: dpmH) fig. 4.10,
trifluoroacetylacetone (l,l,l,trifluoropentane 2,4-dione:
tfaH) fig. 4.11 and trimethyltrifluoroacetylacetone
(l,l,l,trifluoro 5,5,dimethylhexane 2,4~dione: tmtfacH) fig.
4,12 were obtained. The spectra of the first two are fairly
easily understood: dpmH exhibits two bands at 8.83 and 9.23
eV, the separation being less than that in acetylacetone
presumably since the tertiary butyl groups will tend to
destabilise the < -system more than the “-system. As expected
the-relative intensities are much closer to those observed in
acetylacetone, though they are poorly resolved. The spectrum
of tfaH also has two bands in the low IE region, at 9.92 and
10.53 eV, It is difficult to understand at first sight why
these two bands are separated by such a large margin; a
splitting intermediate between that in acetylacetone and that
in hexafluorocacetylacetone would have been expected. One way
however in which the result might be explained is by supposing
that the unsymmetrical charge distribution in tfaH has given
rise to a polarisation of the ¢-framework towards the CF3
group and a reverse polarisation of'ﬁé and implying that the ¢
orbitals should be more stable than expected whilst the ¥

orbitals will be less stable., This is, however, not borne

out by the position of the n+(al) orbital which is 0,1 eV less
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stable than expected suggesting possibly that through bond
interactions may be more important in an unsymmetrical
electronic environment.

The low IE region of tmtfacH appears to exhibit three
bands, the third being indicated by a poorly resolved shoulder
on the high IE side of the second band. The reason for this
is not certain, but it may be that the compound is a mixture
of keto and enol forms., The spectrum of tmtfacH is altogether
rather discouraging as regards the possibility of studying
its complexes by PE spectroscopy since there is no window
bet;een the first group of bands and the onset of the main
region of ionisation., One of the complexes studied, Al(tmtfac)j,
appeared to consist of two stereoisomeric forms differing

considerably in physical properties, and further investigations

into the complexes of this ligand were abandoned.



THE SPECTRA OF THE COMPLEXES

We saw above, that the UV-PE spectra of the p -diketones
were intelligible in terms of three types of orbitals in the
low IE region of the spectrum. Firstly, an orbital n formed
from a symmetric combination of oxygen p. orbitals which,
in the enol form of the ligand of the ligand, is the major
source of bonding to the proton; secondly, an orbital n_
formed from the antisymmetric combination of the same p,_
orbitals, which, in the ligand has little bonding character,
and'lastly, a -{ orbital which we have denoted by ;fB. We also
saw that -fj was well separated from 'fé and 'fﬂ, the former
being a major source of bonding in the C-0 system, and the
latter strongly antibonding.

When three such ligands are brought together to form the
tris-chelate framework, the orbitals we discussed above inter-
act with one another., Two forms of through-space interaction
may be distinguished; an intra-ligand interaction present in
the anion, which tends to destabilise n_ by an amount Fo and
to stabilise n, by a similar amount. "Clearly FO derives
from overlap terms and, in the isolated ligand is given by
ﬁ)gx-. A second type of interaction present is interligand in

;
origin and is of rather smaller magnitude. The effect of these

interactions is to split the initially degenerate triplets of

ﬁa, n_ and n+ apart by small amounts. Simple symmetry arguments
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show that the 153 and n_ triplets each split into a degenerate

e doublet and a non-degenerate a, level, whereas the n,

2

triplet splits into al + e, the group labels referring to the
irreducible representations of the overall point group of the

molecule, D It follows that there are three e levels which

3
may further interact in second order by an amount proportional
to the square of the relevant off-diagonal element and inversely
proportional to their energy separation.

These separations and splittings may be related by the
model discussed above to the overlaps between the component
ligand orbitals. In all the tris-acetylacetonato complexes,
the structure is based fairly closely on an octahedral
configuration of oxygen atoms about the central metal, and
even in the case of Mn(acac)B, the distortion is comparatively
small. The coordinate system is defined by the sketch below,

with the chelate ligands being numbered (1), (2) and (3) and

the oxygen atoms 1 or 2 for each ligand

The axes shown are those of an octahedron, and the algebra
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e(1) and Tfj less so, and a, . lying below e(1). The

splitting of e(2) and a caused by inter-ligand interaction

1+

is quite large as we have seen, and a will bond strongly

1
to the Al(3s) orbital so that it is possible that e(2) and
a, . will be resolved in the PE spectrum though it is
obviously impossible to say on a priori grounds how this
splitting will compare with that expected between e(l) and
a,. ; We can however say that the latter should increase
with increasing p, bonding, see fig. L4.1k.

To explore the possibilities of increasing covalence

"

the spectrum of Ga(hfa) fig. 4.15 was also obtained, since

3
it is known that much of the general chemistry of Ga(IIL) is
very difficult to understand except in terms of a greater
covalence than that found in the corresponding Al(III)4L
compounds (the so-called alternation effect)azhich presumably
arises from a general contraction across the first transition
series akin to the lanthanide contraction. This being so, it
is of interest to examine the PE spectrum of Ga(hfa)3 to see
if any changes have occurred. There are in fact two main
differences: +the band B has split, with a low intensity
component appearing to high IE, and a new band X has appeared
on the high IE side of C. Our provisional assignment of the
Al(hfa)3 spectrum given in fig. 4.14 suggests that increasing

pd bonding to the n_ triplet in Ga(hfa)3 has caused aza
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to separate from e(1). A second possibility is that the
gallium 3d orbitals, which lie below the main valence structure
have caused the e(l) level to become slightly antibonding.
Whilst this latter explanation cannot be absolutely ruled out,
a considerable body of evidence is beginning to accumulate
that these d-orbitals lie very low in energy (<’ -21 eV)J;nd
their bonding to the ligand is probably very small, Given

the first interpretation, there seems little doubt that band
B in Al(hfa)3 does indeed arise from the n_ e(l)/aZ( triplet.
Fro? our arguments above, e(2) will certainly lie below e(l)
so the first band in the Al(hfa)3 spectrum, A, must be due

to the ™™, ionisations, which, as can be seen, are not split,

3

either in Al(hfa)3 or Ga(hfa) as expected. The third band

3’
C can be assigned to e(2), at least in part. The appearance

of band X in Ga(hfa)3 is difficult to understand at first
sight. Its relative intensity and position would suggest that

it derives from ionisation of the a orbital, which has been

1 -

stabilised even more than Py by covalent interaction, This
being so, we must assign band C in Al(hf‘a):3 to ionisation from

both e(2) and a An altermative explanation, namely that

l .

band D derives from a can be ruled out on the grounds that

l .

if bandX is indeed the a ionisation in the spectrum of

1
Ga(hfa)j, it is extremely unlikely that it should be destabil-

ised relative to its position in the aluminium complex, The
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extent to which the 3d orbitals of aluminium should be
included in a description of the bonding is of course a thorny
problem in theoretical chemistry. The main effect of
including 3d orbitals, as we shall see below, is to cause a

stabilisation of e(l) relative to a i.e. to induce a

2 1
splitting of band B in a direction opposite to that observed
in Ga(hfa)B. The absence of any splitting of this band in
the spectrum of Al(hf‘a)3 might suggest that the incipient
splitting induced by the p Dbonding was being annulled by
dc,,:,t bonding. However, in the absence of any evidence con-
cerning the importance of the 4d orbitals in the bonding of
gallium complexes, it is difficult to quantify this argument.
The extent of ¥ bonding in both Al(hfa)3 and Ga(hfa)3 is
difficult to estimate. Since our model allows for second
order interactions, which are quite large between e(l) and e,
some 7 bonding will certainly occur through this mechanism.
The absolute values of the various ionisation energies cannot
however be taken as an index of the extent of covalence since,
although on a simple basis, the more ionic the bonding, the
lower the ionisation energy of the mainly ligand orbitals should
be, an intense positive field, such as that generated by the
very small aluminjium ion, will stabilise the ligand orbitals

dramatically. Thus, Al(hfa)3 has the highest measured first

IE, almost certainly for this reason, and comments about
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covalency differences being reflected in the measurement of
ionisation energies should be treated cautiously.

A comparison of the spectra of Al(hfa)3 and Sc(hfa)3 shown in
fig. 4.16 reveals at first sight fewer differences than might
have been expected. The bonding characteristics have however
changed dramatically; az& has now become non-bonding in

effect, as has a since no component of the d orbitals

2=

transforms as a2. The d orbitals transform in an octahedral

field as t2g + eg, but when the symmetry is reduced to D3,

t2g7>al + e, and eg—% ey - Thus a trigonal field can, in effect,

scramble the t2 and e orbitals, In choosing a set of d orbitals

which are quantised around the threefold axis, we take the

combinations
+ g [—' - g r
e = =2 d + . e =} d + j.d
a = X =Y Vo yz a v 2 Xy VI Xz
+ T d < d - ~d__+ i=d
= ey + = e = - -
°b i Tx =-y V24 yz b £ Xy JZ Xz
. Y - o

Lo
These combinations are similar to those given by Ballhausen,

with a slight change of axes.

The overlap integrals with the ¢ and 7. framework of the

ligand are given in tables 4.5 and 4.6.
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sight however, in spite of this, the only apparent difference
between the two spectra is that our sensitivelbarometer: the
middle band, B, has now split in the opposite direction from
that found in Ga(hfa)B. This we can understand immediately
since e(l) is now strongly stabilised through bonding to

the central atom, whereas a is now non-bonding. The

2q
remainder of the spectrum of Sc(hfa)3 may be assigned easily
by analogy with that of Al(hfa)B. Band A must be the 773
triplet and band C doubtless arises, at least in part, from
ionisation of e(2). The position of band a, is of some

interest since, as can be seen, it is only weakly bonding to

the central metal d orbitals, and, if bonding to the Sc is
orbital is also weak, then it will be little stabilised., It is
most likely to be under band C though in principle it could

lie under band B. However the considerable inter- and intra-
ligand stabilisation of the al orbital would lead to its
assignment to band C as being the more likely. The fact that
the spectra of the scandium and aluminium complexes are so
similar suggests that this assignment also holds for the latter.
In addition, since the :fB band in Sc(hfa)3 has remained
unsplit, the extent of I bonding in the scandium complex must
be small as, unlike the situation in Al(hfa)B, where the

orbitals bond to the same extent, there will be little bonding

to a2¢ in the transition metal series, see fig. 4.17.
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If we turn now to the tgg series of complexes, Ti(hfa)B,

V(hfa)B, Cr(hfa)3 and Co(hfa)B, these can be interpreted
fairly easily on the above model. We saw that the major

difference between Al(hfa), and SC(hfa)3 lay in the splitting

3

of the second band (B) into a and e(l) components, Turning

27
to the spectrum of Ti(hfa)j, fig. 4.18, another novel feature

appears in the guise of a weak band at 7.93 eV which is quite
sharp. Now this must arise from ionisation of the single d

electron present in Ti(III) complexes, which might occupy

'Y
either the al(dZZ) or ei orbitals, ESR evidence suggests that

a. lies below ei, in agreement with our simple model, giving

1

a ground state of 2A to Ti(hfa)s. The general MO scheme is

1
illustrated in fig. 4.17. Another feature of interest is the
increased splitting of the a, and e(l) levels as compared
to Sc(hfa)j, being 0.28 eV in the latter and 0.39 eV in

Ti(hfa) This increased splitting is caused by the rapid

3°
stabilisation of the d orbitals and concomitantly, as we shall
see below, an increase in the relative importance of these,

as regards the bonding, compared to the 4s and 4p orbitals.

The spectrum of v(hfa)3 fig. 4.19 is rather interesting
in that the d ionisation has now shifted to higher energy and
has slightly broadened. The compound is known to be high spin,
and the electronic structure could be alea or ei, and wpriﬁ

evidence from V(acac)j'suggests a 3A2 ground state implying

-
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2
the latter e, configuration. This is rather surprising in
view of the ground state of Ti(III), but presumably reflects

the fact that J + = - K + - is smaller than J - K
e e e e a e a
a a a a a1l a 1

owing to the greater bonding characteristics, especially

d—~delocalisation, of e, compared to a If the difference

l.
in repulsion and exchange integrals exceeds the presumed

trigonal splitting then the ordering of one-electromn

b
-42,

energies would be a_ ~{ e, even though the ground state were

1
e:. The additional broadening of the d band in V(hfa)3 might

ari?e from the greater bonding character of the e, orbital
and perhaps also from a small Jahn-Teller induced splitting
in the ionised state. Interestingly, ionisation of V(hfa)3
cannot yield the ground state of V(hfa); which will presumably
be ai since this would involve a two electron process. A
further notable point in this spectrum is the increased
splitting observed in band B, with the a2d ionisation at
10.96 eV and e(1) at 11.39 eV, which is in accord with the
expectation that, as the d orbitals stabilise, their interaction
with e(1l) will increase.

The spectrum of Cr(hfa)3 fig. 4.20 shows that the d

orbital ionisation energy is now almost the same as the

ionisation energy of the first ligand band The ground

L

state of the complex is A

g
3z
2 corresponding to the expected

ground configuration alei, but the relative ordering of the two
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$3
levels is uncertain. Ligand field analysis tends to support

al.< e, as the energy ordering, but this of course is based

on the splitting of the excited MT states and, as our analysis
showed for V(hfa)B, the assumption of equal electron repulsion
integrals may be highly misleading in the case of such very
small splittings. We would expect, on the basis of d, covalency,
that the repulsion and exchange integrals for e; will be less

than those of a. so that, on ionisation, the 3A

2
1 ea term

2’

will be stabilised relative to the alea term 3E. This would
have the effect apparently of destabilising the pseudo one-

electron orbital energy of a Hence the ligand field ordering

1°
may not be reflected in the photo-electron spectrum.¥* Actually,
there appears to be only one d orbital band in the PE spectrum
of Cr(hfa)3 indicating that the two effects are cancelling to

a certain extent., It is also noteworthy in the spectrum that

that the splitting of band B has now increased still further,

the a,, and e(1) bands now ionising at 11.12 and 11.61 eV

4
¥ An extreme example of this effect is found in ferrocene,

when the ligand field arguments would place a, unambiguously

1

above e but the very large difference in orbital repulsion

2’

energies within these two terms even within the ligand field

approximation amounts to 20 B, leading to an energy ordering

. 2 2
of ion states E2 < Al.
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respectively,
Thus we have assigned on a fairly simple one-electron

n . .
series of tris chelate complexes

model, the spectra of the t2g

up to Cr(hfa)B; however, a few factors remain to be discussed.

Firstly it is apparent that the spectra should show exchange

)
splittings comparable to those discussed for VClu. These

splittings arise from spin-coupling in the ionised state of
the molecule when an electron is removed from one of the
filled immer shells., Thus, in Ti(hfa)j, ionisation of the

e(2) level of the ligand should give rise to two states, g
3

and “E whose energies will differ by twice the exchange integral

between the e(2) and metal a. levels, Kea . It is difficult

1
to estimate the value of such integrals but a comparison of

\

1

the half widths of bands in the Ti(hfa)3 and sC(hfa)3 spectra
shows that this exchange splitting is not apparently a major
source of band broadening. The magnitude of the splitting

will increase across the series, being 3K or V(hfa)3

eae(l)

and 4/3 K + 8/3 K for Cr(hfa), and, examining the
ea, ee 3

relevant spectra, very little broadening can be detected;

indeed, for the a band, which will be similarly effected,

2¢
some sharpening up can be seen in the spectrum of Cr(hfa)B_

A second point to note is that the d ionisation observed

is, of course, the lowest ionisation potential corresponding,

3’I‘-{-~I+A . Neglecting trigonal effects

in Cr(III) complexes to ~T, 5
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for the moment, a transition is found in the UV absorption

spectrum of Cr(acac) at 12,900 cm“l which has been assigned

3 2

Dy -9

to the 2E é—uAZ transition., Using standard strong-field
theor;} the 2E state should lie 9B + 3C in energy above the
A2 ground state, giving a value for B of 580 cm—l, assuming
C = 4,4B, implying a very large nephelauxetic ratio even for
the t orbitals. Taking this value of B, we can calculate
a spin-randomised ionisation energy for the process
t2 =>1t,. The correction to our initial value of 9.53 eV for
the.IP of Cr(hfa)3 is -1,05 volts, implying that the mean
d-orbital ionisation energy is 8.48 eV. Unfortunately, it

is not possible in V(III) tris-chelates, to distinguish the

transitions, and values of B given

1

spin-forbidden intra—t2
are probably much too high; e.g. Griffith quotes 787 cm
for B in V(Hzo)g+ which would give a corrected value for the

IP lower than that of the Ti(III) complex. The simplest
assumption is that the nephelauxetic ratios for V(III) and
Cr(III) are the same which gives a corrected IP of 8.13 eV,
These values, together with that of Ti(hfa)3 at 7.93 eV are
probalbl y a more accurate representation of the rate at which

the d orbitals stabilise. In general spin-randomised ionisation
potentials for a given subshell show a smooth increase across

a series, though in this case certainly not a linear one, and,

as we shall see below, the trend is mnot sufficiently well-
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defined to enable us to predict accurately the d-orbital
energies in'Co(hfa)B. It can however be seen that it is
this trend rather than that of the uncorrected IE's which
can be extrapolated to the case of Co(hfa)B.
The mean d-orbital energy calculated in this way is

not related in any simple manner to any one-electron orbital

energy. Within the Roothaan open-shell formulation; it is
not difficult to show, at least for atoms, that our defined
spin and orbitally randomised ionisation energy is equal to

the negative of the weighted average of the orbital energies

corresponding to the available multiplets (assuming Koopmans'

theorem). Thus, if we were to calculate the t, orbital energy

3
2

2
for each of the multiplet states of t] and then average them

by J-weighting, we would expect to obtain the value -8,48 eV,
However there is no simple relationship between this and the

t2 orbital energy for the 4A2 state in Roothaan's MO formalism,
but it is a well known feature of the atomic Roothaan equations
that for a simple single determinant p wave function, where

no electron pairing has occurred in the open shell, the orbital
eigenvalue is exactly the negative of the observed IP of that
shell assuming Koopmans' approximation, and so, we immediately
have, for the complexes so far considered, a value for ﬁtz.

It is for this reason that, within our overlap model, the

value taken for 5d is that observed, and not the spin-randomised
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one.

The splitting observed for band B may be explained
within the overlap model fairly easily. The strength of
bonding to the e(l) level of n_ and the d-orbitals will be

given by

where a Brillouin-Wigner formalism for the perturbation

expansion has been assumed. Assuming that the a level

-

24

stays accurately constant and non-bonding then S owill give
the required splitting directly. The main problem is that

we do not know the value of kie since the eb level is not
b

occupied. Empirically however we will assume that the

splitting between the ey and e levels remains roughly constant

n P -

throughout the t2 series and so a plot of & - be(l) against

ty

{@ should be linear. This plot is shown in fig. 4.21 and as
can be seen it is approximately linear, giving a value of
0.75 for € S. If we extrapolate this to Sc(hfa)B, we obtain

>

a value for Et - 5e(l) of 6 volts, and a suggested d-
5 .

orbital energy of -5 eV. This is remarkably high and other
extrapolations suggest a more reasonable value of about -7 eV,
This would imply that some other effect must be operating in

Sc(III) complexes, presumably bonding to 4s or 4p orbitals
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which must be substantial in Sc(hfa)3 and, as we will see
below, the ESCA spectrum of Sc(hfa)3 is also anomalous., As
we saw in the spectra of Al(hfa)3 and Ga(hfa)g, the effect
of bonding to the 4p orbitals will be to cause an inverse

splitting of band B with a lying lowest. Superposition

20
of such an expected splitting on that caused by interaction
with the 3d orbitals will certainly lead to a reduction in the
observed splitting of band B which is precisely the effect

seen in Sc(hfa)B. The bond lengths in the ternary oxide phase
systems also suggest a rapid contraction between Sc(III) and
Ti(III) which will increase the value of S in the latter
complex. This effect will also lead to an anomalously low
splitting of band B in Sc(III) complexes.

At first sight the spectrum of CO(hfa)B, fig. 4.22, is
rather complex since there are now six bands in the low IE
region, However, we can immediately correlate the bands at
11.15 and 11.75 eV with the bands B v and B,‘seen in the earlier
members of the tzg series, and the band at 12.56 eV clearly
corresponds to band C, the e(2)/al¥ ionisations. The
remaining three bands, labelled K, L and M are much more
difficult to assign. There are four possibilities

(i) the band at 9.73 eV corresponds to the e, and a; orbitals

on the metal; then, on intensity grounds, L is the e band of

~
3 and K the a2 band.
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(ii) the band at 9.73 eV (M) is the e_ and a,. components
of fs; then,on intensity grounds, L is the e, band and K
the a; band derived from the metal d-orbitals,

(iii) M corresponds to e, of 7., only, the a, _ and a, (metal)

3 2

ionisations both lie under L,and K corresponds to ionisation
from metal e,
(iv) M corresponds to e, of the metal only, band L is as (iii)

above, and K corresponds to ionisation from eq . -

It is clear that in Co(hfa)B, the t2 d-orbitals on the central

metal lie close in energy to the 55
it is difficult to decide at this stage which of the two lies

level of the ligand, and

lower in energy. Since we found above that the e, orbital on
the metal does not bond to e(l) and bonds to e(2) to the same

extent as dzl bonds to a a trigonal splitting of the d-

l ?
orbitals can only occur in first order by bonding to 773. It
this is so, then the observed splittings of $73 and the metal

t2 orbitals should be approximately equal, lending support to
assignments (iii) and (iv). The simple MO diagram should

resemble

G

s ol =

&

o

s
|
P
!
S




(114)

which would lead to "5(eT.) < (azr ) if 2 < 14 and
‘ ' 3
i(ea)-< ii(al) if €d <~ €~ . This would tend to rule out

assignments (i) and (ii). Further evidence against (i) is
provided by the Brillouin-Wigner plot discussed above, It
must be recognised that it is rather a jump from the open

shell molecules in the first half of the series to Co(III),

but, given a splitting of 0.60 eV a mean t, energy of 10.5 eV

2
would be predicted which would strongly support assignment (iii).

The assumption in this extrapolation, that the value of 10Dq

remains unchanged from Co(hfa)3 to Cr(hfa)j,seems to be borne

out by the UV spectra.¥
Assignment (ii) corresponds to the situation in which

the trigomal splitting of 7f3 is negligible, and the observed

splitting of e, and al is entirely due to very strong inter-

action with e(l) which would destabilise e, with respect to

a This is difficult to rule out absolutely, but since no

ll
splitting is observed in Cr(hfa)3 some doubt must still attach

to it as an alternative to (iii). Evidence from the UV
<
1

>
absorption spectrum of Co(acac)3 is inconclusive but would

suggest a ligand field splitting of only 0.2 eV, but there

% The relevant values of 10Dq for the tris-acetylacetonato

1 v(rII): 18,500 cm %,

, Co(III):ca. 19,000 cm T.

complexes are: Ti(III): ca. 18,000 cm

cr(III): 17,860 cm *
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seems little doubt that assignment (i), which is supported
by this figure can be ruled out on other evidence. The
problem with the ligand field analysis in the case of Co(hfa)3

is that there are no intra- t2 transitions and indications

of the trigonal splitting must be gleaned from an examination

of the tz—se transitions., It is perhaps interesting that

the ligand field analysis does predict the ay level to lie

above the e, level.
The metal d-orbital cross-section seems to be steadily

22 series, being comparable at

Cr(hfa)3 to that of 'f3. If this growth in cross-section is

maintained, then assignments (ii) and (iii) become the tenable

increasing throughout the t

alternatives, and both presuppose that the metal d-orbitals lie
below the first ligand level ;{3. This is not so surprising
as it might appear, since, as we saw above, extrapolation of
the spin-randomised ionisation energies of the t2n series
would suggest a d ionisation energy of between 10 and 11 eV,
Of the other assignments, (iv) was suggested by Barnum as best
explaining the UV absorption spectrum of Co(acaciz. Caution
should however be used in interpreting Barnum's results, since
he paid no attention to the ¢ -framework of the molecule, and
his interpretations of other tris-chelate spectra have been
challenged by several authors.

To try and resolve the question of the assignment more
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appears to move rather less. In addition, the splitting

between e(1) and a is much smaller in Co(acac)B, a fact

o
which is probably not due to smaller overlap since there is
no change in the splitting in Cr(acac)B. It is clear that
a rather profound change in bonding type has occurred between
Co(acac)3 and Co(hfa)3 between that of assignment (iii) in
the latter case to possibly that of assignment type (i) or
(iv) in. the case of Co(acac)B. This leaves Barnum's interpret-
ation of the UV spectrum intact, though the trigonal splitting
frow the UV is now the wrong sign., If this is indeed the case,
the result is especially interesting as showing how finely
balanced the metal and ligand energy levels are in Co(III)
complexes.

Finally, in this section we consider the UV-PE spectra
of the first row transition-metal high-spin complexes. It
proved very difficult to obtain a satisfactory spectrum of
Mn(hf‘a)3 owing to the side-effects discussed above, At first
sight the spectrum bears little resemblance in the low IE
region to those considered above and a general lack of definition
is apparent. This could in principle be caused by a dramatic
increase in exchange splitting, since measurements on analogous
Mn(III) chelates strongly suggest a high spin configuration in
the ground state: aleieb. The delocalisation of the 2N orbital

would naturally lead to a rather larger value of the exchange
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5

integral., Another possibility is that the “E ground state

distorts through the Jahn-Teller effect so as to reduce the

overall molecular symmetry from D but owing to the

3’

topological restrictions imposed by the chelating rings, little

distortion of the metal environment from a pure octahedron is
/e

in fact found crystallographically:) It is perhaps surprising

that the distortion is so small since halo-complexes of Mn(III)

suffer severe distortions giving five-coordinate species.

5

Ionisation of the “E state can give rise to quartet states
only, by virtue of the fact that photo-ionisation is a one-

electron process; ionisation of the e, electron leads to

b
a e2 uA state, and ionisation of the a, and e, electromns
17a 2 1 b
leads in a pure octahedral geometry to uTl and hTz both of which

are split by both trigonal and Jahn-Teller effects, giving rise
to a complex series of ionisation processes. To evaluate the

relative intensity of the three bands, we must calculate the

. . . . . 19 [ RN
fractional parentage coefficients arising from :G S PR

‘). 5> for the 5

oty

bl ’
1,‘, o‘“'/\‘
(e T

r- Y P 7_'
-~ b pand 4

E state. These were

- e
Jem
T

obtained using tables A 20 and A 24 in Griffith and have the
values 1/2, —ngh and -\674 respectively giving the relative
intensities of the bands as 1/4, 3/8, 3/8. The total intensity
will be proportional to the number of electrons, so, relative
to the 77, band having an intensity of 6, that of QA will be

3 2

“T will be 3/2 each. It should be

L
one, and those of Tl’ 5
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noted that these intensities differ from those predicted by

the simple multiplet theory; this is because th and uTz

ionisations effectively share the ionisation intensity from

3

the t2

sub-shell.
Another way of regarding the PE spectrum of Mn(hfa)3 is

as the energy level sequence found for Mn(hfa) a six-

+
3’

coordinate Mn(IV) complex. This is of course iso-electronic

with Cr(hfa) and so the UV spectrum of the latter should be

3 H
of value in interpreting the PE spectrum of Mn(hfa)B.
by A

pRe)
Unfortunately, the UV spectrum of Cr(acac)3 does not show

Wk

the T A_ transition clearly, apparently because it is

1~ 2
swamped by the T-%¥ and n -7"¥ excitations. It is thus
at

necessary to examine the UV spectrum of Cr(H20)g+. If we

neglect CI with the uTl term derived from t2e2 (which can be

shown to be comparatively small), the th term will lie at

10Dg + 12B above the qu ground state, and the MTZ term exactly

10Dg above qu. Thus, if we know B for Mn(hfa)3 we can predict
the observed separation of uTl and ATZ in the PE spectrum quite

accurately, However the UV spectra of Mn(III) chelates have

7=

Ll

been the subject of considerable controversy.) Taking that of

Mn(acac)3 as an example, bands at 8,890 cm"l and 18180 cm—l

are found. The second is almost certainly the spin allowed

5T2<—'5E transition, of energy 10Dg. The first band might be

assigned to the 3Tlué‘5E transition, but its very large
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oscillator strength suggests a spin-allowed band, and Fackler
et al., having examined the UV spectra of a number of
substituted tris-chelates of Mn(III),found the band to be

solvent dependent to an extent appérently incompatible with

s -
SO

b
a basically d = d transition. Piper and Carlin haveargued
that the band is a d = d transition whose intensity arises
because of spin-delocalisation and Jahn-Teller coupling, If

the band at 8,890 em ! is indeed the T, < °E band, then its

1 -
energy is given in strong field theory by 6B + 5C - lODq.and,
since 10Dq = 18,180 cm L = 2.25 eV, we obtain a value of

q

965 cm”~ for B, a value which is rather high, bearing in mind
the large nephelauxetic ratios found in many tris-chelate

complexes. Taking these values of 10Dg and B the separation

of the three PE bands 4A2, 4T2 and uTl should be 2.25 and

1.44 eV respectively. The separation of th and ATZ calculated

in this way, 11,600 cm-l, is very much larger than that
observed in Cr(III) complexes, e.g. in Cr(Hzo)g+ it is

7,180 cm—l. Thus the suggestion must be that the band at

8,890 cm—l in Mn(acac)3 is not a d - d transition. Of course,
in the same way, the PE spectrum of Fe(hfa)3 should give the
energy levels of a dl’t chelate system, and there, the separation
between SE(ﬁgtgeb) and 5E(igtge§) is certainly very small and
may well be negative (see below). Thus, it is likely to be

quite small in Mn(acac)3 suggesting that this intense low
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energy band in the UV spectrum may even be charge transfer

ﬁé—>eb. Jfrgensen has placed this band at 25,000 cm_l, but

in the light of the above discussion this seems unlikely.

7.

Thus, if the band at 8,890 cm T is not the 3Tl<’ 58
transition, there is no way in which we can directly evaluate
B for the Mn(III) complex, It does seem likely however that
its value will be greater than in Cr(III) complexes even if
it is less than 960 cm—l, so that the separation of uTl and
4’I‘2 will presumably be intermediate between 1.0 and 1.5 eV.
Turning now to the details of the PE spectrum, the first band
we expect to see in the low IE region will arise from ionisation
to the 4Az(tg) state, and, compared to band A, we expect it
to be very weak (ca. 1/6 intensity). A clearly resolved band
is not observed either in Mn(hfa)3 or in the PE spectrum of
Mn(acac)B, but a broad and anomalous tailing is seen to the
low IE side of band A, apparently corresponding to the expected

ionisation. The high IE of the e, electrons (9.2 eV) is

b
rather surprising, but it should be remembered that we have

a situation in which very considerable spin stabilisation of
the state has occurred. If we spin randomise the tg shell,
assuming the usual strong field theory, we must subtract

6B + 2C from the ionisation energy to obtain a measure of the

average d energy as we showed for Cr(III) complexes above, and

the corresponding stabilisation energy for Mn(III) is 9B + 3C
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which, for reasonable values of B will certainly be larger
than 2 eV, Chemically, this is a rather more satisfactbry

energy for the e_ electron, but the analysis does re-emphasise

b
the fact that in the PE spectrum of high-spin complexes we

are going to see results which bear very little resemblance
to traditional MO pictures.

Assuming that the band at 9.2 eV does arise from the
b4 5

A _<—

> E ionisation, band A, at 10 eV will be, without doubt,

due to ionisations yielding the various spin-coupled states of

7T qnd cannot, assuming the above treatment to be numerically

3

reasonable, arise from any transition involving the metal t2

electrons. If the figure of 2.25 eV is taken for 10Dg, the

L

next d-orbital band, T should occur at 11.42 eV, That there

2,

is a band at 11.41 eV is undoubtedly fortuitous, since we have
not considered the effects of Jahn-Teller and trigonal splittings,

both of which may be of the order of 2,000 cm T in these

’
Y V4

: /
complexes, The bands labelled B and B in these complexes

are doubtless mainly the a and e(1) ionisations respectively,

20
but the e(2) ionisation appears to have substantially altered
in intensity, broadened and split. The main peak at 12.3 eV
is probably e(2) and the shoulder at 11.8 may well be a
component of the expected MTZ state. Probably al lies under
e(2), possibly on the high IE side. Band D is also split into

a peak at ca. 13.1 eV and a broad mound at ca. 13.5 eV, If
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the band at 11.8 eV arises from uTz and that at 13.1 eV from
th, then we have a value of 2.6 eV for 10Dgq and 875 cm—l for
B, both of which are very reasonable,

It is clear that in order to interpret the PE spectrum
of Mn(hfa)3 we have had to depart substantially from a simple

orbital model. Indeed there is no way in which the essentially

one-electron model could predict the existence of two available

3
2

argued that the very high IE of the t

states from the ionisation of the t; subshell., It might be

3
2

orbitals lie below the filled ligand

shell would imply that

the partially filled ¢t

«

shells. This is only true in the one-electron model however,

2

and the fact that spontaneous charge transfer does not occur
from ligand to metal is explicable on the grounds that the
spin-pairing energy within t2 will greatly exceed that recouped
from transferring an electron from one of the upper filled
ligand levels. If we had used the open shell formalism of
Roothaan, the predicted orbital energies of the t2 and e levels
would lie above those for the filled ligand levels, but
Koopmans' theorem is mnot obeyed in general in the Roothaan
formalism and we must correct for various electron repulsion
terms to obtain the observed ionisation energies. This is

not to say that the Roothaan method will generate a picture

physically more familiar to the transition-metal chemist, since

the ligand field parameter 10Dg is not related in any simple
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way to the difference between the orbital energies of e

and t it is possible, at least in principle, for these

2;
to have opposite signs.

The UV-PE spectrum of Fe(hfa)3 is very strange indeed,
and, from the controversy surrounding the interpretation of
the UV absorption spectrum of Mn(hfa)3 discussed above, little
concrete information can be gained by considering a du system.
The UV spectrum of Mn(hfa)B, like that of Mn(acac)B, contains
two bands, a low energy band at 11,600 cm-l, which has
sub?tantially shifted from that in Mn(acac)3 and whose energy
would seem to rule out absolutely the possibility that it is
the cited d > d transition, and a band at 18,700 cm_l which
is presumably the value of 10Dq in this complex. The mystery
surrounding the first band has not been dissipated by a spate
of recent papers which have appeared, all with different

2y

explanations. In 1962, Dingle suggested that it might be the

5E split by a

transition between the A and B components of
Jahn-Teller distortion; not only would this distortion be
exceptionally large at 1.5 eV for an octahedral molecule
(though distortions of this size can occasionally be seen in
tetrahedral species) but the X-ray structure of Mn(acac)B,
published by Morosin and Brathovde in 1964 showed that the
molecule was in fact only slightly distorted. Fackler et al.

)

in l965méuggested that ebfbxh or n e>t2,e were possibilities
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since the band was found to be strongly influenced by hydrogen
bonding solvents. However, in 1968 these authors substantially
revised their interpretation in the light of further work on
Mn(III) chelateé% A comparison with Mn(III) complexes which

do show large static distortions from octahedral symmetry
showed that the intense low-energy band was also encountered

in these latter types, and the authors suggested that a
dynamic. Jahn-Teller effect operated in these systems, perhaps

a pseudorotation. However the very large chénge in energy of
thi§ band between Mn(acac)3 and Mn(hfa)3 is difficult to
reconcile with this theory, and suggests a more direct involve-
ment of the ligand in this transition. Since the < band is
probably altered in character more than the ¢ -system, by

37 a charge transfer band involving 7f3 or
%), would seem most likely. The fact that the band at 18 kK

is far less affected by changing acac for hfa is rather strong

interaction with CF

evidence for this conclusion. Furthermore, the fact that such
a transition is not observed in Fe(acac)3 in the UV suggests
that it is probably :53 - d, since this transition in Fe(hfa)3
and Fe(acac)3 would involve spin-pairing and in consequence have
a much higher energy.

If we return to the UV spectrum of Cr(acac)3 and try to

assign it using the UV-PE spectrum of Mn(hfa)B, it is

immediately apparent that we must shift the relative energies
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of d and ligand levels quite substantially, as might be

expected, so as to place the AT state above (since

2 "3
ATZ-&—AAZ is the first uv transition seen). If we regard

the band at 25,770 cm_l in Cr(acac), as the first charge

3
(3 b,
transfer a, —- ey should occur at 33,000 cm_l and e(1l) = e

at 36,800 em™ ! and e(2) —e

transfer band arising from —> e

then the charge

b
L at 44,000 cm~t. The spectrum
of Cr(acac)3 does indeed show a band at 33,760 cm-l and a
shoulder at 36,900 cm_l which might well correspond to these
processes. The transitions corresponding to d =»rn¥* or -7 %
cannot be seen in UV-PE spectroscopy since -T* is not occupied.

Barnuﬁhassigned the bands at 26,320 cm_l and 29,850 Cm-l in

the UV spectrum of Cr(acac)3 to d~~*, but the bands at

- Sob
33,900 and 36,720 cm 1 to 7.~ ¥, DeArmond and Foster pointed
out that additional 7-7 * transitions which were inter-ligand

in character might occur, though in effect these are transitions

between the trigonal components of " and ¥ ¥ which Barnum

had already considered, and their assignment of all the bands

in Cr(acac)3 between 23,000 and 39,000 cm-l to T ¥
transitions can be ruled out absolutely by a glance at the

UV-PE spectrum., Piper and Carlinﬁcould rule out the possibility
of the 26,000 cm—'l band arising from th(>-uA2 on polarisation

grounds and suggested e(l) or azj%ff*. However, the separation

of a, and 7’3 in the PE spectrum of Mn(hfa)3 would seem to
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rule out the Possibility of n 7% transitions at such low
energies,

Since we had to shift the d and ligand orbital energies
relatively by 2.4 eV in comparing Mn(hfa)3 and the UV spectrum
of Cr(acac)B; if we assume that the 1.5 eV band in the UV
spectrum of Mn(hfa)3 is indeed the f73~:> ey charge transfer

band, we would expect that in the UV-PE spectrum of Fe(hfa)B,
6

the ionisation energy for the first metal transition 5E-'T—-Al,
would be HIGHER than that giving rise to the 5f3 ionisation

bands themselves, a result which is reinforced by a consideration
of the increased spin-randomisation energy correction for the
sextet state. The absence of the expected splitting between

the e(1) and a, levels may in fact result from this, since

if the d-stabilisation is comparable to that observed in
Mn(hfa)B, then the first expected d-orbital ionisation should

be close to the a orbital giving an unresolved triplet,

2‘,/
Interestingly the spectrum of Fe(tfa)3 does show a splitting

between e(l) and a and a glance at the UV-spectrum of

2
Mn(tfa)évsuggests that the reason may be the anomalous position
of the first band, which we have assigned to a :fjo d charge
transfer process, which is at lower energy than either that

in Mn(hfa)3 or Mn(acac)B. It is possible that in Fe(tfa)3

the first d ionisation has dropped under e(l), allowing the

a2d’ peak to be resolved. The other main feature of the
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Fe(hfa)3 spectrum is the sharp band at 13.5 eV which can be
assigned to the 5T2 state arising from ionisation of the

t, orbital, giving a value of 20,000 em™ T for 10Dq.
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relative intensity is given as 23/90. As we expect the
latter two to lie lower in energy we predict an intensity
ratio for the components of band Y of 4:3, which is very
close to that observed.

A corollary of this assignment is that the ionisations
to lE and sz will lie under the first ligand band A, This
band is indeed much broader than 70 -bands found in the first
row though no definite splitting can be observed. Further
evidence for this assignment comes from the ESCA spectrum of
Ru(hfa)3 discussed below, which places the mean d-energy at
ca. 9.5 eV, and from the UV-PE spectrum of Os(hfa)3 which is
shown in fig. 4.28., The basic structure closely resembles
that of Ru(hfa)3 save that band Y is now split by 0.5 eV,
Assuming the same assignment as that given for the ruthenium

complex, this leads to a spin-orbit coupling constant for

Osmium of ca. O.4 eV entirely consistent with the rather sparse

(e

e

experimental data on the atom. The corresponding figure derived
for ruthenium is ca. 0.17 eV which is a little large for
ruthenium, and suggest s that there may be other contributions
to the splitting, perhaps trigonal or vibronic in nature.

A second noteworthy feature of the spectrum is the
splitting of band B which we discussed at length for the first
transition series. The large splitting in both Ru(hfa)3 and

Os(hfa)3 of 0.6 eV is comparable to that found in Co(hfa)3
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whose d-electrons are much closer in energy to the ligand

orbitals, This leads to the inevitable conclusion that the

overlap integrals between 4d or 5d orbitals and the ligand

orbitals are much larger than those found in the first row.
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Lorninmtion encrey d to for the two bin-chelotes of hex

DI band Be(H”ﬂ)z Be(&Cﬁc)z
| 1039 Seli1
D 11..66 9.067
C 12.96 (1¢.36)

11.15
13.4 - 14.3 13.0 -1L.7
(15.1)
(15.7)

o O
163 15.¢
!
17
109
lonisotion encr vy data for some transitic - ctal itris-chel-tes

]

~

P2 hand ‘Li(hfa)3 vV h"a)5 Cr(hfa)3 7 hand Co(hfa)3
Y 70k 8.68 957 i Q73

8]

A 10.2L 1G. 10 10.15 L 10.1%
. 10.75
5 10467 10.96 11-10 5’ 11-15

% 11.28 11.59 11..01 B 1175
C 12.20L 12.20 12. k4 C 17.56
1250 1%.5% 17eb7 U 135

14.6 1.6 14.560 14.8
=

A
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15.29 15441 15.42 15.
16.10 15.16 16.27 16.27

17.18 17.12 1774 17.56
15.65 10.60 15.8 12.56

Ionisation ener y deta For some tris-chelates of Cr(Iiii) and Co(iir)

72 band Cr(ncac), Cr(tfa)3 PZ banad Co(acac)
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ToAd o3 ~ DR e - -
fonisation energy data for some tris-chclotos of n(ZIX1)

Iin(hfa)5 Ln(acac)3
A B C

(9.2) (9.2) (7.22)

10.1 10.03 Oell
10.94L
11.41
ca,l2.3> 12.31
ca,l7el 13.3
RN
, 153
16.2 16.2
17.2 “17.1
18.7

A: ncasured on the spectrometer of ref,

: measured on a PS 15 spectrometer

C: measured on a Perkin-Elmer cepectromeier usinpg a hcated inlet at
132°C.

TIonisation enerry data for some tris-chelates of Fe(III)

Fe(hfa)3 Fe(tfa)5 Fe(acac)3 Fe(dpn%
10.13 el el 7.92
(2.92) (8.93)

11.30 16.-40 9.22 Ge76
12.25 11.26 10.16 9.07
13.5 | 11.k

1L.7 132

15.43

16.18

17.22

10.8
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Ionisation encrry data for Zu(hf.). and Os(hfa).
- 4 7

P band ;«:u(hra)3 OS(bfn)5
Y &.85 3.28
9.07 8.69
A 10.30 10-33
B’ 11.05 11.2h
5 11.65 11.81
C 12.50 12.72
13455 (13.9%)
(14.7)
(15.4)
16.1
17.1
15.7

Owing to difficulties in calibrating the spectrum of Os(hfa)B, the
figures quoted are only relatively meaningful. Their absolute acce-

uracy is probably ca., 0.2 eV,



Chapter five
Internretation of the
ESCA cpectra

Never had any mother? “hat do

you mean? Wherec were you born?

Never was born, versisted Yopsy;
Never had no father, nor mother,
nor nothin’. I was raised by a

speculator.
Do you know who made you?

liobody as I knows on, said the
child with a short lrush......

I ’smect I just growved.

Harriet Eeecner Stowe

Uncle Tom’s Cabin
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ASSIGNMENT OF THE ESCA SPECTRA AND PRELIMINARY INTERPRETATION

In many respects, the assignment of ESCA spectra,
especially in the core region, is considerably simplified
by the very large energy separations between different
ionisation bands, As can be seen from the spectra, the core
regions of all the hexafluoroacetylacetonato complexes look
very similar, with the exception of certain small bands which
are listed in table 5.1 together with the assignment based on
Siegbahn's‘s tables. The kinetic energy of these peaks
ha§ been measured relative to that of the strongest of the
three C ls signals, which was found, in a separate experiment

in the case of Cr(hfa)., to be at 1191 eV KE relative to gold.

3

Since this peak is derived from the QFB carbon 1ls orbital it
is assumed not to vary significantly in KE throughout the
series of hexafluorocacetylacetonato complexes, an assumption

which is justified in more detail below. Table 5.2 shows the

M 2p; ; and M 3s,3p energy separations for the M(hfa)3 series
2y o K

-~

and table 5.3 the main core orbital KE's.

It can be seen that the F 1ls level changes very little
(at least relative to QFB) across the series, such variation
as is observed being well within experimental error, with a
mean KE of 797.5 eV, corresponding to an observed BE of
689.12 0.5 eV, Similarly, the F 2s level has a constant BE

of 38.3 eV. A much larger variation in the 0 1ls level can

s

These tables are nrinted ot the en? of the chanter
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however be seen, the BE diminishing steadily from scandium

to chromium, At first sight, this trend is the reverse of

that expected on simple charging grounds, since we might

expect that increasing covalency across the series, as
evidenced by the UV-PE spectra, would lead to a less negative
charge on oxygen, so increasing the O ls binding energy.
However, the parallel between effective atomic charge and

shift which is found to hold good for organic systems in
general, will not work for metal complexes where intramolecular
potential effects are often dominant. Let us assume, following
Siegbahn et al.,, that the core shift may be represented by

an equation of the form

LE, = kﬁqu + ﬁ‘VA

for atom A, where L is the change in charge on atom A and

qp

oV

A the change in potential at atom A due to charge shifts on

other atoms of the system. Let us also consider a model for

the metal tris chelates in which all the charge is either on

the oxygen atoms or on the metal atom. Let the charge on each

oxygen atom increase by i%i where e is the electronic charge.
>

The charge on the metal will then decrease by *;; . Assuming

octahedral coordination about the metal, and denoting the

metal-oxygen distance by
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If 7 is expressed in Angsters and '\ E, in electron volts

o A
A = Pl - 9 &e
SRR |
n AnT
and, for a = 2A, if k < 22 volts/electron charge, ; ="' will

el -
- e b

be negative. In actual fact -~ will not be a constant, though

‘s

the bond lengths in the mixed oxide phases LaMOé’suggest an

approximate constancy between T13+ and Fe3+, but a sharp
contraction between Sc3+ and T13+. Mn3+ is expected to show
substantial deviation from the idealised octahedral symmetry
as a consequence of Jahn-Teller forces and may be an
ex?eptional case., Actually, a crystal structure of Mn(acac)3
(later refined by Fackler et al.)}showed that, although the
Mn-0 bond lengths are indeed irregular, with one Mn-0 distance
being larger than the other five, the distortion is not very
marked and the mean Mn-O bond length is very similar to that
observed in Cr(acac)3 and Fe(acac)B. For this reason the ESCA
spectrum of Mn(hfa)3 will be treated as the others from an
interpretative standpoint.

The model described above would be inadequate even for
an examination of simple oxide phases, and is quite insufficient
for a discussion of the chelates. This is shown most clearly
on examination of the movement of the various C ls ionisations.
The QFB, CO and QEB, CH separations as a function of atomic

number are shown in fig. 6.9&."~ It can be seen at once that

the CH carbon, which is the most remote carbon in the chelate

* pago



ring from both metal and oxygen, destabilises more rapidly
than the CO carbon in the first part of the series. This
observation (based on the assumption that changes in the QFB

core energy are at most second order) would strongly suggest
that electron density shifts within the ;rbitals are
involved, at least in part, and this information, coupled
with that concerning the O ls shifts leads to a rather
interesting model of the bonding in these chelate systems. We
saw that the He(I) UV-PE spectra indicated a steady increase

in dd’ interaction from Ti -+ {+ suggesting a general

polarisation of the molecule as shown

Vv
<.

However, as we traverse the first transition series, the
occupancy of the d_ orbitals progressively increases. The

7"

electrons in the t type orbitals are known, from spectroscopic

28
evidence, to have quite low nephelauxetic ratios, suggesting
that some d-emgﬁ delocalisation has occurred. It is not
immediately obvious from a consideration of the He(I) spectra
whether 7T — M delocalisation is greater or less than back

d =7 transfer i.e. whether the net effect of 7 interaction

is to increase or decrease the charge on the metal, but we

can invoke a simple model to try to distinguish the
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possibilities. Let the 7 ©polarisation reduce the metal
charge by an amount «% e. Then certainly most of this charge

will be derived from the oxygen to which we must add,for each
atom, a charge i} e. Let the total charge delocalised to

[

the 70 —framework be Tzie. If this is distributed uniformly

%

in the three chelate rings - Y. must be added as charge

-, -

-

to each atom, The oxygen shift will be

13 I3
: 1 i il
o < - - N e
S gtz G Lo _¥Ga i,
o —— - Lo o . ey ¢ v - s SN e
: — S
"~ +
v

i<
lal—(‘) \

where T is the oxygen-oxygen distance, ™, the metal oxygen
bond length, Ty the C-0 bond length, and ", the distance
froe

between O and CH, Putting some appropriate values iﬁfywe obtain,

for k. = 30

SE. = (-2.1 + 3.bx + 2K) S0 e
here K represents the effect of the neighbouring ligands.

For the CH carbon

N o DN e ne .
T e T ST S A S j
DR [ - oo - e ; \
z- . Ny e e s P T G
1K mooLT e PR L
.

” . e

where 1, is the C-C distance and 7'3 the CH-metal distance.

Putting kC = 20 we obtain

- (- - L)
Eoy = (-2.2 - 0.3x) re+ Lore
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and for the CO carbon

Bog = (=1.3 + 0.6x) ‘;-f» e + . e

It can be seen that the model, crude as it is, does success-
fully predict that the movement of CO will be substantially
less than that of CH (for simplicity, the CO-metal distance

14

/
has been put equal to T™_ and K , K assumed to be approximately

3
equal).

Since the ls energy shifts of CH and CO are approximately
equal, and K> K , we predict that x<¢ , Thus the ESCA spectrum
would seem to indicate that ¥ -bonding also involves ligand-
metal charge donation, and the destabilisation of CH can be
seen to be a consequence of the falling potential on the metal,
and the fact that ki < Kk .

Let us consider these ESCA trends in more detail. For
Sc(hfa)3 two effects will operate. The UV-PE spectrum (and
the observed bond length) indicate that bonding to the 4s and
Lp orbitals is more important in scandium than in later
members of the series and secondly, there is probably a
substantial contraction in bond length between scandium and
titanium. In addition to this contraction, which will have
a general stabilising effect on all the ligand orbitals, there
will, at least Jjudging by the UV-PE data, be a substantial
increase in 7 -covalency which will operate in the reverse

direction, destabilising the ligand orbitals. However, the
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FIGURE 5.2b
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ESCA spectrum shows that the net effect of replacing Sc3+

by Tiot

is to stabilise the CH and CO 1ls orbitals relative

to QFB and to destabilise the O 1ls. Our model cannot easily
account for this behaviour since, if the stabilisati on of the
O 1s orbital on contraction of the M-0 bond is V volts, then
that of CH will be \Z volts, whereas increasing the covalency
will affect both in the same way and to}the same extent., The
simplest possibility is that the contraction in bond length

has lead to a very substantial % and ¢ polarisation of the

ligand framework towards the central metal, of the form:

The effect of this will be to stabilise the O ls by an amount

1O
\
l
Gy

- V/u.\
Y,

where the first term is the stabilisation due to the bond

contraction AF, and }/Lﬁ} is the (positive) potential charge

due to the denuded carbon region. If 5;-‘ﬂ;&_, a2 ,'r”13¥

and Or~0D- y we must add 1.3 - 21% eV to the oxygen ls cnergy

and, for the CH energy 13%_+ 0.5 eV sl.ould be added. Let the

destabilisation of both levels arising from increasing covalency
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be y volts, then

(o

-y + 1.3 -~ 21 -0.3

-y + 137 + 0.5 = +0.4

which solve to give 6_-” < and y = +0.6 eV; that is, the

-

-

covalency increase calculated on this simple model is
substantially greater than the mean increase between Ti(III)
and Cr(III). This again points to a qualitative change in
the type of bonding, though uncertainty as to the value of

9 makes this only speculative; a value of 2 ~ 1 leads to

v = +0.45 volts. Actually this latter value fits very well
wi;h the UV-PE data since, if we take the separation of bands
B/ and B// as a measure of covalency, then the increase in
this splitting between sC(hfa)3 and Ti(hfa)3 is about 50%
larger than the mean increase between Ti(hf‘a)3 and Cr(hfa)B.

If we consider the next three complexes in the series,
some interesting irregularities are observed. Essentially,
V(hfa)3 is less covalent than might have been expected by
extrapolation from Ti to Cr, Thus, the destabilisation of both
the O 1s and CH ls orbital energies is less than that predicted
assuming a uniform increase in covalency, that of the 0O 1ls
especially so (though the error in this measurement is fairly
large), and the splitting of band B in the UV-PE spectrum is

also small. This trend is reflected in the sum of the first

three ionisation potentials of the free atoms which are
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bh.1 eV for Sc(III), 47.9 eV for Ti(III), 50.7 eV for V()
3’

there is, in addition, a small increase in bond length between

and 54.3 eV for Cr(III). In the ternary oxide phases LaMO

Ti and V which will contribute to both the observed ESCA and
UV~-PE trends (if it is reflected in the tris-chelate bond
lengths). The origin of these effects probably lies in the

changes in Z'-bonding, the extent of 313 e?tzg donation being

less for vanadium since we have two distinct effects - a

stabilisation of the tZg orbitals across the series, which

leads to an increase in tzg/if interaction, and an increase

-«

in occupancy of these t orbitals, which, for a given extent

2g
of interaction, will have the effect of increasing back - -
donation to the ligand., It appears that this second effect is
more important in vanadium(III) than in either Ti(III), where
the t2g occupancy is too low, or in Cr(III), where the
increasing electron affinity of the t2g orbitals has offset

the larger occupancy effect. Passing from V(hfa)3 to Cr(hfa)B,
there is probably a slight bond contraction whose net effect
would be to stabilise certainly the CH carbon and possibly

the O 1s orbital, but these effects are substantially over-
shadowed by a large increase in covalency probably involving
both o and 7, donation to the central metal atom,

The irregularity found at Mn(hfak,might be a manifestation

of the Jahn-Teller distortion of the tris-chelate. However
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the oxygen ls peak is not noticeably broadened in comparison
with the other chelates and a more likely explanation is that
for the first time as we traverse the series, the main d-
antibonding level e%g has become occupied. This orbital is
very much more delocalised over the ligand than is the t2g
orbital, and the result will be, in effect, to lead to a

more "ionic" complex than might have been expected. This is
analogous to the explanation of the behaviour of V(III) put
forward above, though the effect is magnified considerably
by'the form of the e§ orbital., The only band to show
significant movement between Cr(hfa)3 and Mn(hf‘a)3 is the

CH ls orbital which has stabilised, suggesting that some back
donation from the eir orbital to ligand Ifﬁ* (mainly C-0 anti-

bonding) has occurred, since this orbital has a node on CH

which will therefore not be directly destabilised by charge

shift mechanisms.

The expansion of bond length for open-shell d5

oo

systems

is not very marked in the tris-chelate seriegt though it will
lead to a slight destabilisation of all the levels, Increasing
¢ -covalence will also destabilise the ligand levels, and this,
when coupled with the increased electron affinity of the d-
orbitals in Fe(III), is presumably a major source of O 1s

destabilisation as compared with Mn(hfa)j. The comparative

immobility in the carbon levels is more difficult to explain,
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but is probably compounded of the decrease in potential

from the central metal (which will be quite large) and an
extensive charge polarisation in the ligand towards the metal,
caused by depletion of < electron density at the oxygen
atoms (which, as we saw above, will tend to stabilise the
carbon atoms). Since the delocalisation of the eig electrons
will cause the metal potential to decrease at a rate less fast
than expected, the ligand polarisation effect becomes more
significant than for earlier members of the series, where it
was swamped by the covalency effect. The substitution of
suitable parameter values into the model discussed above
supports these qualitative deductions very well.

If we now consider the valence region above 1448 eV KE,
it can be seen to be very similar in all the first row complexes.
The initial observation that the M 3d electrons had apparently
only a very low cross-section in ESCA was somewhat surprising.
Subsequently, several studies have indicated that the M 3d
cross—-section is in fact strongly dependent on the ligand. Thus,
the metallocenes all show a strong 3d signal which, in the
latter half of the transition series dominates the valence
region and the signal showed a steady marked decrease in
intensity in the iso-electronic series (d6), Fe('Cp)Z,

(7Cp)Mn(CO), and Cr(CO),. To try to identify the peaks in

3

the valence region, the spectrum of Ru(hfa)3 was also run, and,
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as can be seen, the larger cross-éection of the M 4d orbitals
enables the main d-band to be clearly seen. Comparison with
the He(I) spectrum indicates that the peak (k) corresponds

most closely in energy to the strong UV-PE band at ~17.2 eV
BE. Support for this comes from the observation that the
mo&ement in BE of band (k) and the intense UV-PE band at

ca, 17 eV parallel one another quite closely through the whole
transition series., However, it should be borne in mind that
peak (k) will be sensitive to the difference between vapour

and solid phases since it almost certainly originates, at least

in part, from ionisation from some F 2p non-bonding lone-pair.

Tt
o

If we consider the CF3 grouping in a molecule such as CHFB’
three main peaks may be seen, correspondirg to (CZs + FZQ/),
(cas + FZpd), F2p(. The separation of the first two bands in
CHF3 is 3.9 eV, which corresponds quite well to the separation
of peaks (u) and (v) in the ESCA spectra. The band (k) is

much. broader than either (u) or (v) and its separation from
these two bands is rather larger than that between the (al + e)
bands and the intense e band at 17.25 eV in the He(I) spectrum
of CHFB' This may be because band (k) includes unresolved C 2s
components, and possibly the lower energy F 2]_:)7r (a2 + e)
components. If this is correct, band (k) will not correspond

exactly to the UV-PE band at 17.2 eV in hexafluoroacetylacetonato

complexes. Further evidence that this is so comes from an
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examination of the free~ligand, which shows an intense
UV-PE band at 20,92 eV BE. This mustvcorrespo‘nd to band (v),
and so band (k), separated by 4.5 eV from (v) in the ESCA
spectrum of the free ligand, will be at 16.42 eV BE. It
follows that the mean Ru 4d BE, as measured from the ESCA
spectrum is ~ 9,3 - 9,4 eV, strongly suggesting that band A
in the UV-PE spectrum corresponds not only to ionisation from
the 5?5 orbital but also to the d-ionisations to yield 1T2
and <E. This use of the ESCA spectra in assigning UV-PE
spectra has proved especially powerful in the case of the
meéallocenes. R

The relative intensities of bands u, v and k are rather
difficult to understand., The ay band in CHF3 at ~ 24 eV is
probably predominantly C 2s, so that band u Presumably
corresponds to these two C 2s bands. However, comparison with
the ESCA spectra of the metallocenes, discussed below, shows
that the C 2s cross-section is rather small and C 2p cross-—-
section negligibly so, in comparison with F 2p and O 2s. It
follows that band u must also contain substantial F 2p
character, i.e., that there is extensive mixing between C 2s
and F 2p in hexafluoroacetylacetone. Now the chain of five
carbon atoms will interact to yield, for the C 2s orbitals,

five MO's of symmetry 3a + 2b., The b symmetry orbitals interact

substantially, generating two energy levels, the lower one of



which will probably be under band u. The other may be obscured
by band v, but an examination of the valence region ESCA

spectra of the metallocenes suggests that these C 2s interactions
can be very large, presumably via through-bond mechanisms, and

so the upper b level could equally well be under k, The three

a levels, derived as shown in the MO diagrams will interact

to generate a low bonding level, presumably also under band (u),
a middle level which will be moderately bonding and an upper
antibonding level. The complete scheme shown in the MO diagram
is speculative but, from an examination of a number of ESCA

spectra of simple hydrocarbons, quite reasonable on energetic

grounds.

.
5
L

1¢

[t
v




(152)

It should be noted in passing here that an orbital interaction
model clearly does not provide a suitable rationale for

these splittings unless the complete bonding scheme is taken
into account; in other words, this splitting cannot be
explained on the basis of s-s overlap.

The movements observed in bands (u), (v), (k) and also
the He(I) PE bands parallel those observed in f5 and are
discussed in detail below., They provide a remarkable
confirmation of the fluorine-effect discussed above. The
ot@er valence region orbital, derived from 0 2s, is unfortunately
a rather ill-defined shoulder which seems to vary somewhat
randomly in energy down the series. However, the accuracy of

measurement is only ~0.3 eV with respect to F 2s so that

further discussion of the band is not warranted at this stage.
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EXCHANGE EFFECTS

An examination of the metal 3s region of the transition
metal complexes discussed above shows that a distinct splitting
of the 3s band into two components may occur, the component
at lower binding energy always being the most intense. The
phenomenon is restricted to open-shell systems and depends
critically on the metal and on the total spin., It was first
noted experimentally in the gas-phase spectra of oxygen and

nitric oxide and was explained as a spin-coupling effect. As

explained in the supplementum, if the total spin of the ground-
state molecule is S, and the orbital symmetry T’, ionisation of
an S core electron can generate two states |S +-%,Tq>‘ and

S - %,'T>. by removing respectively the antiparallel and
parallel spin electron from the 5 shell., For simplicity, let
us assume that the unpaired electrons in the ground state are

4 .
all in the same subshell, whose components are ‘Ei’ and consider

the situation in which no spin-pairing within the '/ . occurs.

Then the ground state may be written

U R AR AN A

“- O

2 . .
where § is the core $~shell and C the continued product
of the closed-~shell orbitals.

The ionised state, of total spin S + 4+ has the wave—fupction

Yls+g> = [s7CVTvD
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and energy El = E -(ch - K _) + interaction terms with
—¢  fs <o
c’ ) J K
+ -
':/—. 3,~ g YL XJ’
[ I

Similarly, the state of total spin S - % may be written

s - o r _
4 .

. } :
i i — -’ LN . R ol e T
wls-x)> = { ~ TV ‘A.Svia’,--?fr-'v'ff/) NESTEVAN

and its energy is E2 = E;L(Jt$— K%S) + interaction terms with
¢’ + EZ_ J . -K__+ 273 E: <
i< “} ¥ b')_ L v \“"'LS

Now, since the S orbital has spherical symmetry within the

point group, it follows that KX'S has the same numerical value
for all ¢: , and so
- __\
E, = E + (n + 1) KYS = B, + (25 + 1) Ky, (5.1)

since n = 25, Trivially, the same expression can be shown to
hold for a more than half-filled shell, If we have two partiy

filled shells, of spins S and S’, and symmetries Y and/g )

then the expression becomes

. -
¢ )
~

N
“la b
S [
~

!

K

i
-
‘\

o

(5.2)
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Consider the value of sz; it may be written
NN ci:, cL:\r}

where the spins have been integrated out. Since }Y} is a
valence MO, it may be written as a linear combination of metc?
and ligand orbitals, taking the general form

1Y = aldd + e, |l
where i£>-is a linear combination of ligand orbitals of L

symmetry. It follows that

K\(‘ =\°‘-\ ’< +\6k1$ KQ +oa, CL-.:‘S(J)OQITUUVAOL"J”L

~ A
s -

+q o, S\) )Qk*,-.. o\,\llf.‘_h/o'{«'r
- T

iz

~

and, if we assume that the cross-terms and KB are small, then
we have
N = cA.
Kbs ! ds
so that the measured exchange splitting gives a direct mcas. e
of covalency. There are, however, some cautionary obscrvaTici-

we must make;

(i) it may be that the cross-terms are not negligible, and

)

the effect of neglecting them will depend on the rciativ
phases of ligand and metal orbitals.

(ii) the basis orbitals used in such an LCAO method are no<
identical to the orbitals found in free atoms. (Mow ti.c
difference may not be very great since nephelauxetic

ratios observed for simple metal complexes are rarecly
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very different from unity. In the simplest possiblc
formalism of course, ai should be equal to the scuare-
root of the nephelauxetic ratio, but this will on.y be
true if metal-ligand exchange integrals are negligble
compared to those observed in d/d exchange terms).
Two mechanisms for the reduction of sucﬁ exchange intcorals
from the observed free-ion values have been suggested. T
covalent delocalisation discussed above, which Jdrgensecn
termed "symmetry-restricted covalency" and a second, ratliicr
more subtle effect, "central field covalency", which arises
because, as the charge on the central metal ion is reduced by
covaiency, radial expansion of the d-orbitals occurs, to
which de will be especially sensitive, far more so, in «ll
probability, than Kdd' Thus, our results may not bear any
close quantitative relationship to such methods as super-—
hyperfine coupling, which only measure symmetry-restricteu
covalency.
Table 5.4 lists the exchange splittings for the compourni.s

studied in this thesis, and for a few others for comparison.
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free ions, the results are very much more surprising, since

for both FeIII and MnIII, de values for the free ions are ca.
2.5 eV. Clearly, symmetry restricted covalency can be
calculated from hyperfine-splitting data, and, for the first
row fluorides, the value of ai (S.R.) is 0.8 to 0.9, indicating
that K)S should be about 2.0 - 2.3 eV. The very large
difference between this value and those actually observed

must then be a central-~field covalency effect. The reason

why de should be so sensitive to this is not difficult to
see, since we know that for the free ion, the 3d orbitals
should show pronounced sensitivity to external charge. Sirnce
the 3s orbital is relatively contracted and concentrated about
the nucleus, the extent to which its charge distribution
overlaps with that of the 3d function will increase very much
more rapidly as the 3d orbital contracts than do the inter-
electronic repulsion integrals within the d-subshell themselves.
Unfortunately, the calculation of such multiplet splittings

is extremely difficult in molecules, since they are hole-statec
calculations depending for their success on the absence of
significantly overlapping states of the same symmetry which
can be generated using the given basis? However, it would be
interesting even within the RHF framework, to calculate de

for various oxidation states of the metal, to see if a

pronounced variation is seen in its value.
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If we examine the actual values obtained for the
hexafluoroacetylacetonates, confirmation of our deductiions
concernlng Lho covaloney of' Lhoso chiolalon enn Lo obbodnod,
10 wo anmmme Lhat. Lhoe mnJor roductlon o Lho oxchange inlogral
is a cenlral [ield eoffect, then it is not surprising Lhat UL
average exchange integral observed for Cr(hfa)3 and Mn(hfa):3
is about the same, and is significantly larger than that for
Fe(hfa)B, where the charge on the central metal is knownto
be less. It would be very difficult to explain, on the basis
of symmetry restricted covalence alone, why, for Mn(hfa)B,
Kté:z Kes’ whilst Kes is apparently much reduced in the case
of I"o(h(‘a),}. Ilowovoer, an cven moro cogent argumont for contlral-
ficld covalenco comes from the metallocenes. 1Lt will bo
observed Lhat Lhe splitling of the V 3s band in v(mcp)2 in
only slightly larger than that of the Cr 3s band in Cr(ﬂCp)z.

If we assume that the electron configuration of Cr(TECp)2 is

a e3 then, using equation 5.2, we obtain the wvalues

172’

K = 1.8 eV, K = 0.15 eV
a,s e,s

and, for Mn(me)z, using the equation

. ) y o K
A = {Q,g —|.} ‘f(:-'-”i—"/} |<‘.‘1“ \ Sl"_)‘l-"g. ,_(’ ‘_} ]/\('lt" I._%)‘“ Y . 'B'l\ o
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These extraordinary results have been confirmed by other

A
i

research groups, with slightly less extreme values, and are
clearly incomprehensible within the symmetry-restricted
covalency model, since the ei(d) orbital is known to be that
chiefly involved in the bonding, and hence most delocalised
over the ligand, a result strongly supported by the ESCA shift
data discussed below, Furthermore, the value derived for

Ke1s of 0.95 eV should lead to a clearly resolved splitting of
ca. 3 eV in Ni(nCp)z; however, there is strong evidence, from
t%e observed shake-up structure (see below) that Mn(Tth)2 is
quite ionic compared to both Cr(TC'Cp)2 and Fe(ECp)z, suggesting
that within the central field effect, the apparent value of

Ke s is emhanced. There still however remains the problem

)

of the smallness of Kezs for which two explanations may be
suggested
(i) some cooperative effect is operating so as to reduce

the splitting in V(‘TECp)2 or, altermatively, increase that
in Cr(WCp),. Little seems to be known about the
magnetism of condensed phases of the metallocenes, but it
is certain that Mn(Tth)2 is an antiferromagnet in the
solid state at room temperature. The fact that
notwithstanding this, the observed splitting is quite

consistent with a spin-free complex, suggests that such

cooperative effects have little influence on the local
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exchange integrals.

(ii) Radial expansion of both the al(doQ and el(dn) orbitals
on the metal is constrained by geometrical and overlap
considerations, but, owing to the "sandwich" shape of
these molecules, there is mno such constraint on the
ez(dS) orbital, which may differentially expand in such
molecules, providing a large measure of the central-field
covalency. If this is correct, then such sandwich
molecules are indeed strange, and further evidence from
UV and magnetic work will have to be sought.

In both cases, there is nothing to explain the apparent
total absence of exchange splitting in Ni(Cp)z. Measurements
of the width of the Co 3s band of Co(’NCp)2 (where no splitting
is observed) and the Ni 3s band of Ni('lth)2 showed that the
latter was only ~ 0.4 eV broader. If 0.95 eV is an upper
limit for Ke,s’ a lower limit from this measurement would be
0.4 eV. However it should be remembered that Ni(TCCp)2 is
very covalent (even the LF nephelauxetic ratio is less than
0.6) and the 3s orbital at 100 eV binding energy is probably

very small, leading to a much smaller exchange integral with

the valence d-orbitals,
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Satellite structure

It has been observed throughout a wide range of ESCA
spectra that the main core binding peaks are always
accompanied by smaller satellite peaks on the low BE side
and frequently also on the high BE side? The former tyﬁe

satellite is easy to account for, since an examination of

of

the

energy distribution of the exciting Al K, radiation shows the

presence of low intensity, high energy components arising

from

the 2p — 1ls transition in multiply charged aluminium atoms.

Thus, fig. 5.17 shows these satellites for the Hg 4f bands,

and the so-called K°L3 and K°‘4 satellites can clearly be

seemn,

However, the high BE satellites cannot be explained in

this way, since their energies and relative intensities vary

from band to band, and hence are apparently an inherent part

of the ESCA spectrum of the compound concerned. Fig, 5.1%*

shows these satellites for the C 1ls band of Ni(rth)2 and

considerable structure can be seen at once in this spectrum,

The first satellite spectrum to be exhaustively investigated

g
was that of Ne 1ls in the gas phase, where three types of

transition can be distinguished:

(i) Discrete energy loss processes; an electron ionised

from atom A is scattered inelastically by a different

atom B, inducing a transition of the form 2p-— 3s in

B and losing itself the corresponding energy. Such

*W%
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transitions are easily characterised in the gas phase
bY varying the pressure, but may be very difficul% to
distinguish in the solid state from types (ii) and (iii)
below.

(ii) Shake~up processes; dinteraction of the atom with a
photon may lead, with rather small probability, to a
two electron process of the form

Ne(1522s22p6) + AV -———9'Ne+(ls2522p53p) + €
where the energy of the electron is given by
hv- I, - E(2p—>3p), and E(2p —3p) is the energy
necessary to induce the 2p — 3p transition,

(iii) Shake-off processes; these clearly resemble type (ii)
but involve the simultaneous ionisation of both the core
electron and a valence electron as

Ne(lsz2s22p6) +Rhv — Ne2+(152522p5) + 2¢”
Both types (ii) and (iii) are pressure independent.
Investigation of such satellite bands in the solid-state
is more complex since cooperative phenomena can also give rise
to inelastic scattering. Thus,mmny core orbitals in metal
phases show extensive satellite structure due to plasmon

Erocesses?g A positive hole created in an electron sea causes

the rapid relaxation of the sea towards the hole. However,

this relaxation tends to overrun the neutralisation point

creating a sort of negative hole from which the sea is repelled.
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In this way, a harmonic oscillation is set up in the electron
gas, the associated waves being termed plasmons by analogy
with the similar oscillatory behaviour observed in plasmas.
Certain crystals can also set up rapidly moving exciton waves,
especially on or near the surface, which, although probably of
very short duration, may interact with outgoing electrons.

The only way to determine whether such cooperative effects
are significant is to examine a sequence of iso-structural
compounds; if only one or two exhibit extensive satellite
structure, then the most probable origin of this is intra-
ra;her than inter-molecular. In the latter case it becomes
of some importance to find a suitable mechanism whereby such
two-electron processes can occur, which, in turn, raises the
question of how rapidly electron relaxation actually occurs
in core ionisation. No clear-cut answer to this question can
be given at present and, for this reason, the theoretical
analysis below is unavoidably speculative. Elementary

Y

considerations suggest that valence electrons will relax much

-
more rapidly than core orbitals however, and Snyder, and later
Bagus and Schaefer?Zuggested that the best description of core
ionisation would be to generate, at least over the time scale
of the ionisation process, a localised core hole, In other

words, the very concept of a Koopmans' ionisation from a

molecular orbital cannot be applied to core ionisations, since
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the localised orbital will not, unless the atom is unique,
be a symmetry adapted eigenfunction of the total molecular
Hamiltonian, This implies that core ionisation will in
general destroy the symmetry of the molecule, permitting
mixing between otherwise orthogonal occupied and unoccupied
valence orbitals.

Taking this as a reasonable physical basis, three
possible mechanisms can be formulated, all of which may be
important in any given core ionisation, They are the“sudden
approximation: internal scattering and various CI (configuration—
interaction) mechanisms.

(i) The sudden approximation.?}

Consider a wave-function jy;(%;.._:(“) and suppose
that the Nth electron is suddenly removed as a photo-
electron. Then, as the photoelectron recedes, the
wave-function alters in such a way as to take on the form

of an eigenstate of N—-1]1 electrons, If this is denoted

by gdw(xﬂf.xxn,,) we may expand the wave-function as

Vs (o) = T {anl R v (B7%) g (%%, ) b

where X is the coordinate of the photoelectron, lrfh,xj
“~

its wave-function and an(k') the coefficient of the
expansion into the complete set of functions 1rﬁ1n.

If we put

"}o = Jv*(k‘x) 'ly‘o(x,---xN_‘,'x_) ol
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and assume that V is suitably normalised, then
/ 2 AT A
‘anl = Pn(k) = {<$al [ 2
Normally, the approximation is made that

#
— .

v, AR
L. Ay - J}N E' E)uy Llﬂ')l,\L (- Xy %0 »‘r,)

where ‘X is some suitable function. Then
n/
ig = )(<’Wlux‘>

B (

7

| ‘<‘J'5 7Ff(?’u‘5‘
j ey d i'A)L

i

Clearly, there will be one term, ﬁ. y in the expansion
which is very close in form to 7( ; this is the ground-
state term, and for this Po(k) will be close to unity.

The probability of any shake-up occurring is then

1 - Po(k), and the remaining ¢n may contain one or more
valence electrons excited into previously unoccupied
orbitals, The theory suffers from some disadvantages
however, the major one being the physical diffiéﬁlty
experienced in understanding the time-ordering of the
problem, Clearly, the approach will work best if &5?
is large, when the selection rules will be those for
monopole transitions. However, if we ionise a core-

electron from one of a set of equivalent atoms, then such

monopole selection rules do not apply, and we can obtain
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formally forbidden transitions, as Hillier et al. have
pointed out. Perhaps because of ease in computation,
the sudden approximation has been extensively investigated,
and, as a result, is no longer regarded (save for
individual atoms) as more than indicativgf Quantitative
agreement has not been very satisfactory in the study of
molecules both in the prediction of the positions of
shake~up bands, and in the calculation of their relative
intensities,
Internal scattering.

An electron ionised from a core orbital will travel
outwards from the centre of the atom, and, on its way
out, may interact inelastically with the valence cloud
of electrons, losing itself a quantum of energy. According
to the first Born approximatiogﬁ the probability that the

outgoing electron can induce a transition from state

Pn) to state Pﬁ) is given by

; : NSRS/ 1
T o brg | W Bt [ bl sl
(Y
2 7
where V(r, R) is the interaction potential %,:r’a' ’

k is the initial momentum of the electron in direction
ng and kmn the final momentum, having induced a transition
m - n. Since we have assumed a plane-wave form for the

photoelectron, which is grossly approximate, the energy
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conservation law tells us that

2 1
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However, for X-ray photoelectron scattering, we have,

in general, lEn - Em}<< k, kmn’ sSo approximately
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If we now expand the exponential in a multipole series,

we obtain
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and the first term can be seen to be related to the

first term of the sudden approximation, and the second
term is a dipole contribution to the scattering. Clearly,
the derivation is inadequate since, from the discussion
of time dependency above, ﬁ%’ and éhL are strongly
varying functions of the time. It might be justified

to expand éw in terms of the initial wave functions

and %n in terms of eigenfunctions of the ion state,

leading to a very general formulation of satellite problem
intermediate between that of the sudden approximation,
and the CI mechanisms discussed below, However, one very
important consequence of the scattering formula should
be noted; namely, even if relaxation is very small, so
fhat the integral (#hlf%k) vanishes by orthogonality,
shake-up may still occur by a dipole mechanism, which may
be equally important in magnitude as the normal shake-~up
mechanism, since, within the CGS system of units,‘§£¢ 107
and the integral will be non-zero over a few angstroms,
having the value 10_8.
Multiple CI mechanisms,
The wave-function for the ground state will not,
in general, be adequately represented by a single Slater

determinant, but should be written as a sum of such

determinants
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where I, is the uncorrelated wave-function. Consider
ionisation of a core orbital c, leading to a wave-

. te o+ . . . .
function < ', which again may be written as a linear

combination of the stationary states of the ionised

system
+ :
SE P . W
— = —-n3 “."ZL ClSo: W

The dipole induced transition probability between these

two states is given by the usual dipole matrix element.

1+

However the discrete state i is given by a similar

expansion
+ + ot 1y
J . .
_J./;-S = iy " G as 4’_;— , st-"iso
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where we have ensured that is orthogonal to the

=

ground state, Then,
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which compares to the sudden approximation value of

la;LH(c {/(I {/’ﬁl>il assuming that -’—/L has unit overlap

and 41; zero overlap with j;* . If this is not so,

we obtain
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where, the sudden approximation term is seen as the
first term of the series. In other words, at this
higher level of approximation, the configuration inter-
action theory automatically contains the quantity a
discussed above,

Certain symmetry arguments are apparent from the above
discussion, Firstly, it is clear that f;'.f;r> and El";b > must
have the same symmetry for the leading term of the sudden
approximation not to vanish identically. This leads to the

somewhat unfortunately named monopole selection rules of

Siegbahn et al., derived originally for the limiting case of
very weak orbital coupling between core and valence levels.

Thus, in the case of neon, where coupling is unimportant,
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removal of the 1s orbital to generate ;:} gives a 2S state,
and, monopole selection rules demand that all states

attained by shake~up, will also be 2S, arising from excitation
of the 2p orbital into an np orbital. Should any state such

as 152522p5

3s (ZP) arise, this must be treated, within the
sudden approximation, as 2p ionisation, followed by shake-up
of the 1ls electron., That this particular picture is not
especially physically likely goes without saying, and such
states are perhaps better considered as arising from a dipole
scattering picture or possibly, as we shall see below, a
gr;und state CI mechanism,

If, however, an orbital not of s symmetry is ionised, the
shake-up structure obtained will depend strongly on the
magnitude of orbital interaction between core and valence shells,

In the 1limit of zero interaction, valence monopole selection

rules will be obeyed, but, if interaction becomes significant,

a more general type of possibility can arise., Consider the gas,
Argon., Ionisation of the 2p orbitals can generate 2P3 and

] %
2

P, states, whose wave functions take the form
2

JORRER S o} S
/ . ’,.> z [z 1.3 +.2 fy— 2.4 -
l_ri: (1) 2 VE :?*"tFoP-t>+\’§ H’*lf’bf";>



(175)

Consider now shake-up arising from valence~region transitions.
We saw that, for ionisation of an $ orbital, shake-up arising
from p -2 p transitions could occur, giving lfkkb>‘ ”35

which coupled with the 28 hole state to produce two 2S states.
For ionisation of a core p-orbital, the p —> p transition can

1,3 2

generate S, P and D, all of which can couple to the “P

hole, generating, in all, six 2P states, These correspond to

the true "monopole" processes p —> np, but consider the p— s

transition, generating 1’3P

2

. This also, on coupling to the

P hole, can generate two 2P states, the overall transition
ob;ying monopole type selection rules, though it would appear,
at first sight, to be induced by a dipolar mechanisq. It is
important to note that we have implicitly assumed strong spin-
coupling throughout this section.

Within the sudden approximation, the extent of this
orbital angular momentum coupling effect can be seen fairly
easily if we partition the valence excitation into the monopole
allowed transitions for the valence shell and those only allowed
by coupling with the core shell., In the former case we obtain,
for argon, only those p —> p transitions which are 1s -91’38.

This can be seen from the form of the wave-functions for

L:3p, P and s

2 2—* ,+
Ip(2) = |[HE e >
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If these are coupled with core orbitals, and interacted with

A

-~ , only in the case_ of the 2S state do we not need to
v}

permute core and valence orbitals to obtain a non-zero overlap.

In other words, to obtain shake-up to 1’38 states derived from
the p —> p excitation, the sudden approximation coefficients

are derived from integrals of the form
ad 1 - ! - */ 0 !
< P—H (w'e)’ P_H b«n : %)f,‘(w{j' -!’l - ;‘)bl ) (A)

where the primes refer to stationary orbitals in the ion
state, For the other states nominally accessible by sudden

approximation excitation, integrals of the form

- + - - 3
<b+l {we}, i’-n {’ﬂ l h,’, . ;7_;‘ (W’Q\)‘ f,_}: S (B)

must be evaluated., As these are dependent on overlap between
core and valence orbitals, they are presumably substantially
smaller numerically than those of type (A). Thus, although

such states as 2P(p(core); l’3D(valence)) are accessible, the

sudden approximation suggests that they will not be realised
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with any significant probability as a general rule., Within
a CI framework, the conclusion would be that correlation
involving excitation of core orbitals is substantially less
important than that involving valence orbitals, a conclusion
borne out by calculation,

Thus, save in highly exceptional cases, the monopole

selection rules should apply to the valence shell in isolation

and it .is in this form that it will be used.
A shake-up mechanism which may prove important in a
limited number of cases is that through ground-state CI, If

this is significant, the ground-state will be written

ook
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A
If now, relaxation is unimportant, <-—b ;;1T,>'z 0 and the

e

probability of ionisation is
REMERINCE N

One point must be made about this formalism; it is that

only under very particular conditions can it be of paramount
importance. In closed-shell molecules, Brillouin's theorem
will operate and the mechanism can, for core ionisations, only
give doubly excited shake-~up structure; secondly, for core
ionisation, unless the molecule has undergone relaxation, the

integrals will vanish in any case, since, under these circum-

+
stances, the ion state attained will be Xi= ¥~ s 4t
and
+ .yt + Lyt - + + +
(L *‘“r-&lruo Gl > = {4 (f"-m)_c‘s<¥;]}{;§>

P .
v <O za> - e it

and since relaxation has not occurred, this integral vanishes,
Thus, the mechanism is only likely to be significant, in closed-
shell species, if ionisation actually occurs from an orbital
involved in the CI, and will hence be of primary importance in

valence region ionisation.

An interesting test case is provided by the UV-PE spectrum
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of mercury vapour, illustrated in fig. 5.18. The ground

1
state is 5dlo6s2, and strong mixing under CI with the S
state derived from 5d106p2 can be expected, giving a ground

state wave function of the form

£ [0 qlens

Now, photoionisation may yield the states 5dlo6s;28l and
2

5d9652;2D;,2D

%' directly, but, as the spectrum shows, there
are two further bands, not attributable to additional lines
in the helium lamp, or to any obvious impurities, which are

found at energies corresponding exactly to the 5dlo6p;2Pl,2%/
2 2
states of Hg+ as given by Moore. It is difficult to explain
this easily by CI in the ion state, since the 2P1 3 terms
2y o
. . . 10 2
cannot mix directly with the [d ],s S; ground state of
p3
Hg+, and would therefore be expected to have only extremely

small coefficients, and so we postulate a mechanism of the

form above, the relevant matrix element being

CalP i b G KRG 116> il

Note the difference in form of this integral from the usual

CI matrix element, in that the dipole part does not involve

the orbital (ionised) from which we have reckoned the shake-
up. An oddity about this mechanism is that the intensity ratio

for the two satellite peaks, which should be as the
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Mercury

18 15 14 12 10

FIGURE 5.18

BE




(161)

@»-degeneracies, is experimentally inverted. However, although

no interaction is possible in first order between the ZPL and
2

2

D;’ states, their extraordinary proximity in energy, coupled
Z

even by weak, second-order interactions arising from the

St

electromagnetic field, may enable some intensity borrowing

to occur, giving the zPl state an anomalously high intensity.
2
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Satellite structure in the metallocenes

Satellite structure on both the metal 2p and carbon
ls peaks can be seen in the metallocenes, the former being
found only for Mn, Ni and, weakly for Co(ﬁCp)z, though C 1s
shake~up is observed for all the compounds examined. The
essential qualitative difference between the two types of
atoms is that asymmetrical relaxation may occur around the
carbon atom’ls hole, as this probably behaves as if it were
localised?rbThe result is to substantially lower the molecular
symmetry permitting, even within the sudden approximation,
shake-up to states not having the symmetry of the ground state.
For ionisation from the metal orbitals however, the number of
possible transitions is severely limited within the sudden
approximation since the molecular symmetry is retained. In an
isostructural set of molecules we can assume that symmetry
restrictions on shake-up intensities will remain constant across
the series so that we can make meaningful comparisons between

the different members,

The details of the satellite behaviour are given in table
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latter could, in principle, be tested by examining the
gas-phase ESCA spectrum, but technical difficulties have
prevented this). Both scattering mechanisms, especially
that involved in an intermolecular process, involve
dipole mechanisms, depending on integrals of the form
<r[*{zieigf> which are likely to be large only if eig
is delocalised over the ring, a possibility which is,
however, strongly supported by the chemical shift data
discussed below. If, on the other hand, the mechanism is
CI, then the coefficients will be determined through
integrals of the form <:2peig H 2p-* >, which again will

be large only if there is significant delocalisation of

the e¥ orbital. Actually, for D@(TCp) CI with the

1g 27

HS&SFMI forms will involve only exchange integrals of the
form <2peigk*i*2pf>mﬁhich are presumably rather small, so
it may be that only spin-uncoupled shake-up is significant
in this case.

On this basis, the high intensity of the shake-up
in manganocene is a consequence of the extensive delocal-

isation of the e¥ electrons in this compound onto the

1g
ring. This would possibly explain some of the peculiar
features of the chemistry of manganocene. It is clear,

for example, that this delocalisation of essentially metal

electrons will lead to an apparently high ionicity as
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compared to its low-spin neighbours Cr(f'”Cp)2 and
Fe(f/,Cp)2 where the metal electrons are in non-bonding

or bonding orbitalé%ouThis delocalisation does not
require vacant acceptor orbitals on the ligand, but is
simply a consequence of electron sharing as a means of
chemical bonding. This large delocalisation also leads
to a large nephelauxetic effect, which, together with
the larger spin-~pairing energy in manganocene, as
compared to chromocene, is apparently Jjust sufficient to
enable the compound to go high spin. However in the
solid state manganocene is an anti-ferromagnet, even at
room temperature, though in the absence of a reliable
crystal structure it is perhaps unduly speculative to
suggest that antiferromagnetic interactions may occur
via the spin density delocalised onto the ring.

The carbon shake-up lines in V(ﬁCp)z, Cr(_/’,Cp)2 and
Fe(,/’LCp)2 show a steady trend to lower energy which would
tend to eliminate shake-off processes from the metal as
a possible origin, and also, presumably, metal to ligand
transitions, We are then left with either ~2?X* or

o eig transitions, both of which might occur in this

3y
energy region, The former correspond to e %>e2
processes, giving, for V(T’Cp)2 the states 4’6El and

L6,

> all of which are inaccessible within the sudden
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approximation, though the loss of symmetry through
localisation of the hole will enable the symmetry
restricti ons to be lifted. However, the ﬁ—%eig
transition is allowed even within the sudden approxi-
mation formalism which might suggest that this origin

is to be preferred. If so, then the fact that such a
transition is observed again supports the conclusion that
the eig orbital is substantially delocalised.

For manganocene an intense shake-up band is observed at

6.4 - 7,0 eV, If this is a X —e*

transition, then it
1lg

is a little surprising that it occurs so close in energy
to those observed for the other metallocenes discussed
above. On the other hand, its intensity must be coupled
with the greater delocalisation of the metal electrons
presumed for Mh(ﬁCp)z so that it is difficult to avoid
the inference that the antibonding metal d-orbitals play
a significant part in the shake-up.

Both Co@pr)2 and Ni(pr)2 exhibit very complex C 1s
shake-up structure. Both are characterised by a filled
set of lower energy d-orbitals with partially occupied
antibonding d(eig) orbitals., Consider first the 3.7 eV
shake-up in Ni(TCp)z. If this is a 7-7<* transition, it
is difficult to understand why such a transition should

not occur in the earlier members of the series, An
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-~

examination of the UV spectrum of NiCﬁCp)g, as compared
to FeCTCp)Z, shows that there is a band at ca. 33,000 cm~
which has been assigned to d =< ¥ or d - p. The latter
seems to be rather unlikely on the basis of known

atomic data and, if the shake-up is due to the d —7 *
transition, it is difficult to understand why there is
not a corresponding band in Co(.".'Cp)2 at ca. 2.5 eV. The
effect of considering the C 1s hole as localised will

e

split both %, and *¥ into symmetry adapted components
of the local C2v point group, though the extent of this
splitting is impossible to estimate without calculation.
However it might be quite large, so that it is possible
in Ni(?pr)z that the two bands at 3.7 and 7.5 eV are
components of the T % or T eig excitation, or
possibly d -7 ¥, If this latter suggestion is correct,
then we must postulate that the lower component of this
splitting in Co(x"iCp)2 is actually of so low an energy as
to be unresolved from the main carbon ls band.

The shake~-up structure on the metal J3p bands is very
interesting. The fact that the shake-up energies differ
substantially from those on the 2p bands would suggest
that intermolecular scattering processes probably play

little part in determining such structure in the

metallocenes. Shake-up bands are clearly observed for
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VOpr)z, Cr(?ﬁCp)2 and Ni(pr)2 suggesting that either
the shake-up process does not involve the eig

or that the induced transition is d > d in nature., If

orbitals,

this latter is true, the mechanism is pPresumably CI
since, although the repulsion and exchange integrals
(rather surprisingly) are, if anything, rather larger
between 3d and 2p than 3d and 3p orbitalg? the 3p
orbitals are much closer in energy to the valence shell,
giving rise, on a simple perturbation model of CI, to

larger CI coefficients. The absence of such satellites

in ferrocene and cobaltocene is however rather strange.
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Satellite structure in the hexafluoroacetylacetonato-

complexes,

The ESCA spectra of most carbonyls show very strong
.shake-up structure on the C 1ls and O 1ls bands, usually between
5 and 6 eV from the parent peak. By analogy, we would expect
the complexes of hexafluoroacetylacetone to show similar
structure, though interestingly, the splitting is now 4.5 to
5 eV on O 1ls. The satellite on the carbon 1ls derived from CO
cannot however be seen and may only be postulated by inference,

since the CF_ carbon 1ls band is also 4 - 5 eV displaced from

3
thé CO band, but is rather more intense than can easily be
accounted for on the basis of equal C ls cross-sections, Thus,
it is likely that some of its intensity is due to a CO satellite,
though this is speculative, It should be noted that this
intensity pattern differs soméwhat from the published spectrum
of Clark et al. though extremely careful checks on my own data
and spectra have not shown in any of the hexafluoroacetyl=-
acetonates an intensity pattern resembling Clark's., I cannot

therefore account for the discrepancy.

Table 5.6 shows the oxygen ls satellite bands.
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irregular position, strongly supporting the suggestion that
the 573 orbital is involved. The general increase from
titanium to chromium in the transition energy correlates

with increasing covalence, which tends to stabilise 773 and
destabilise /Th‘ Mn(hfa)3 appears to be rather exceptional,
though the shake-up band is ill-resolved in this molecule.

In addition the ultra-violet spectrum was obtained by Barnum
using absolute ethanol as solvent, whereas chloroform had been
used for the other chelates, Mn(hfa)3 is also unusual in

that shake-up structure is also observed on the metal 2p band.
Fr;m the discussion of the metallocene shake-up structure above,
this would be most naturally assigned to an eg—»ﬂ?* process,
and the fact that such satellites are not observed for the

tgg series of complexes strongly suggests that the eg orbital
is substantially more delocalised, a suppositian supported, as
we have seen, by the ESCA shift data. Unfortunately, the Fe
2p region is very indistinct owing to the fact that it is
"swgmped" by non-quantum scatter from the F 1ls peak., However,
its very indistinctness is suggestive of extensive shake-up.
The energy of the metal 2p shake-up in Mn(hfa)3 is 5.0 eV,
which is slightly larger than that of the O 1ls satellite, and
suggests that Barnum's assignment may be incorrect; perhaps
the 4.5 eV band should be assigned to d — 7™ ¥ and the 4,0 eV

band to =T ¥ transitions., This would also have the merit
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of restoring the parallel between the O 1s satellite and

= T * energies in table 5.6.
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On the whole these figures agree remarkably well with the
UV-PE results of Evansi The main differences arise in the
spectrum of Mn('fpr)2 where the ESCA valence region shows an
indistinct shoulder on the low IE side of what appears to be
a predominantly metal ionisation at 10.6 eV, The UV-PE
spectrum of Mn(”.Cp)2 is extremely difficult to interpret but
it does seem likely that metal d-ionisations at ca., 10 - 10.5
eV, presumably arising from the al and e, orbitals can be
distinguished from the surrounding ligand structure., That
the ESCA spectrum of manganocene, obtained at -15000 should
diéfer radically from the gas-phase UV-PE spectrum is not very
surprising since the compound is known to be an anti-
ferromagnet even at room temperature, as was pointed out in
the discussion of satellite structure above. Perhaps the
spectrum can only be explained in terms of a rather more
sophisticated picture than the one we will use here,

The interpretation of the origin of the wvarious d-
ionisation bands is fajirly difficult and, in appendix 3, are
given the necessary coupling coefficients and fractiomal
parentage coefficients for the metallocenes. Table 5.8 lists

< Oy
the ground states of the moleculeszhfhe only doubtful cases

being chromocene and manganocene., In the former case, the

ground state chosen is that consistent with magnetic measure-

5

ments and the UV-PE spectrum, whilst in the latter case it is









(201)

b
a T;L,_;
Ty’ .-
l
{
SCUDD0|IDICN
2y} JO SuoiGTy adUS (DA
./._, n..J‘. "
\,;/ R
p
o,
UA

FIGURE 5.16



(202)

a sharp band at 8.40 eV in the UV-PE spectrum was assigned
to the al ionisation. Several reasons may be adduced against
this assignment:
(i) The ESCA spectrum is not consistent with this assignment,
in that the metal d-jionisation is well resolved from
the main f‘-ionisations, whose median energy is some
2 eV higher. It is probable that the "d" band at 8.4 eV
would not be resolved from the main d-band at 6.8 eV if
there were such a band.
(ii) On theoretical grounds, the value derived for A‘l using
. Evans' assignment is larger than that observed in
ferrocene and of opposite sign, whereas that derived by
assuming that all the d-ionisations occur at 6.8 eV is
very similar to the ferrocene value?ﬁ
(iii) The relative intensities of 7 and d-ionisations in the
UV-PE spectrum strongly support the assignment of all the
d-ionisations to the band at 6.8 eV. The assignment of
Evans would suggest that the cross-section of the d-
orbitals halves between vanadocene and ferrocéne. If this
is correct, it shows a trend completely opposite to that
observed in the hexafluoroacetylacetonates and the ESCA
spectra of the metallocenes themselves,

On similar grounds, a slight reassignment of the Cr(“pr)2

spectrum has been made, the band at 5.7 eV corresponding only
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to the (hAZ)alez “ (3E2)aleg ionisation., Again there are
several reasons for this:

(i) The cross-section of the metal d-ionisations on Evans'
assignment lead in the simplest arguments to a negative
cross—section for the a, orbital.

(ii) The value of A‘l derived using Evans' assignment is now
of the same sign as that found in ferrocene, but over
twice as large, If this is correct it represents a much
larger variation in a ligand field splitting than is
usually found in isostructural materials.

As;uming the changes discussed here are accepted, and leaving
aside any consideration of manganocene, a plot of d-orgital
energy against atomic number is shown in fig., 5.20., It can

be seen at once that there is a general stabilisation of the
d-orbitals across the series as expected, but that the
stabilisation is much less marked than that shown for the
chelate complexes in fig. 5.21. 1In other words it does seem,
in these molecules, that the cyclopentadienyl ligand is acting
as an electron buffer, with covalency presumably increasing
dramatically across the series. In order to examine the effects
of covalency a careful study of the core shifts of the

metallocenes was then made whose results are discussed in the

next section.
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Core region of the metallocenes

To examine the effects of covalency, the carbon 1ls
binding energies of the metallocenes were measured relative

to the QFB carbon of the calibrant gas CFBC EECCFB. They are

reproduced in table 5.11.

TABLE 5.11

LotFyns 3 —] Cifgoll g
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TRy (,,“S;f) . -

all figures are given to + 0.1 eV

A fascinating parallel with the O 1s and C 1ls binding
energies of the tris-chelate complexes can be seen. A steady
destabilisation of the C 1s level to ferrocene with a
discontinuity at cobaltocene is apparent, and the explanation:
is very similar., A general increase in dﬁ»- Cpﬁ. bonding
across the series to ferrocene is expected, leading to a gradual
decrease in the negative charge on the ring and positive charge
on the metal. As we saw, an expression of the form

AE =k [q + AV

can be used to represent the shifts in BE, and as before we

anticipate that the change in potential, A V, will be given by
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5Q/r. Hence, for the carbon 1ls level we have

] -~
A: . €y 80 J— 60/ A lbl
T e V1o
T
whence -
J .-S 4 - Y ' N
3., " Ve - ’ -
S -
- G » rl-‘_ . )
Le
Clearly, ?&7 is negative for the cyclopentadienyls considered

-~

here, and we have at once an explanation for the discontinuity

at cobaltocene., The presence of an electron in the e* orbital

1g
?.'.‘")
which is significantly delocalised over the ring, allows the

ligand to become more negative. Thus, d q< O and 4 E > o,
that is, the carbon 1ls level will stabilise, which is the
trénd observed. For the case of Ni(ﬂCp)z, the rapidly
increasing polarising power of the cation leads to a rapid
increase in Sq_as compared to Oo(ﬁCp)z. It should be noted
that this interpretation is in accord with the expectations of

bonding in the metallocenes, as derived from previous studies

and the discussion above. A simple MO scheme is shown below:

=
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A
In MO terms, it is clear that as the d-orbitals

stabilise, the interaction of the e2g and 7. * orbitals will

diminish, i.e. there will be less d_,.—< * donation, and $

2
will fall in absolute magnitude. In addition, interaction

a
between e¥ and elg(f) will increase, and, up to ferrocene

ig
(1eaving aside manganocene) this will be a purely T —> d%
donation, also causing 3 q to drop. However, occupation of
the eig orbital will allow d¥ —. 7 donation, and the extent to
which this occurs will clearly be a function of the binding
energy of this d-electron to the central atom. The low IE
of’cobaltocene, and the stability of Co(TCp); salts both argue
that the d* electron in Co(~ﬁCp)2 is probably extensively
delocalised over the ligand. However, the considerable
stabilisation of the d¥ electron between Co(')TCp)2 and Ni(ﬁCp)2
suggests that such d¥ .. donation will be substantially
reduced, and this, coupled with the certainly very small d — 7] *
donation in Ni(ﬁCp)2 results in a rapid drop in charge separation
between Co(".Cp)2 and Ni(‘Cp)Z, and, judging by the figures,
Nickelocene and ferrocene are the most covalent of the

metallocenes.

To quantify this discussion, we have, for the bond

lengths in ferrocene,

Y [ . - . ' oy
’a,'_,{ ”/ tu g MR Y t je L L2 7 -2
A R A R LS PR /
3 - o~ / P !
a v P oY n3 S v
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Unfortunately, different groups have derived rather different
values for k, though experiment does suggest a value of less
than 21.5 for J{ -electrons, and we will take a mean value
of 20, so that, at any rate, the result is fairly encouraging.
However, the particular mode of stacking of the crystals leads
to some uncertainty for the potential part, so that accurate
analysis is not possible.

The results for benzene, where V and q are presumable

zero, suggest a shift of 9.95 eV from CF, so taking this value

3
as the zero, and k as 26? we obtain for V(‘ECp)2
' q = 0.27/0.15 = 1.8
and, for ferrocene
q = 0.09/0.15 = 0.6

This would suggest a very rapid increase in covalency across
the series, though it must be emphasised that the figures are
only indicative., This rapid increase in covalency is supported
by the much slower stabilisation of the d-electrons in the
metallocenes as compared to the tris-chelate complexes.

A remarkable confirmation of the above analysis is found
in the 130 nmr spectra of the metallocene;{ For V({Cp)2 and
Cr(ﬁCp)z, the spin density on the rings was found to be
negative, whereas for Co(,/Cp)2 and Ni(',"Cp)2 it was found to
be positive. This is easily explained on the above MO treatment

since, for the first two molecules, the main bonding effects,
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as we have seen, can be described by increasing e d¥
transfer. Clearly, the spin delocalised onto the metal by
this process will be ( ~type by Hund's first rule, and so we
would expect 4 -spin to be left on the rings. However, we
saw that for Co(’,‘Cp)2 the steady < — d* trend was offset by
a reverse direct d*¥ -~ donation which will delocalise « -
spin onto the ring. At Ni(T Cp)z, although this effect is
substantially reduced, and 71 - d¥* probably dominant, since

no more y -spin density can be accommodated on the central

metal by Pauli's principle, only '3—spin may be donated to

the nickel, leaving ¥ ~-spin on the rings.

It should of course be emphasised that nmr measures spin
density movements in paramagnetic systems, whereas ESCA
measures electron density, so that to a certain extent the
techniques complement one another. Diamagnetic shifts in nmr
work, arising from electron shielding, bear a complex
relationship to ESCA shifts, since the latter are dependent
on both charge and potential effects, and the former on the
availability of excited states about which PE spectroscopy, in

its simplest forms, has little to say,.
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ESCA ionisction enercy data for the tris~-chiclate conllcxb:

The data ‘ere all obtained using AlKa radiction and are quoted in
electron volts AJ TIIl ZLWCTRON IZINTIC Lisi(Y,. To obtain the binding
energies, the fipures piven in the tables Yelow should be subtracted
from 1436.6 eV. The KE's have been calculated assuming that the CF

3

carbon 1ls core level has a kinetic energy of 1191 ev,

The main core levels of the tris-hexafluoroacetylacchonato convlexes

Band Al Sc Ti ' Cr lin I'e
T 1s 7975 7975 7975  727+5 7975 7975  797+5
952.0  951:1  951.k  951.5 952.0 952.0  952.6
Cr. 1ls 1191.0 1191.0 1191.0 1191.0 1191.0 1191.0 1191.0
CO 1s 1195.8 1196.0 1195.7 1195.8 1195.9 1195.9 1195.8
CH Ils 1198.5 1198.6 1195.2 1196.5 1193.9 1195.6 1198.7
T 2s 1448.9  1448.9 1448.3  Ahb4B8.z 144G .3 0 ALh3.3  LhLE.3
0 2s 1455.2 1455.0 1455.0 1455.0 1455.0 1:55.0 1455.0
F 2p(k) 1471.5 1471.9 1471.4 1471.5 14h71.3% 1471.2 1471.2

(@]
-]
0

The metal core levels of the tris-hexafluoroacetylacetonato comnlexes

Spectrum Band Assignment
Al(hfa)3 1364 Al 2s6
14038 AY 2p
Sc(h‘fa)3 1080 Sc 2p
1076 Sc 2v
1428 Sc¢ 3s
? Sc 3p4
Ti(hfa)3 1026 Ti 2p
1020 Ti 2p
1420 Ti 3s
(1447) Ti 3p
V(nfa), 961 v 2pt
968 v 2p
1413 V 3s
1442 V 3p

Cr(hfa)5 896 Cr 2p



(211)

Spectrum sand Arcirnnent
Cr(hfa)3 906 Cr 2p
1406 Cr 3s°
1437 Cr 3p
lin(hfa) 5 829 in 2p°
ol in 2p°
196 in 3s’
1431, in 3p
Fe(nfa), ? Fe 2p2°
? e 2p‘”
1337 Te 353
1hok Te 3p

1. Approximately derencrate with I 2s

2.' Lost under the scatter from the F 1ls signal

3. Highest cowuponent of a doublet

L, Avproximately degenerate with the 1{053’1+ satellite of the O ls line
5. Satellite structurc observed on the Mn 2p and possibly Te 2p

6. Strong KLL Auger transiti~n observed at 1283.8 eV.

The M ZE)%X and M 3s,3p separations for the M(hf_@_)3 series
Hetal M 2p M 35,3p
Sc L.g -
Ti 545 267
v ca.b+9 28.9
cr 9.6 3046
Mn 11.3 e

Te - 3746
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THE BONDING IN TRIS-CHELATE COMPOUNDS

The conclusions we have reached from a consideration

of both UV-PE and ESCA data may be summarised briefly as

follows:

(1)

(ii)

(iid)

(iv)

There is a rapid stabilisation of the d-orbital energy

across the series within both the t2g and eg subshells.
There is a fairly steady increase in covalency across the
series from scandium to chromium, the increase being

large between scandium and titanium, and between

vanadium and chromium, but the vanadium complex is

rather more ionic than might have been expected.

The main bonding is through the O -framework, and only

in Co(hfa)3 is - bonding significant enough to split

the t2g shell, presumably because the one-electron orbital

energies for TtB and t2g differ very little, and the

molecular dimensions are also somewhat smaller,
The main anti-bonding ¢ orbital eg is very much more

delocalised over the ligand than the t orbital, and

2g

Mn(hfa), is therefore more ionic than might have been

- 3

(v)

expected by extrapolation from chromium.

On coordination, the free-ligand TtB orbital is strongly
polarised towards the central metal, a polarisation which
increases as the M-0 bond length decreases.

The information about charge movements obtained by
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photoelectron spectroscopy can be seen to be extremely
detailed and of comparable importance to that derived from

magnetic resonance techniques. Examination of the nmr of
‘o
some acetylacetonato complexes by Eaton revealed large shifts

of both the unique (Y) proton, and of the CH, protons. Assuming

3

that QCH is negative for TC-interaction and Q H positive,

3

the earlier members of the series give a spin distribution

CC

within the Tl -framework of the classic alternating sort:

17

e
3

3)

indicated a positive spin on oxygen, almost

The spin on oxygen could not be observed, since 0O nmr

spectra can only be obtained apparently for Mn(acac),, which,
surprisingly
certainly not representative of the other members of the series.
Eaton explained his results entirely in terms of TU -bonding

to the central metal, but, as we have seen, (¢ -bonding is

much more important, especially early in the series. Now,

O -bonding to the empty eg orbitals will probably leave an
excess of /?-spin on the oxygen (that is, spin anti-paraillel

to the central metal) which will polarise TU in just the

3
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direction indicated. However, some 0O  -bonding also occurs
to the ea(tzg) orbitals of the metal and the main effect of
this will be difficult to estimate, since back ¢ -donation
from the metal would place A —-spin on the oxygen. In
addition there are a second set of direct mechanisms involving
the Tt3 and TCu orbitals which Eaton suggested and which
other workers have discussed. This involves TEB —> d electron
transfer, which, for a less than half filled t2g shell must
leave /z-spin on the Y -carbon. There is also the
possibility of d -*'Wﬁ'bonding, which, if it is at all important,
wiil only be so for the earliest members of the series, The
effect of this is to transfer positive spin density onto the
CCH3 carbons. Finally, there may be direct polarisation of
the TEB orbitals by the central metal leading to ¢.-spin on
the oxygen and Y-carbon atoms and /@-spin on the /f-carbon
atoms. This latter effect will pfesumably increase stéadily
across the series, For clarity, éhe effects are listed in

7,
table 6.1.

TABLE 6.1

lechanism Spin: p(C) v(C) Oxygen |
- 1

g=-interaction {ﬂd»h () o« ‘ o

hn_, > d & b b

> .

) d > Ty, a ?2p 20

n-polarisation B o G
— e e e vl
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Brackets in the first two lines indicate that some o
polarisation of the /3—carbons may occur.

At the beginning of the series, ¢ -interaction will
predominate, possibly with.some d-+1th transfer, both of
which give a net & -spin on the /3-carbons and a net /g—spin
on the Y -carbons in agreement with Eaton's analysis. It
is difficult to gauge the relative magnitudes of the transfer
and 0O -induced spin polarisations, since the simple McLachlaﬂ?
and Huckel treatments refer to a half-filled TEB orbital

whereas we are considering polarisation of a filled orbital.

-«

The increasing importance of direct 70U, polarisation, the

3

increased A -spin from the metal delocalised onto oxygen, and
the decrease in importance of d~6-TEu as a mechanism all point
to a steady fall in 4 -spin on the /3—carbons and /7—spin on
the X’—carbons. However at Mn(acac)B, the net spin delocalised
onto the oxygen is known to be positive from 17O nmr dataf:
indicating how very much more this eg electron is delocalised,
However the pmr results for Mn(acac)3 are, as a result of this
work, rather more difficult to understand. For Fe(acac)B, the
spin is 4 -type on all three carbons, implying that both 753
and & -polarisation are important. It may be, though the
smooth trendsobserved in Eaton's work do not suggest this, that

pseudo-contact terms are more important in du systems, which

would certainly be expected to be more anisotropic, However,
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there is little epr data on d4 systems and very little
magnetic anisotropy work. Thus, there is not as good a
correlation between the ESCA and nmr data as might have been

13

hoped, and a more rigorous treatment must await a C nmr

study. Eaton's results, relative to Co(acac)B, are plotted

in fig. 6.1. It can be seen that there is an inverse
correlation between these figures.and those derived from the

PES data, in that there are large changes between titanium

and vanadium and between chromium and manganese. Whilst this
latter jump can be understood in terms of the above discussion,
th; large Jjump between titanium and vanadium is very strange,

and may be connected with the anomalous ground state of V(acac)s,

(e °

2’ Az), to which the nmr method will be much moré sensitive
than ESCA. Thus, there may be more back donation of [/ -spin
from the metal e, orbitals to the ligand both into Tth and o
because e is partly ~%* in character. Since the al orbital
cannot delocalise by the second of these methods, this would
certainly fit very neatly with the ESCA data, which as we saw,
suggested that V(hfa)3 was surprisingly ionic. Although this
is certainly speculative, it is worth re-emphasising that since
the nmr method is not measuring electron densities but spin
densities, there will be no easily quantifiable relationship

between nmr and ESCA shifts.

To summarise, the nmr data may be explained in terms of
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*2

Sx1(53

+1

NMR shifts for M(acac)3

relative to Co(acac)y

a: C-H

b: € -CHj;

b e e e -

Ti v Cr
‘ PICURS 6.1

Mn
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a steadily increasing J -interaction and 7T polarisation
between titanium and chromium, the trends indicating that the
latter is the more important contribution to ring-spin
density; the jump at manganese is a measure of the increasing
importance of metal — ligand spin transfer through the O -

system, and the figures for Fe(acac)3 are best explainad by

very considerable ¢ -interaction, even involving the /3-carbons.
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Infra-red data

Difficulties of assignment bedevil any real investigation
of the infra-red spectra of the tris-acetylacetonates, since
all the modes in such a cyclic system are strongly coupled,
and in particular, the C=0 and C=C stretching frequencies lie
very close together, The two regions of interest in the IR
spectrum are that between 1600 and 1500 cm-l, where the main
skeletal ring vibrations occur, and 400 to 500 cm_l, where
the first metal-oxygen stretching mode is seen. Assignment
in the lower frequency region has been greatly facilitated by
thé work of Nakamoto et af? who used the effective, if
expensive, technique of metal isotope substitution to pinpoint
the metal vibrations. In essence, this confirmed the work
of Mikami et ai? who had provided a normal coordinate analysis
for the tris-chelate systems based on a Urey-Bradley force
field. The substitutional work of Nakamoto showed that, in
Fe(acac)B, there were two main band shifts; the band at
433 em™ ! was found to shift by 1.5 cm™ 1 and that at 298 em™ L
by 5 cm-l. These shifts are in qualitative agreement with
the normal coordinate analysis, which showed that the former
band was 48% M-O stretch and the latter 70% M-O stretch.
Unfortunately, although the lower band would be a better index

of bond strength than the former, its energy is only known in

the two cases of Cr(acac)3 and Fe(acac)B. For this reason,
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O 1s ESCA shift a
+
:
A
l”
B'-B” PRt b
4
T
“n
Vv M-0O
I8
c
Sc Ti v Cr Mn Fe Co

FIGUR:E 6.2a

a: O 1s ESCA shifts rolative to Sc(hfc)3

b: Scparction of bands B’ and B" in tho UV-PE spectra
of M(hf0)3

c: Stretching frequoncy \)M-O
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fig. 6.2 shows the variation of the upper level across the

and V(acac)

3.
[ 4

were obtained from the work of Hancock and Thornton, though

first series. The values for Sc(acac)B, Ti(acac) 3
since these latter authors reproduced no spectra, and gave

no indications as to the reasons for their assignments, the
values are somewhat doubtful. In fig. 6.2e¢ are also plotted

the splitting between bands B' and B” in the UV-PE spectra of
the tris-hexafluorocacetylacetonato complexes, and the shift
observed in the 0 1ls level in the ESCA spectra, both as a
measure of o -covalency and charge shift patterns. It can be
se;n that there is an inverse correlation for titanium,
vanadium and chromium suggesting that the more ionic the bond,
the larger the stretching frequency and, neglecting the
variation in mass, the larger the force constant. As might
have been expected, scandium does not fit this trend, presumably
because although the bond is certainly the most ionic, there

is a substantial expansion in the bond length on going from
Ti(acac)3 to Sc(acac)3 giving rise to a concomitant drop in

the force constant. The sequence is broken at manganese since,
although the net covalence of the tris-chelate is lower than
expected, the fact that we are populating an M-0 antibonding

o orbital will presumably act in the opposite direction,
weakening the bond as compared to Cr(acac)B. Similar

considerations obtain for Fe(acac)3 though the last member of

'
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the series Co(acac)B, has a much stronger force constant
than the above analysis might suggest and the most likely
explanation is that the greatly increased TC bonding in this
molecule has strengthened the Co-0 bond.

The vibrations observed between 1600 and 1500 cmml have
been assigned by Pinchas et al?lon the basis of an %80
isotopic substitution, the upper level being found to be mainly
the C=0 stretching mode and the lower, by inference, mainly
the C=C stretch. This assignment is at variance with Mikami's
calculations which indicated that in Fe(acac)3 the band at
1570 cm™ was 70% C=C stretch and that at 1525 em™L 45% C=0
stretch, though their qualitative conclusion, that there is
very substantial coupling between the two modes must be correct.
For that reason, the two frequencies and their mean are plotted
in fig. 6.2». It can be seen that the mean vibrational energy
varies very little across the series, which is very surprising,
and must indicate that the major contribution to the bonding
to the metal arises from orbitals which, in the ligand anion,
are non-bonding. These are precisely those orbitals n, and
1t3 which we have considered to be the prime bonding orbitals
in interpreting the UV-PE spectrum, and it can be seen that
the IR spectrum provides a Jjustification for this., On this

simple theory, the coupling between the modes is repreéented

by the energy separation between the itwo bands and in the upper
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part of fig. 6.3 is plotted onehalf of this coupling., It is
evident that the main coupling is found in Mn(acac)B, presumably
because of vibronic effects expected for the dh system, which,
whilst lower than for many Mn(III) compounds, are rather higher
than its neighbours. The variation in the extent of coupling

is otherwise difficult to understand on simple electronic
grounds and presumably represents the interaction of factors

not normally considered in electronic analysis.
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Thermodynamic data

The thermodynamic stability of any molecule is dependent
on two factors, the entropy and enthalpy of formation, the
former of which we have no means of determining or correlating
using the PES data which has been presented here. To reduce
its importance to a minimum in any comparison across the first
row, we will consider the energetics of such processes as

w2t 4 3L (g) & ML, (&)
which, hopefully, have the same entropy change for each metal.

Now, the total energy of a molecule M is given by

By = > (b, + €,) + N
where hi is the one-electron part and E-i the orbital energy
of a particular MO, and N the total nuclear repulsion energy,
which will vary from complex to complex. This energy
expression only holds for closed-shell molecules; for open-
shell species, various correction factors have to be included.
It follows that the movements of individual molecular orbitals
are not related in any simple manner to enthalpies of formation.
Some simplifications can however -be made., We will first
partition the electronic energy into core and valence parts, such
that
B = Ecore * EVal

Consider the core orbitals., We saw that the orbital energy

inferred from Koopmans' theorem was given by an expression of
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the form
A A A

= ". + S e -+ .
G—L P‘LCI/A Z—B Cy/rAB /z'-

where, for the ith core orbital on centre A, lﬁ is the zero-
point referred to a standard charge distribution, which may
" be taken as neutral., We consider the molecule as a centre Z

surrounded by ligands A, such that

= _ z A I
E,y - &}?/z - XA C;,'T'AZ ~+ A

~

o

— 3 A ot
—_ - n <+ 7
— ZA C;/A r:} + ZA C{/

T S
AL ),

where a; = -ZEAqA and we have assumed electroneutrality.

The core energy is given by
— A y Z § N ff J\ - v H :"
E cora ZAZ'\, &L Z}‘E} he 2__'.;2," 0% t NI

B B B
and if we make the assumption that hi = k + 1.

7 A 3
Ecore = ZAZL(%”?-“. &L )CO),A -+ Z o/l/' -+ Z,"Vy —+

“AB Tag Al “Taz
D) T T, ¢
Z}{zfﬂz + Z)- (13} + @I;) h
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“Now
aE — () Ecofe ‘. (DEVCI':
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but, since the system is in charge equilibrium
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Consider now the heat of formation of a given molecule from
neutral Z and neutral ligands A. The electronic energy of
the reactants is

.
A Py et ~ &

s ~y N L. Am. — —
— a——kgi +d“':- ) : t : *

and, the electronic heat of formation is thus

R = \E —_ K oka
- o ~ val A -
‘
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That is, the heat of formation does not depend explicitly
on the core orbital energies, ‘é‘Eval is the valence energy

difference of neutral reagents and the molecule in which the

charge separation has been adjusted to the equilibrium value.

The term ZACT"* ﬁE_a,

LT L

is thus the correction term to bring the
valence energy Back to neutralisation, The nuclear repulsion
term is more difficult to deal with rigorously, but we will
treat it simply as the net change from neutrality, so

Q = Z' %A% 5

A6z Tap

where the primes indicate that we sum over each pair of atoms

once only, The overall heat of formation is thus

5

- . — ~— r Eval — R
A T OAD T e R
P Vo Ay ¢ o
4

For a closed-shell molecule we can write
Cvai = Z;_-‘E; N
assuming that hi = kigi
Ev = 2_.6:(t+%&)
and for the neutral species

E- = E_‘LEI}‘<|+%})

and so

A H S.e livi)— >

i
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This may be simplified as follows:

(1) If the system is near electroneutrality, we have

TR
Thus, for molecules such as the hydrides, the bond
dissociation energy will clearly be related to the orbital
energies of those orbitals primarily involved in bonding
to the hydrogen atoms, and to the ionisation potential
of the mneutral atom (though the relationship will not
be very simple owing to open shell effects).

(ii) For the diatomic hydrides more information is available.
Price et ai?vshowed that there was a correlation between
the dissociation energy of Hn+lX+’ and the ionisation
energy of HnX’ and between the dissociation energy of
Hn+lX+ and that of HnY’ where Y is the element prior to
X in the peridic table. These correlations are not
perfect but do extend, for the diatomic hydrides, over a
considerable area of the peridic table. For later rows of
the table, the best correlation seems to be between the
dissociation energy of HX and the ionisation potential of

Z, the element following X in the table. This is rather

surprising since for the IA hydrides, the only wvalence
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orbital is the main bonding orbital, but for the others,
the highest occupied orbital is one of the P lone-pair
orbitals, or, for earlier members, an antibonding s
orbital strongly mixed with p character., This correlation
is probably explicable on the basis of a united-atom
approach, though it is not immediately obvious how the
formalism developed above can help. In fig. 6.3 the
dissociation energy of HX is plotted with the ionisation
potential of HX and there can be seen to be only a poor
correlation between the two results, but fig., 6.4. shows
that there is a much better correlation between the IE

of the hydrides and the sum of the ionisation potentials
of elements X and Z, especially in the later part of the
series where we are ionising non-bonding P electrons.

This would imply that

xH
=N o< & 6)“]
so that
x+ N - ~
EL - 11 Ex LA Xy

where k is some constant, This is similar to our
expression for the enthalpy derived above, so the
correlation between dissociation energy and ionisation
potential, can be reduced to a correlation between IE's,
This is, of course, by no means an explanation of this

curious and interesting observation, though it is perhaps
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not wholly surprising that the properties of the non-
bonding orbital of XH should be intermediate in behaviour
between those of atoms X and X+1, especially as the
dipole moments for BH - FH are all fairly large

(1.3 - 1.8 deb.). Since the dipole moment is zero for
BeH we have correlated this with the neutral Be IP in
fig. 6.4,

The difficulties experienced above in trying to interpret
the trends in the simple hydrides does indicate that only the
mqst general comments can be made concerning the heats of
formation of the tris-chelate complexes of the transition
elements,., The large number of bonding orbitals and the open-
shell nature of the complexes themselves make the use of simple
formulae very dangerous.

A plot of the heterolytic bond strength, defined as
AH°/6, where AH®° is the heat of the reaction

+

VEA 3(acac)” = M(acac)3

is shown in the lower part of fig. 6.S. ' The value for Ti(acac)3
!

is that estimated by Jones and Wood:u It can be seen that the
values of 10Dgq calculated using the methods of George and
o=

McClure compare rather poorly with the spectroscopic values

given in table 6.2.
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TABLE 6.2
P Cmpd. ; 10 Dq (ke ;
L@__M_“mﬁ E Thermal f qugtr%%_;
; TiS%PaSQ;' (270) ;NHHNQO L
é-_V(ac.ac)3 , 0  351.5
l 9:(99%9)3, 52e1 ; _wm5l.8 i
{ Hpﬁqggc)sz 2548 ; 4?-6 B

Especially for the earlier members of the series agreement
can be seen to be particularly bad. George and McClure have
already noted this effect in the heats of formation of the

trivalent halides and ascribed it at that time to an erroneous
value for ScB+. It is however explicable, as is the remaining
data for scandium, on the basis of a considerable contraction

3+ and TiB+, which has the effect of rendering Sc3+

between Sc
salts less stable than might have been expected. The reasons
for this contraction are rather difficult to understand. It

may be, as was suggested in the discussion of the UV-PE spectrum
of Sc(hfa)B, that 4s and 4p orbitals make a substantial

3+

contribution to the bonding in Sc compounds, and, since the
spatial extension of these orbitals is substantially greater
than that of the 3d orbitals, optimal overlap with the ligand
orbitals may only be attained at anomalously high metal-ligand

bond-lengths. On a more quantitative level little further

information can be gained at the moment, though a plot of the
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energy of the main ligand bonding orbital B” across the
series shows a remarkable correlation with the heterolytic
bond energy, as is apparent from fig. 6.5. This is a rather
interesting observation, though certainly fortuitous, in that
it suggests that the effect of increasing IE on the central
metal, which makes the major contribution to the observed bond
energy, can be reflected by an indirect barometer, whose
interaction with the d-orbitals is well represented by a

Brillouin-Wigner formula of the type discussed above.



The charge on the metal

If we plot the observed IE's of the various transition
elements from Sc to Co for the first three oxidation states,
a family of curves, shown in fig. 6.6, is obtainedi.tb We now
construct the line AB, which represents the destabilisation
of the central metal d-orbitals due solely to the potential
generated by the (negative) ligands. Thus the first point on
AB, at 7.2 eV, represents the potential of six charges, of
magnitude 1/6 e, each placed 28 from the central metal., This
potential must be added to the metal ionisation energy to
ob;ain the ionisation energy which the metal would have in the
absence of the ligands. (We should, of course, subtract 4Dq,
but the figures quoted above indicate that 1l0Dg is approximately
constant across the series, and 4Dq is comparatively small so
that a small but constant correction will be needed). This
is clearly a problem best solved by graphical construction,
and so horizontal lines, whose lengths are the observed IE's
of the d-orbitals in the complexes, are drawn so that they
just join the potential line and the free metal IE curves.
The corresponding charge is then ﬁhat of the metal in the

complex, For the three metals Ti, V and Cr, it is observed

that the free ion IE has the same value; that is, the charge

distribution within the tris-chelates appears to adjust itself

in such a way as to render it equally difficult to transfer
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electrons from the metal. This is clearly related to
Sanderson's electronegativity principle, the ligands in
effect acting as an electron sponge over a small charge range,
so that the distribution of charge is solely dependent on the
metal electronegativity, itself a function of the ionisation
energy, which adjusts itself to equality in each case. The
line for scandium has been drawn in assuming that the same
principle holds, and the resultant charges are Sc, +1.43;
Ti, +1.30; V, +1.21; and Cr, +1.07 electron units. These
charges are plotted against the O 1s shift and the position
of.band B" in fig. 6.7, and the suggestion that vanadium was
slightly more ionic than might have been expected can be seen
to be strongly reinforced.

The technique unfortunately will not work for Mn(III)
and Fe(III) since spin pairing in the atoms leads to some
rather complex behaviour, nor will it work for lower charged
species such as the acetylacetonates, since the first IP of
the earlier members of the series refers to the 4s rather than
3d orbital. The correction for the second IP, in those cases
where the U4s orbital is still occupied in M* can be shown, by
an examination of Moore's tables to be negligible, To obtain
reasonable charges for the acetylacetonates the d-orbital
energy must be calculated for the neutral metals from Moore,

but figures have not been included here since there is
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insufficient experimental data from PES work.

A fundamental difficulty with this technique is that
the TE's measured for the free ions will require various
amounts of spin-randomised correction. Thus, in considering
the behaviour of vanadium, the first metal d-ionisation is

5—9 du at 4.27 eV corresponding to the process 6S —> 5D.

d
However, the spin of V(acac)3 is unity; moreover some of

the spin will be delocalised onto the ring in such a way as

to increase the multiplicity of the central metal and hence

the spin-randomised correction, but also introducing a negative
co;rection from the /3—spin on the oxygens. It is not
possible in any simple way to calculate all these terms and

therefore the values given for the charges above should only

be taken as indicative.
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Fnergy levels across the first transition series

Finally, in this chapter, we will examine the variation
in orbital energy of all the UV-PE bands across the transition
series. Without the preceding exposition it would have been
very difficult to make even qualitative remarks about the
variation of the ligand bands, but many of the trends are now
self-evident., Consider first the trends shown by the band
we have assigned to e2(n+). This bonds quite strongly to both
metal e, and e, orbitals and can be seen to stabilise steadily

b

from scandium to chromium, with a break at vanadium, At
maAganese, a discontinuity is observed, traceable presumably
to initial occupation of the eg orbital, delocalising negative
charge over the ring and thus causing a general destabilisation
of all the orbitals. This is also the case for iron, where
increasing bonding and increased delocalisation can be seen to
have partially cancelled. The rapid stabilisation at cobalt
is of course explicable as a result of the complex becoming
low-spin aiei, and the d-electrons no longer being extensively
delocalised onto the ring.

The zig-zag behaviour of the less important bonding
orbitals is seen most clearly in the trend shown by TCB. It
is clear that this orbital is extremely sensitive to ligand

charge in general., Thus, it is much less stable in V(hfa)3

than might have been expected on covalency grounds, presumably
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since the small delocalisation of the ea(‘rt) orbital onto

the ring is found to be largest in V(hfa)B. To see how this
might be so we must consider the two effects at work, firstly
an electron repulsion effect favouring T delocalisation and
the metal electronegativity effect favouring v -donation from
ligand to metal., The latter effect appears to dominate

in Cr(hfa)3 and in Ti(hfa)3 the former effect is not present

in first order; only in the case of V(hfa)3 is the electron
repulsion sufficiently dominant to allow the complex to exhibit
what is, apparently, anomalous ionicity. The destabilisation

of the TT level at manganese is understood as above, but,

3

unlike the other orbitals, the T:B

cobalt, an effect which can easily be traced to interaction

level destabilises at

with the more stable d-orbitals on the central metal,

The orbital energies found for the scandium complex are
rather more stable than would have been predicted in comparison
to the later members of the series. In particular, the energy

of the orbital is comparable to that in V(hfa)B, and the

I
3
reason is probably that polarisation of this orbital in passing
from Sc(hfa)3 to Ti(hfa)3 causes the electron repulsion and
kinetic energy to increase, destabilising the TCB orbital to

some extent as compared to the additional stability gained from

'

the potential term. In other words, there is a fairly

substantial change in the orbital ﬁjj between Sc(hfa)3 and
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the remaining members of the series. The same remarks probably
apply to the main bonding orbital e(1) which may be destabilised

in the later members of the series by increased repulsion with

w37

In fig. 6.9 are plotted the three main valence bands u,
v, and k of the ESCA spectra of the tris-chelates, Comparison
with the UV-PE spectra indicates that all three vary in a

manner closely similar to e We have assigned these bands

3
primarily to F 2p, and the parallel with T:3

that the - interaction extends, in the ligands, right over

-«

the F 2p orbitals as was postulated in the discussion of the

strongly suggests

UV-PE spectrum of the free ligand, to account for the
anomalously high intensity of the TCB orbital as compared to
acetylacetone., It might be argued then that such an interaction
invalidates the use of F 1s as a marker, but, since the effect
on the QFB C 1s will be at most second order, and the F'1ls and
F 2s do not shift sensibly relative to the CF, carbon from

3
complex to complex, it appears that the variations in F 2p are
only transmitted to a very small extent to the s orbitals.
Also plotted in fig. 6.9 are the O 2s levels (t) which do

not follow any obvious pattern, pPossibly since they are

intermediate in behaviour between core and valence orbitals,
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SUPPLEHLNTUN
Vether it's worth goin' through
so much to learn so little, as
the charity boy said ven he rot
to the end of the alphabet, is

a matter o' taste,

Charles Dickens

Pickwick Papers
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SUMMARY

The ultra-violet and X-ray nhotoelectron snectra of the
tris-hexafluoroacctylacetonato complexes of sone transition metals
are reported amd discussed., For many of these complexes therc is
cither little or no literature cxperimental data available and,
where necessary full details have been given in this thesis, both
of the mreparation and purification of the complexes. The gas-phase
ultra-violet nhotoelcctron snectra are discussed first, and it is
shown how the specctra lecad unambiguously to an energy level ordering
similar to that assumed in ligand-field theory. However, in the
high-spin complexes of Mn(III) and Fe(III) and in the low-spin
Co(III) complex, the metal levels are observed to have ionisation
energies which, for the most part, are higher than those of the
least stable ligand molecular orbitals. This is in direct contra-
éiction to the predictions of ligand-ficld theory and, in the case
of the Co(III) complex, leads to an inversion of the trigonally

split e and a. metal d orbitals, The interpretation of the high-spin

1
complex spectra is shown to be very difficult within the one-electron
framework used for the other comwlexes and the ultra-violet spectra
are shown to be the best guide to interpretation. The values for
the ligand-field parameters so derived are sinilar to, tuough sli-
ghtly larger than, those for the neutral species,

The ESCA spectra of the comnlexes were measured and ore
reported in the second part of the thesis. The moveuents of the
core levels so found are related by an cunression derived by Siegbahn
et al, to the charge shifts in the connlexes as the metal is chnaged,
These charge shifts are of three basic types: a polarisation ci the
1 framework of the ligand towards the metal as the metal-oxy:cn
bond length .contracts, a transfer of charge from the ligand o-
system to the metal, increasing as the transition sceries is traversed
and a charge shift from the anti-bonding metal d-orbitals back onto

the c-system of the ligand as a natural consequence of its anti-

bonding character.



As a parallel study, the ESCA spectra of the metallocenes
were also run and are renorted at the end of the second vart of the
thesis. The charge shifts observed in these comnounds show a rem=-
arkable parallel to those found in the hexafluorocacctylacetonato
comnlexes, when the different metal charges and lipgand characteris-
tics are taken into account. These, trends were shown to be in accord
with other data on the metallocenes,

In the last part of the thesis, the charge and orbital energy
shifts deduced in the first two parts of the thesis for the hexa-
fluoroacetylacetonato comnlexes are correlated with other physical
measurements and a consistent picture of the bonding in these
couplexes shown to emerge. In narticular, the shifts in ionisation
energies found for many of the main bands in the ultrarviolet
photoelectron spectra receive a ready explanation oncc the ESCA
data is considered. On this basis a case is made for the complemen-

tarity of the two techniques.



