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ABSTRACT

A mass spectral study is earried out on B-diketonates of the
divalent and trivalent metals of the first transition series, Frage
mentation of the chelstes is influenced by the odd- or even-electron
character of the lon. Unit change of valency of the metal of an ion
affects the subsequent frapgmentation by changing the ion's odd- or sven-
electron character, Klectron withdrawing or eslectron donating groups
ecan affect fragmentation of a chelate by enhancing or retarding the
valency change of a metal atom,

Comparison of the appearance potential results with theeretical
calculations and electronie spectra lead to the suggestion that on
jonization of the chelates by electron impact, the electron is lost from
a 1 molecular orbital having largely ligand charseter, The fact that
the metal affects the appsarance potentials of the meleculay ions only
very slightly while electron withdrawing groups and electron donating
groups attached to the ?img change the results considerably supports the
suggestion that the electron is lost from an orbital leealized mainly on

the lipgands,
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I TINTRODUCTION

Mass Spectrometry traces its beginnings back to 1886 when
positively charged 'rays' were discovered by Goldstein (1) and to the
important discovery by W. Wien: (2) that they could be deflected by a
magnetic field. These principles led to the developement of the direction
focusing mass spectrometer as it is known today.

The separation of ions by mass in a mass spectrometer depends
upon the faet that ions moving through a magnetic field will be deflected
in a circular path. Thus ions of charge e accelerated across a potential
V will attain a kinetic energy

lmvz =e V (L)

2
Entering the magnetic field the ions will be acted on by a force Efyg
where H is the magnetic field strength
e the charge of the ion
v the velocity of the ion
¢ the speed of light.
This force must be equal to the centrifugal forece, mvz/r where r 1s the
radius of curvature of the ion pathe
Hev

2
Combining my [y = = (2)

with equation (1) gives the basic equation of mass spectrometry.

2 .2
m _ or H (3)
e  2Ve

If v, and V are kept constant we see that g will depend only upon H, the

magnetic field. By varying the magnetic field ions of different values of




m/e will thus be focusé& on the =ollector.

Evén fhough the principle of mass specﬁﬁometry is old it was
not unt#l rather. recently that mass spectfometrylﬁecame a tool used in
moét chemical labqfatorieso'-It is now used~éxtensively:as a tool by
organic and inorganic chemistsbto détefmine the molecular weight and
structure of their compéundsa

Since the introduction df the e1ectrcn mﬁltiplier and elgetronic
devices to greatly increase sensitivitx,mass spectrometry has become widely

used to study molecular ionization pdtentials and bond energies.

4




IT TYPES OF IONS IN MASS SPECTRA

The ionization of the gaseous sample can be carried out in numerous
ways such as eleetron impact, phote ionization, field ionization and
thermal ionization, the most popular method being electron impact.

When an electron of sufficient energy i.e. v 10 - 100 eV,
strikes a molecule several reactions can occure
(4) Parent Ions

Parent-molecule ions are formed by the removal of a single
electron from the molecules admitted to the ion cource,

M4 @ w4+ 26 ()
The mass of M+ the parent ion is only very slightly less than the mass of
the neutral molecile and thus the determination of the m/e value with the
mass spectrometer gives the molecular weight of the sample.

(B) Multiply Charged Ions

If the energy of the electron beam is sufficiently high, twe
electrons can be removed from the molecule or atom.
M4 e moemd T 3e (5)
or M +e sencnnecd yﬁ$ 4 2 (6)
The probasbility of the secondary ionization process is less, due to
relatively low concentration of M" ions in the ion source,

(C) Frapment Ions

The excess energy of the electrons used for ionization besides
being dissipated as kinetic energy is absorbed into the vibrational modes

of the molecule producing unimolecular dissociations, Various bond.




dissocceiation processes may take place during electron bombardment of the
payrent spscies,
: +
ABC + @ wewswy AB + C + 20 (7)
ABC + & womwmsy BC + A 4+ 2e : (8)
Or if the ions simultaneously exhibit rearrangement of the atoms, the ion

formed is termed a rearranpgement lon.

EN

ABC 4 @ wewmmy AC + B + Ze

FTN
D
p—

(D) Metastable Ions

An ion formed in the ion souree with sufficient excess energy in
4ts vibrational modes will dissoelate in the ion source, If it dissoclates
while in the field free region, that is, before it enters the asccelerating
region, the product ion will be focused ' in its "correet" mfe pesition in
the mass spectrum. However if the yaie of dissociation is slqw 50 that
the ion will spontanecusly disseciate after it has been acecelerated but
before it has passed imte the enalyzing megnetic field the preduct ion
will be diffusely focused at 2 non-integral mass numbex These diffuse

paaks are termed metastable peaks and will be found at an nfe value squal to
2

¢}

where m_ is the mass of the parent ion {3) and m is the mass of the new lon.

(B) Negative Tons

Negative ions may be formed in electron impact processes in twe

ways: 1) vresonant electron capture

AB + @ 5 AB” wmwmed A 4 BT ' . (10
2) ion pair production

AB + e s 47 +B" +e (11)




(F) Rearrangement Tons

At the point of unimolecular dissociation of a parent ion, re-
arrangements of the atoms may take place. The ions produced in the mass
spectrum cannot be accounted for by a simple mechanism involving eleavage
of a single bond. {see eguation 9).

(G) Base Peak
By definition, the most intense peak in a spectrum is the base

peak and is arbitrarily assigned an intensity of 100 units.




TIT THEORETICAL AND PRACTICAL CONSIDERATION

OF ELECTRON IMPACT TONIZATION

he Theory of Electron Impact

During a collision between an electron and an atom or molecule,
energy can be transferred from the electron to the atomic system. Accorde
ing to the amount of energy transferred from the electron to the moleculs,
the latter may be brought into a neutral excited state or into an fonized
state, excited or not. The excitation energy may be vibrational or
electronic.

This interaction of electrons with matter and the consequent
absorption of energy can be explained in terms of the Franck-Condon Principle,
The fundamental assumption is that the time of interaction is so short
(of the order of 10712 see. or less), compared to the time necessary for
a vibration (1(')"'12 - 10713 see), that nuclei may be considered as fixed at
their equilibrium distances during the lionization process. Thus we see
that the molecular ion immediately after electron impact has the same
muclear configuration that it has in the ground-state molecule (1)

Figure 1 shows the Morse electronic potential eufves for a
diatomic (or in general, for one of the possible modes of vibration of a
polyatomic molecule) in the ground state AB and its excited states.

From the classical picture of vibrational motion, which does
not differ greatly from simple harmonic motion, the molecule will spend

the bulk of its time at one or other of the extremes of its vibrational




Figure 1

Possible Franck-Condon Transitions

for the Diatomic Molecule Case as

a result of Electron-Impact.




e

At +B

A+3B

ADIABATIC

Distance




motions. Solving the Schrodinger wave equation for #, the wave function
for the vibrational states, the probability of position of the nuclei is
proportional to l¢|2 (5)s Plotting |¢|2 for the first few vibrational
levels, it is apparent that for the ground state the maximum probability
occurs at the center of the potential energy curve, while for excited
states, the maximum falls near the extremes of the classical limits as
shown in Figure l. As these are the most probable positions of the nuclei,
3t follows that the electronie transitions will most likely occur from
these points on the potential curves,

Applying the Franck-Condon Principle to the transitions, two
restrictions arise: 1) As the transition must take place such that the
AB internuclear distance equals the AB% intermuclear distance the transi-
tion must be represented by a vertical line.

2) Since the molecule must go to a point on the upper
electronic state curve where the internal momentum is small or zero, i.€.
point of maximum probability, the transition is most likely to end at
either of the extremes of a vibrational level (or at the center of the
lowest level).

According to the Franck-Condon Principle, electron impact ioniza-
tion potentials are '"vertical ionization potentiais”@ Different types of
ionization processes are therefore possible according to the shaps and
relative position of the potential energy curves or surfaces involved in
the process as seen iﬁ Figure 14,B,C,

When equilibrium distances are very much the same for the neutral




species and the ion, the vertical transition will occur with the highest

probability to the lowest wvibrational level of the ion., The resultant
jonization potential will be very close to the "adiabatic" value (Fig. 1(4))
which is defined as the energy required to remove an electron from & mole.
cule in its lowest vibrational level leaving the resultant ion in its
lowest vibrational level,

In general the removal of an electron usually decreases the
stability of the species, tending to increase the squilibrium distances
(Fige 1(B)). Vertical ionization in this case brings the ion into a
vibrationally excited state.

Finally, as indicated in Fig. 3(G), the internuclear distance
may be shifted so far in the AB+ molecule that all transitions lie in the
continuum, AB+ is unstable and dissociates on the first vibration. When
jonization potentials are measured by electron impact methods, the last
detectable ions may be formed in excited vibrational states and an ionizée
tion potential greater than the adiabatic value may be obtained.

Be Tonization Effieiency Curves

The ionization efficiency curve of a particular ion under in-
vestigation is obtained by measuring the intensity of the ion beam, the ion
current, while the energy of the ionizing electrons is changed. A graph
of the type shown in Figure 2 is obtained on plotting the ion current
versus the electron energy. Four sections encountered in a typical curve
are: 1) a curved portion for the first volt or so above the threshol&g

2) a linear portion for the next 10 to 20 v.,




Figure 2

A Typical Tonizastion Efficiency

Curve,




Electron Energy (eV)




3) a broad maximum between 50 and 100 v.,
and 4) a gradual, monotonic decrease as the voltage is further increased.
The exact form of the curve depends to a considerable extent upon the nature
of the ion.

The region of the very broad maximum with only small intensity
changes with voltage is generally used for analytical purposes. Spectra
found in the literature are therefore generally reported at 50 or 70 eV.

The first twe seections of the curve, l.e. the initial curved
portion and the linear portion up to approximately 20 volts, are used in
determination of the appearance potential of an ion. The curved "foot”
or "tail" is primarily caused by the inherent energy spread in the bom-
barding eleectrons, due to the Maxwellian distribution in the energy of
electrons being emitted from the hot filament. The curvature due to this
energy spread can be = yedueed: by using a retarding potential on the
electron beam (6) or by using an electron velocity analyzer apparatus (7).

A minor part of the "tail" is caused by excited vibrational states
in the neutral molecule which are close in energy to the ground state. If
these excited states are thermally populated, electronic transitions will
take place from them at lower electron energies than for the ground state
transitions., Generally at normal temperatures only the lowest vibrational
level is occupied to any extent and the major part of the tail can be st
tributed to the energy spread of the bombarding electrons,

The presence of the "tail" in the ionization efficiency curve

introduces problems in determining the minimum electron energy actually
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required to ionize a particular molecule or atom., Several metheds are

used to determine the eritical voltage and these will be discussed ine-
dividually.,

Whatever the method applied to the treatment of the ienization
curve, it is always necessary to have a suitable calibration of the
electron energy. The electron accelerating potential as measured by a
voltmeter, is not representative of the actual energy of the electrons (8).
There are contact and surface potentials, caused by molecules adsorbed on
the different electrodes of the electron gun, which must be taken into
aceount. Secondly due to the presence of a é@llimating magnet, cole
limating slits, repeller voltages, etc., the ionization chamber is not 2
field-free region. The ion accelerating system alters the potentials
within the lonization chamber as well (9;,10)0 Thirdly, Waldron and Weood
(8) found that a threshold voltage can alter by almost 0.5 eV by changing
the pressure by a factor of 10 while a l@OOC change in fhe filament tempe
erature causes a change of 0.1 eV,

The simplest way to eliminate difficulties with regard  to
potentials is to use a reference standard calibrating gas, for which the
ioﬁization potential iSraecuratelyjknowne It is advantageous to choose as
a calibrating gas one whose ionization potential is very nearly the same
as for the ion being studied,.

Co Conventional Methods of Determining Appearante Potentials

HoDo Smyth (11) in 1922 was first to propose and use the van-

ishing current method for the determination of appearance potentials.
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This method assumes that the slectron voltage at which the ion first
appears is equivalent to the appearance potential. This problem of
determining true onset of ionization Trom the lon cuvrent vs electron
snergy graph, which is approximately assymptotic to the abseissa, can
be tackled in several ways, 5 munber of the common methods will be
discussed individually.

le Linear Extrapolation

RoHo Vought (12) simply extrapolated the linear portion of the
ionization efficiency eurve back to zero ion current as shown in Figure
" (3A)s The point of intersection of the energy axis was used as the ione
ization potential, Accuracy by this method is low and values of the jon-
izati@h p@%enﬁial generally highe Al best it can be usad to determine an

upper limit for the ionization potential,

2o 'Extrapolatsd'Voitage Differences (Warren Method (13))

« As in all the metheds the ionization effieiency curves for the
fon under imveéﬁigati@n and reference gas are determined with both gases
present iﬁ‘sueh prop@r@icns that the ilon currents are very nearly the sanme,
The ion current sesle for either the sample lon or the calibrant ion is
arbitrarily adjusted to make the linear portions of the lonization efw
ficiem@yv@uyveg {(between 10 « 30% of ion current at 50 eV) parallel
(Figﬁfe 3B)e The differences in the slsctron energy, &V, for corvesponde
ing points on the curves for the sample and reference gas for various
values of the ion curvent, i, are measured, and a graph of &V versus i

is drawn (Figure 3@). A straight line drawn through these points is extra-




Figure 3
The Determinatien of Appearance

Potentials
Ao, Vought Linear Extrapelation Method
B,Ce Warren Extrapolated Veoltage Difference

Method
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polated to zero ion ecurrent to give AV the difference between the ap-

pearance potentials of sample and reference gas.

This method is simply a variation of the varishing current
method, and as such appears to have essentially the advantages and dis-
advantages of the latter,

3. The Critiecal Slope Method

Honig (14) assumed that the "tail" of the graph is manifestly
a property of the distribution of electron energies about the mean, If

the electrons have a Maxwellian energy distribution of the type

Yymma +U
dN@ (u) th—é— U exp(ﬂ- g—-i;'r) daU (12)

where dNe( U) is the number of electrons of energies between U and U + aU
per sew, U is the thermal energy of electrons, m is the mass of an electron,
h,k, are the Planck and Boltzmsnn constants and § is the work function for

the filament. The energy of the electrons, after acceleration by 2 poten

tial V, is
E=U4+V (‘}_3)
The number of ions N%(V) produced per sew, for an electron accelerating
voltage V, is then U = 00
N, (V) xj N (0) p(E) dU (14)
U=20

where p(E) measures the probability (probability density) that an electron
of energy B produces an ion which will reach the collector,
Honig then assumes that p(E) is proportional to the square of

the "excess energy" of the electrons above the appearance potential V@:




p(E)

p(E)

it

OQforE< V
= Y X
(X5)

H

2
¢ (B - V@) for E = V,

On substitution of equations(12 and (15)into (14),the following expressiocn
for the ion current, Ni(V) is obtained,

¢ +V, - V)
k T
for V< V, (16)

N =2¢, k1 [ +7) +3kT] exp (-

and

i

e, [6K5 1% + 4k T (V- V) o+ (V4 v@)z]

Ni(V) 5

exp ( - %} for VXV, (x7)
If In Ni is now plotted as a function of V, the curve will

approximate to a straight line, below V_, with a slope of

1. =1
P R (18)

e -
T (In Ni) =

If the temperature of the filament is known, then at the eritical voltage

V=1V
C

& (In Ni)Vc = -3—%,- (19)
and thus the value of Vc may be determined by finding the point of eritical
slope (Fig. la).
Even though this method has yielded some excellent results (14)
it is delieate in application since the exact temperature of the filament
is not generally known. The assumption of a square law for the p(E)

function is disputed (15, 16) for most cases exeept, perhaps, very close

to the critical potential,




Figure &
Determination of Appearance Potentials
Ao Homig Critical Slope Methed

B. Lossing, Tickner, Bryce Methed
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L, SemieLogarithmic Plot Method

A modification of Honig's method proposed by Lossing, Ticlner
and Bryce (17) gives excellent and veproducible results, Lossing et al,
found that plots of the logarithm of the ion current versus electron
energy were parallel in the region of about 1% of the 50 eV ion current
for very many substances (see Figuré: 4B), |

For curves that are parallel to that of the ealibrating gas in
the 1% region the appearance potentials obtained by this method, when A V
is measured at 1% for the two eurves, compare very favorably with those
given by the Warren method and with adiabatiec values.,

5. Monoenergetic Electron Impaet Methods

‘As seen from the methods discussed the main difficulties en~
countered in the interpretation of jonization efficiency curves come from
the important energy spread of the bombarding electrons.

Nottingham (7) as early as 1939 succeeded in getting fine struc-
ture in the ionization efficiency curve for Hg# by using a magnetic selec-
tion of eleetrons of a particular energy. Improvements in electren energy
selectors (20-22) have narrowed the electron ensvgy spread to 0,04 - 0,02 eV,

Another technique for obtaining monoenergetic electrons propesed
by Fox (6) called the "Retarding Potential Difference" is becoming widely
used for studying fine struecture in ionization efficiency curves,

Reported comparisons of methods (23) of studying first, second
and higher ionization potentials point to the reliability of these methods
though many problems have not yet been solved.

Several methods have been developed more recently in an attempt
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to improve interpretation of ionization effieiency curves, obtained by
using inhomogeneous electron beams, by removing theoretically the blurring
>effect of the energy spread (18, 19). Some of these methods require con-
siderable computer caleculations and even then do not improve the appear-
ance potentialsvto a great extent even though they may be useful for
studying fine structure dus to vibrational energy levels,

D Thermochemical Considerations

The appearance potential of an ion is simply the heat of
reaction by which the ion is formed, if no excess energy is involved in
the ionization. It is therefore possible to treat the process by the
usual methods of thermochemistry

For a reaction such as

AB + & wmmd pY 4B 4 2 (20)
the appearance potential of A% is velated to the heats of formation of
the different species by the relation:

ape AN = an W+ 2aH, (B) - aH, (4B)  (21)
If, however, excess energy 1s involved in the reaction, appropriate terms
must be added, or the equation as is can be used as an approximation.

The above equation can also be written as

a.P. (A1) = 4 H reaction =D (A = B) + I (A) (22)
so that if the ionization potential of A is known and the appearance
potential of A+'determined experimentally, the bond dissociation energy,

can be caleouwlated,
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Even though these equations have been widely used for calculating
dissociation energies, an unambiguous quantity is obtained only if a cerw
tain number of questions are answered:

a) .the ienization poten%ial'ﬂf A must be accurately known;
b) the eonfiguration of the products has to be ascertained;
e¢) the kinetic energy of fragments has to be measured;

d) the exeited states of fragments have to be known.

Thus one can readily see that applicaii@ﬁ and interpretation of
appearance potential measurements can be very difficult and require cone

siderable care and caution.




Iv METAL COMPLEXES

The first chelate to be recognized as SHGh was described by
Werner (24), who stated that a eyclic structure was necessary to satisfy
Ehe coordination requirements of potassium dichlernmaéétyl acetonato
platinitee Further studies by Werner and his contemporaries led to the
idea that ligands are groups.whiéh can in some way.donéte electron pairs
to metal ions forming the so-called coordinate links |

Different theoretical approaches to the bonding in'complexeé
hag léd to four major bonding theories: ‘ )

1) The valence bond theory as developed by Pauling (25).

2) The erystal field theory (26), which gives quite' good
values forjthe energies @f‘ele@tfonic transitions which are more or less
localized on the central metal, the ligands being merely the source of
an electrostatic perturbing potential. |

3) The ligand field theory (27, 28) as developed by Van Vieck
is best used for complexe; where there is strong iﬁteraction‘betweeg the

metal ion and the ligand orbitals.
| | 4) Molecular orbital theory (29) which is the most cumbersome
to utilize. | )
A large number of publications have dppeared in the 1itératur@ concerning
the interpretation of the absorption spectra of transitiﬁn metal eomplexes
(30) using the different theories, |

A brief deseription of ligand field theory and molectlar orbital
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theory will be given to help in the understanding of the discussion of

the data to follow,

Ao Lipand Field Theory (31, 32, 33)

In a paseous transition metal ion the five deorbitals arve
degenerate, oriented as shoewn in Fig. 5. If we now have six ligands
located at the corners of a regular @et&h@&r@h, i.¢., equal distances aslong
the positive and negative extensions of the x, y and z axes, the five
d-orbitals are no longer all equivalent due to repulsiocn between the
negaﬁive charge on the ligands and the electrons in the orbitals, Some
of the orbitals ars concentratéd in r@gioné closer to the negative ions
than others, and the electrons will OEvi@uély prefer to occupy the ore
bital(s) as far from the anions as possible. Looking at Fige 5 we see
that in an ectahedral field the d - » and d é orbitals are pointing

b Z
direectly at the ligands and thus will be of higher energy than the dxy”
dyﬁ and dxz which are pointing between the ligands., The dxy” dyz” and

&xz orbitals are usually referred to as the %Zg or de¢ orbitals while

the dXZ - and d 2 orblitals are referred to as the eé or dY orbi%aléa
Fig. 6 s;ags the sglitting diagramatically.

The energy différence between the tZg and eg levels is repro.-
sented as 10 Dq or A whiech varies for differen%vcomplexes@

For a tetrahedral complex we see that arrangement of the ligands

would be such that the t, orbitals would be of higher energy than the eg“

2g

If we take a metal with five d-electrons the eleetrens will

oceupy the orbitals in such a way that




Figure 5

Orientation of d Orbitals,







Figure 6
Splitting of the d Orbitals for

Various Geometries,
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1) the lower energy orbitals are filled first,
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2) Hund's rule (electrons have a tendency not to pair giving

a maximu of unpaired electrons),

Thus for ligands that produce a weak field the splitting A will be

small enough that the energy required for pairing of electrons will be

higher than A . We thus see that for a weak field an electron will be

located in each of the five orbitals.

by necessity have to take place.

—

<®xMzm

Wesk Fisld

Howevey if A is large, pairing will

<@OAMZm

A
Y
=] 1y,

Strong Field

Distortion of octahedral or tetrahedral symmetry is possible

as described by Jahn and Teller (34) in their theorem. Their theorem

states: "Any nonlinear molecule possessing orbital degeneracy in a given

symmetrical arrangement of its nuclei will distort from this arrengement

so as to remove the degeneracy''s Thus if a subshell (tzg or eg) is neither

filled, half filled, nor empty, a distortion will occur to remove any
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possible degeneracy., For example a Cu(II) complex, which is d99 will in

a weak field distort to form a tetragonal complex
4 !

——  d,_ g2
—H— 4

. .
==t a Ay |

<QOMzZm

4

<@QOAMZm

q%::ﬂ&:j dxz”dyz

So far all that has been said was developed from the assumption

that the interactions between metal ions and the surrounding anions or
dipolar molecules are sﬁrietly electrostatic in the sense that the metal
ion orbitals do not In any way mix with the ligand erbitals. However,
overlap of metal and ligand orbitals does occur and as long as the intere
action is not excessively large, considerable information can be gained by

making only small changes to the striectly electrostatic theory so far

discussed,
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The simplest modifiecations to allow for orbital overlap invelve

using all parameters of interelectronie interaction as variable rathew

than taking them equal to the values found for the free ions.

B. Molecular Orbital Theory (32, 33, 35)

Molecular orbital theory is based on the overlap of orbitals,
to some degree, whenever symmetry permits. It thus allows For no overlap,
maximal overlap and all stages intermediate to the extremes.

The molecular orbitals used are obtained by a linear combination
of atomic orbitals and can be @@nst?detedg for an octahedral complex, by
a method using the following steps (see Fig. 7 and 8),

1) There are nine valence shell orbitals of the metal ion
to be considered, The s, D, pyg P, 0 dzz and dxz i yz have lobes lying
along the metal-ligand bond direction and are thus suitable for o bonding,

The d d__, dzx are so oriented (see Fig. 5 for d orbital orientation)

xy® yz
as to be suitable for 1 bonding only.

2) The assumption is made that each of the six ligands possesses
one ¢ orbital and their individual ¢ orbitals must then be combined into
six "symmetry" orbitals, Each of these is so eonstructed as to overlap
effectively with a particular one of the six metal ion orbitals which ape
suitable for ¢ bonding. The ligand "symmetry" orbitals are now combined
with the metal orbitals to give bending and an anti-bonding molecular
orbitals,

3) If the ligands posses orbitals, these must also be combined

inteo "symmetry" orbitals constructed so as to overlap effectively with the




Figure 7

The molecular orbital energy level diagyam,
(qualitative) for an octahedrpal complex bew
tween a metal ion of the first transition
series and six ligands (1 bording effects

and electrons are not inecluded),
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Figure 8
Molecular orbital description of

7 bonding in a complex,
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metal ion 1r orbitals. Again we obtain bonding and anti-banding moleeular

orbitals as shown in Fige 8.
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V' TRANSITION METAL ACETYLACETONATO COMPLEXES

Organic molecules containing one acidic and one co-ordinating
group can form stable complexes with metals through chelation. The
B-diketones

‘b’
C C C———o<2 — o(r-(lj_—. —-—%;-—ogz
O OH OH o

are a group of such compounds that form stable, nonioniec and volatile

{
C

chelate rings with most metals, The chelate ring formed, as shown

schematically below, is planar for most B-diketones,

M >
N

If bulky groups are present in o and 4 pesitions (41, 42) steric hinderance

\\o
,O

\

Q .

may force the ring to buckle slightly to reduce the strain. X-ray cry.

stalographic studies of copper acetylacetorate (19),where Oqs O are methyl




TABLE 1

Dimensions in B-diketone complexes (42)

Compound Cu=0 C=0 C=C(ring) C-C(non ring) Ch = = = C
C@(acac)zHZanee 1.275 1.420 1.480
VO(aca@)Z.ee,e,e 1.285 1.398 1.518
Zr(acac)u 1.270 1.399 1.517
Crz(acac)4 & ee 1.268 1.395 1.519
Mﬁ(acac)Bosoaeo 1.288 1.378 - 1,517
C?(aca@)seeeaea 1.263 1.388 1.517
Cu(acac) yoeosas 1.921 1.260 O 1.hok 1.545 3,075 & 0,014
Zn(DPM) ,Pocoess 1.274 1.405 1.517
N(DPM) Py 0seas 1,314 1,390 1,51k
, AVe 1,277 + 0,016 1,397 + 0,012 1,516 x 0,016
- Cu(Et acae),®.. 1.91 1.30 1.35 1.51 3.12 + 0,02
Cu(Ph acac), .. 1,914 + 0,008 1,282 4+ 0,008 1,397 + 0,010 1,495 (phenyl) 3.02 £ 0,01
10931 + 0,005 1.284 + 0,008 1.406 + 0,010 1.519 (methyl)
Cu(3-Ph acac)ée 1.906 + 0,007 1.256 + 0.0 1,446 + 0,013 1.536 + 0,015 3.5
Cu(3-Me acac),e 1,908 + 0,004 1.285 + 0,007 1.409 + 0,009 1.496 + 0,010 3,216 + 0,007
TAES o0 0s00osons 1.302 4+ 0.006 1.403 + 0,006 1.489 + 0,006

a

-

R = [0PPh,0]. P DRI = Me,CoC0+CHCO-CMe Et scac = Et0sCO.CHecOMe™. © Ph acac = PhCOeCHeCOMe .

3 3 °

© 3=Ph acac = MeCO°CPheCOMe , £ TAE = [M@CG@CHBCOM@DZo
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groups and y is a hydrogen, show that Ce~0 and C-C(ving) bond distances
ayre 1038 and 1048 respesctively which 1s intermsdiate between double and
single bond character. The C-C(non ring) is 1l.5R. From Table 1 (42)
which shows the bond distances for a number of these complexes, we see
that the M-0 bond distances are slightly lawger than Ce0 distances as
expected, However we see that all M-0 bond distances are the same for a
particular compound,

A rumber of papers (30, 36-43) have appeared in the literature
in the past decade cencerning the in%erprefation of absorption spectra of
acetyla@etonaiés as well as other complexes, Crystal field theory and
ligand field theory produced a standard qualitative pleture of bonding in
thess chelates; howéver for quantitative results molecular orbital theory
must be used.

Piper and Belford (44) by re-analysing erystal spectra of
Cﬁ(acac)z by Ferguson (45) attempted to assign the observed absorptions
to particular electronic transitions., They used the simple erystal field
medel along with esr data (46.47) available to attack the problem. They
found that not enough information was available to them to make unambiguscus
assignments,.

Molecular orbital calculations by Barnum (36) on the acetylace-
tonates of the trivalent metals of the first transition series appear to
be more encouraging., From his ecalculations it appears that he obtained

good agreement with absorption spectra as shown in Table 2.




Comparison of Calculated and Observed Transition Bnergies

Complex
8MO,

TABLE 2

in some tris(Acetylacstonato) Cemplexes (36)

Calculated transition energies are in parenthesis

en Ti(acac)3 V(acae)3 Cr(acac)3 Mn(acac)3 Fe(acac)3 Co(acac)3

Iransition GMO 2000 GMO = =6000  @MO = 11000 MO = >12000 BMO = -12500  EMO = 11000
ﬂ3(9> —— ﬁ@(aﬁB 32400 ~35900 39300 39500 L2500 43900
- (32400) (35600) (40600) (b2400) (41800) (44000)
my(e) —> m,(e) ~ 34500 37100 ~ 36800 36800 39000
myla) — mle;) (34500) (371.00) (38300) (37200) (38800)
(33500) (37000)' (361400) (37400) (37500)
myleg) —> m(e) e 33900 ~ee o ~ 33900
' (32500) (326007 (32300) (32500) (32300)
d (ay) —> m,(e) 27500 29200 30200 31400 28500 31000
d (& > m(ay) (30000) (30400) (30800) (32000) (30000) (31700)
(29500) (29800) (30700) (29500) (31000)
d (&) =y %(e) . 26300 ~ 250007 323007 ~ 250007
(28400) (26800) (26700) (25000) (25600)

e



In Fige 9, taken from Barnurs publication (36), the caleulated

energy level diagram of the free acetylacetonato ion is shown with its six
electyrons in the Tyo Tipo and ﬂB orbitals. . Acc@rding‘tm his ealculations
when this ion complexes with a metal the 1 orbitals are all raised slightly
in energy and the dg and dY orbitals fall in between the 1y and ﬁn'@ru
bitals., Also the calculations show that the effect of metal-ligand w
interaction is to shift the T P T, transition to higher energy. From
this he concluded that metal-ligand 1 bonding increases throughout the
series Ti(aeac)B, V(acae)39 Cr(a@ae)B, Mn(acac)B, Fe(aeac)B gnd Co(acae}Be

The literature contains contradictory remayks about the extent
of 71 bonding in acetylacetonato complexes. As mentioned above Barnum's
caleulations for Ty > T, transition energies indicate strong v inter-
action in some complexes., Nakamoto (48) frem infrared absorption spectra
and a normal coordinate treatment of Cﬁ(a@ac)z concludes that the metal
1ligand v bonding is intermediate in strength between that found in Ni(CO)Q
and in F‘e:(C‘I\T)?g in which 7 bonding is believed to be quite strong.

Nuclear magnetic resonance studies (b9, 50) indicate that elec
tron spin is delocalized from the metal atom to the ligand. The work of
Eaton (49) indicates that the extent of the metal-to-ligand charge transfer
decreases smoothly in the series from Ti(III) to Fe(IIT)., He found ligand-
to-metal charge transfer as well which was very dependent upon the number
of metal d orbitals present. Maki and McGarvey (45) from their pars-
nagnetiec vesonance data‘eonolude that for the copper acetylacetonate,

"seothe out of plane 11 bonding is ionic'.




Figure 9
Moleeular ¢'rbitals of the acetyl.
agetonate anion and of a trivalent

transition metal complex.
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Fackler and Cotton (37, ) studying o and y substituted
copper acetylacetonates in an attempt to show that the ring is quasi-
aromatic tried to correlate the 7 - 7 shifts in the absorption speetrum
of the complexes to the shifts seen in benzene for the same substituents,
They found however that a simple comparison could not be made and they
eoncluded that 'due to the presence of the copper atom in the chelate
ring, benzenoid aromaticity cannot be assumed withoult making some une
reasonable assumptions concerning the bonding',

A1l the theoretieal methods of caleulating energy levels used to
date have not resolved all the controversial interpretations of the spectra.
Price (51) has stated that "the simpler changes which occur in ionization
potentials are easier to assess and can be regarded as being a first step
in elueidating thoss which oecur in absorption bands's Consequently it
appears that considerable work must still.be done to clarify the bonding
and energy levels,

Assignment of vibrational frequencies to particular vibrations has
been as controversial as interpretation of the electronic absorptions
but beeause of the greater number of workers in the field appears to be
slowly sorting itself out.

In studying the bonding in acetylacetonates possibly the most
important bands observed in the IR region are the metal-oxygen stretching
frequencies observed below 500 cmola The M~0 stretching band appearing
at approximately 450 c:m"wl is metal sensitive and gives information on the

nature of the coordinaté bond. Comparison of the M0 stretching frequencies,
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for different metals or different ligands, should give directly the relative

strengths of the M«0 bonds., Table 3 gives a list of M-0 frequencies for
a number of metals and ligands, Unfortunately encugh infrared studies in
this region have not been carried out as yst to make adequate correlations
between M0 frequencies and stability constants of acetylacetonate complexes,
TABLE 3
Metal-Oxygen Vibrational Frequencies in
the Infraved for z nuber of Acetylsceto-

nates of Divalent and Trivalent Metals (Cm‘“’}“)0

Metal Vibrational Freauencies
11T med usd geed goad
Mt u30° 5667 5929 g0t
e 1T 208° 115 433%  su8° 550°
ottt 386°  432° uea®  635°
T s
Fe & 23 a
1T 22 659 672
Co
witt L5 666"
Curt 55> BN 6843
Init oo™ 651 666>

(a) see reference 4B
(b) see reference 52
(¢) see veference 53
{(d) see reference 54
(e) see reference 55 .
(f) see reference 56
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VI APPARATUS AND EXPERIMENTAL PROCEDURE

A, Preparation of Complexes

The acetylacetonates of all the metals except those discussed
individually were prepared using the method discussed by Fernelius and
Bryant (57). In this method an alcoholiec solution of redistilled acety-
lacetone is mixed with an agueous solution of the metal aecetate. The
complex usually precipitates from the solutien. In certain cases such
as the chromium complexes evaporation of the water and alcohol was re-
gquired to recover the complex. In each case the precipitate was filtered
of f and recrystallized from aquesus ethanol solution and then
fractionally sublimed in a vacuum of approximately 0.0l vm. of mercury.

In the preparation of copper acetylacetonstes, with methyl or
phenyl substituents in the y-position of the ketone, it was necessary to
add a few drops of ammonium hydroxide before the kétone would react,

The titanium {(III) acetylacetonate was prepared using the
method of Barnmum (36), In a nitrogen atmosphere, 0.10 moles of distilled
acetylacetcone was dissolved in 40 ml, of oxygen-free water by dropwise
addition of 6N ammonium hydroxide and vigorous stirring. This solution
was then added dropwise and with stirring to a solution of 50 ml. of
water and 25 gms, of a 20% solution titanium trichloride. The blue
precipitate of Ti(aeac)B was Filtered off, washed with oxygen free water

’aﬂd dried in vacuum. The Ti(acac&)3 was purified by sublimation in vacuum

of 0,001l mm. of mereury.
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The vanadium (IIT) acetylacetonate was made using the method
deseribed by McKaveney and Freiser (58). A 0.8 gram sample of vanadyl
sulfate, 45 ml, of water, 5.0 ml. of coneentrated sulfurie aecid, and 1.0
grams of zine powder were placed in a 200 ml, round bottomed flask. The
mixture was refluxed for 1 hour under a steady stream of nitrogen gas,
After the mixture cooled it was transferred to a 400 ml, beaker and conw
eentrated ammonium hydroxide added to bring the pH to a value of 2,0, The
mixture was extracted with 100 ml. portien of 1:1 chloroform-acetylacetons.
The organic extract was evaporated leaving the vanadium (III) acetylacetonate
and zine acetylacetonate as residue. The venadium complex was separafed
from the zinc complex by vacuum sublimation.

The iron (II) trifluoro acetylacetonate and acetylacetonate
weye prepared using a modification of the method used by Buckingham et al.
{59)e The ligand was added to a solution of FeS0, in deoxygenated water
containing a eouple of drops of HZSO@ and a few drops of hydrazine to
reduce the iren (III) impurities. The precipitate was filtered and washed
with a large volume of deoxygenated water. It was then dried in wacuum
before sublimations.

The mixed acetylacetonato complexes of copper were prepared as
deseribed by Farona et al. {60} adding an equimolar mixture of the two
ligands to 2 small excess of CuCO3 ° Cu(OH)2 suspended in chloroferm. After
filtering of { unreacted material the solvent was evaporated away. The cone

plex was then purified by vacuum sublimation.




The halogen- and nitro-substituted chromium acetylacetonates were

obtained from Dr. WeKe Ong (Chemistry Department, University of Singapore).
Before using they were purified by sublimatien at reduced pressure., The
Cr(Ia@a@)B contained small amounts of impurities of chelates in which CL
was substituted for T, presumably becauss ICL had been used in the pre-
paration (61,62)., However, these impurities did not give rise to éifm
fieulties in interpreting the mass spectrums.

The pure ligands were obtained from the companies listed below,

Company
acetylacetone (Hacac) Fisher Scientifie Company
trifluorcacetylacetone {(Htfacac) Peninsular Chem, Reseayrch Ince
‘hexafluorcacetylacetone (H hfacac) Paninsulay Chem. Ressarch Ince.
l-benzoylacetone (H bzacac) Aldrich Chemical Co. Ince
dibenzoylmethane (H dbzm) Aldrich Chemical Co, Ince
Thenoyltrifluoroacetone Fisher Scientific Company
Byl beTriflvorosl-phenyl-1,3 butanedione Eastman Organic Chemicals
8ol B Trs Fluorowl-( 2enaphthyl) <1, 3=

butanedions Eastman Organie Chemicals
Lo b B Trifluorosle( 2-furyl) ~L, 3=

butanedione Fastman Organic Chemicals
Jemethylacetylacetone made in laboratory
J-phenylacetylacetone made in laboratory

Only the 3-methyl and 3-phenyl substituted acetylacetones were

made in the laboratory. The 3-methyl acetylacetone was prepared by the
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methed described by Morgan and Rawson (63). Sodium ethoxide was prepared

by gradual addition of small pieces of sodium to absslute ethyl alechol
under a reflux condenser, After %ﬁe metal had dissolved, pure acetylacetone
was added slowly. The white needles of sodium acetylacetonate were filtered
off and washed with alechol and ether,

10 grams of the sodium acetylacetonate were then heated with
60 grams of methyl iodide in a sealed tube for several hours at approximately
100°C. The methylated 3 diketone was distilled off under reduced pressure
yielding & grams of the desired product,

3 phenyl acetylacetone was made using Hauser's method (64). A
mixture of 0.4 moles of phenyl acetone, 0.8 wmole of acetic anhydride, and
0,12 mole of pwtoluenesulfonic acid was siirred for five minutes and then
saturated at 0 = 10°C with boron trifluoride for thres to four hours. The
mixture was then allowed to warm to room temperature over a three-hour
pericd. The reazetion mixture was poured inte a solution of sodium acetate
and refluxed until all the boron fluoride complexes were hydrolyzed. The
mixture was cooled and extracted with ligroin. The produst of 3=phenyl
acetylacetone was purified by recrystallization from ligroin.

B. Measurement of Mass Spectra

All the spectra were obtained using a Hitaechi-Perkin-Elmer
RMU.6D single focusing mass spectrometer and recorded on a Honeywell model
1508 visicorder., The samples were intreduced into the lon source by means
of (a) the heated gas inlet system or (b) via a direct probe depending upon

the volatility of the particular compound., In the first method the compound
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was vaporized into a reservolr of approximately 1 liter capacity from
which it effused into the ionization chamber through a pinhole leak.
The whole system can be heated at temperatures up to 2500Co In the
second method the sample was introduced into the ion source on a probe
which could be inserted through a vacuum lock,

The sample temperatures were different for each compound de=-
pending on its particular volatility. The ionization chamber temperature
was elther 150°C or 2500C as indicated in the tables of the spectra. All
the spectra were recorded a2t an jonizing voltage 5f 50 V,

Co Measurement of Appearance Potentials

The appearance potential measurements were performed on the same
instrument using a Hewlett-Packard Model 34594 digital voltmeter to monitor
both the amplified ion currvent and the chawmber voltége (electron accelera«
ting voltage). Fig.10 shows a schematic diagram of the ion source., The
grid voltage in the ion source was maintained at 0.5 V relative to the
filament. The grid thus pushes the alectrons toward the ion souree, rather
than operating in the usval way a grid operates in a vaeuun tube. The
target (trap) voltage was set at 410 volts relative to the chamber. Re-
peller voltages were set for maximum sensitivity at all times.

For the measurement of the ion current versus lonlzing voltage
the ealibrating gas xenon was intreduced inte the ion source simultaneously
with the compound under study. The xenon pressure was adjusted so that
its ion current was very nearly the same as the intensity of the ion being

studied,




Figure 10
Sehematic Diagram of the T-2M Source

Used,
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by

The appearance potential data were treated mathematically to
account Tor pressure drop off durring the time of measurement and normalized
to make the 50 eV veading equal to 100%. Where the curves were parallel
to the xenon curve the data was plotted on semil logarithmic graph paper
to obtain the appearance potentials by the method of Lossing et al. (17).
The voltage difference between the xenon and sample ion at 1% of the
normalized values was obtained from the graph., If the curves were not
parallel then the Warren method was alse used and compared to the semi-

logarithmic plot at 0.1%.




VIT NATURE OF THE PROBLEM

The object of this reseawrch 15 to gain information about
transition metal acetylacetonates, by studying their "break up'" under
electron impaet in a mass spectrometer as well as by studying the appesre
ance potentials of the parent lons and the mors prominent fragment ilons,
Considerable work has been done on metal acetylacetonates in
the fields of visible and ultraviolel spectroscopy (30,36-45), infraved
spectroscopy (48,52-56), and theoretical calculations of molecular ore
bitals (36). From a2 study of the mass spectra and appsarance potentials
an attempt is made to correlate some of the results obtained by the other
methods and thus shed some light on structure and bonding of {transition metal

complexes,
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VIIT RESULTS AND DISCUSSION

A, Acetviacetonates of the Trivalent Metals of the First

Transition Series

1, The Mass Speetra

The mass speetra obtained for the chelates, by the direet in-
sertion method, for 50V electrons and an ionizing chamber temperature of
15000 are summarized in Tsble 4, The mass spectra for Fe(aeae)B” C@(a@a@)B
and CP(acac)3 are in good agreement with those reported by MacDonald and
Shannon (65), except that no evidence was found of any polymeric speeies,

The effect of the method of sample introduetion and temperaturs
was investigated in this series because of the difference in speectra obe
tained for Fe(acac)35 Co(acac)30 and Cr(aeac)3 by Sasaki et al, (66) and
the inability of MacDonald and Shannon (65) to obtain a spectrum of Mn(aca@)Ba
For Cr(aeac)39 as shown in Table 5 the method of introduction and the
temperature had very little effect on the mass spectrum and the reproduci-
bility is considered acceptable, For Mn(aeac)B, Fe(acae)j and C@(&e&@)B
vaporization via the heated inlet system led to a muech less abundant
molecular ion peak and a lower appearance potential for M(&eae)g than
those obtained when the cempound was vaporized directly into the lonization
chamber, The relative ion intensities and the appearance potentials of the
M(acae)g ion were also not reproducible under these conditions., Hewever,
if the compound was vaporized directly into the ion seurce, variation of
the lonization chamber temperature from 150@8 to 25000 had very little
effect on the form of the spectrum or the value of the measured appsarance

potential.




TABLE &
Relative intensities of metal-containing ions in the mass spectra of

acetylacestonates of trivalent metals of the first transition series

at an electron snergy of 50 volts. (P = Parent Ton)

Ton Ti(acae)B V(acae)3 Cr(aeae)3 Mn(acac)B Fe(acae)B Co(acae)3 Assignment

P 100 32 23 16 16 29 (ML3)+

P-15 - - - - - b (MLZ=CH)*

P42 - - - - - 2 Qm-crco)* A
P57 - - - - - 6 3( ML, LOCHy )™
P=82 37 3 - - - - (LoMOH)“+

P=83 - b - - - - {LoMO)*

P=99 55 100 100 100 100 100 (MLZ)*

P-1.00 80 - - - - - (MLo-H)™
P.11lh - - 5 32 L by (ML5-CH3) ™
P-118 12 - - - - - (ML2°H28 +
P12k 7 - - - - -

P-141 - - - 6 - - (ML,-CH,CO)™
P_16L 7 - - - - - fus(on) )
P=165 - 7 - - - - (LMO(OH) ) *

P-180 16 - - - - - (LMOH,, )+

P-181 36 10 12 - 8 - (IMOH™)+

P.182 &l 26 - - - - (LMOY*+

P-197 - 3 - - - - ﬁ

P-198 - 5 Ly 70 7l 66 Gyt

P~200 18 3 - - - - (ML=2H)*

P-213 - - . Iy 3 - 5

P-216 - - 3 3 - - (ML-H,0)+

P=218 17 - - - - -

P-281 - 34 - - - - )

P=282 - - = b 12 - ( MCIES y+
P=297 - = 2 7 5 2 (M)

8t



TABLE 5

Relative intensities of major ions from Cr(aeae)B with

different conditions ef sample introduction. FElsetron

energy = 50 volts,.

Chamber temp.
pt
(Peoncac)”

(P”o&@&CEQCH3)+

(Pe2oacac)™

Via heated inlet

150° 250°
22 22
100 100
5 5
50 50

Direet insertion

150° 250°
25 23
100 100
6 bes
59 b6
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The first step in the elsctron impaet of these compounds is the
loss of an electron to give the parent ion P’ (molecular ion). Subsequent
fragmentation as briefly discussed and generalized by MacDonald and Shane
non (65) depends upon:

15 odd- or even- electron character of an ion (Melafferty(67))
2) the ability of the metal to change its valency state, and
3) the substituent groups on the ligand.

It may be advantageous at this peint to discuss 'even-eleetron”
and "edd-electron' species (67). The valence electrons of most melecules
are p@ired (exceptions are odd electron molecules such as NO, Cloz9 and
paramagnetic molseules like 02) that is, the nolecule is an 'even-eclec-
tron'" species, Removal of one of these electrons in lonization destroys
the stabilizing effect of one of the psirings to give an "odd-electron
ion''s, Homolytic cleavage of a bond in an "eodd-slectron ion'" will usually
produce a neutral radical (odd-electron species) and an evenwelectron ion.
Since the even-slectron fragment usually has the mueh greater’ stability
and therefors the greater influence on the ecourse of the degradation reac-
tion an over-all increase in stability in comparison to the parent ion is
observed. To produce an even electron neutral fragment it would be necassary
for the molecular ien to wndergo multiple bond cleavages or rearrangement
which requires more energy than simple ene bond cleavages The less ef
even elsctron fragments from odd-slectron ions thus will not oceeur unless
a driving foree is present (e.g. loss of extremely stable even electron

fragments such as HZO, CO, otes)s
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Fven~-electron ions can conceivably fragment by either less of
an odd-electron neutral fragment (radical) or an even-electron neutral
fragment, Since loss of an odd-electron neutral fragment is accompanied
by the formation of the usually less stable odd-electron ion this pro-
cess is not very faverable. The loss of an even-electron neutral frag-
ment entails multiple bond cleavage or rearrangement requiring consider
able energy. From this we can conclude that even-electron lons along
with their higher stability dve to electron pairing should be the pre-
dominant peaks with only minor fragmentation of even-electron ions if
sufficient exeitation energy is present. Studies on organic compounds
(67) shows that the loss of even-electron fragments from even-electron
ions is usuvally ensrgetically more favorable than the loss of odd-electron
neutral fragments and corrsesponding forvmation of an @ddmei@ctron ione

Based mainly on the proposals of MagDonald and Shammon (65) a
general outline of possible fragmentation processes for the M(aeae)3
species is shown schematically in Figure 11, Table 6 gives a suwmary of
the metastable peaks observed in the mass spectra related to the frage
mentation processes shown in Figure 1l.

The predominant step as seen from Table 4 is the loss of an odd
electron neutral species, acace{Le) in this case, for all but Ti(aeae)Be
The psaks due to loss of even-electron neutral fragments from the parent
ion are generally very small except for Ti(acac)B if at all present.
With the loss of the edd-electron neutral fragment the resulting ion

F -
M(&cae)z is an even-electron species and not likely to lese an odde-




Figure 11
Some suggested decomposition pathways for the for-
mation of ions in the mass spectra of acetylaceton
ates of trivalent metals of the first transition
series, Other pathways are possible, and only one
ecanonical form of each ion is shown. In many cases,
confirmation of the suggested pathway was given by

the presence of a metastable peak (see Table 6).
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TABLE 6

53.

Caleulated Pgsitions of Metastable Peaks and Related Transitions

Observed in the Mass Spectra of Acetylacetonates of the Trivalenﬁ

Metals of the First Transition Series,

(ML3)+~-¢ o)t 17,0 1782
(ML3)+ —s (L om)* 200,5
0m9+~¢ 0m3uua+ |
(ML) -y (C 52)

om_on)t — (ML ¥ 228,21
2 2
(MLZOH)+ —s (L MOH(L - 42))* 185,7
(ML, 0H) " — (L(L - 83)om)* 125.9
0ML,0)" —y (WL - 82)0)" 1264
(ML 0)F — (wom)”* 105.2
(ML o) —_— )7 | 84,9
(ML, ) - 0L, -1 o)* 210.3
(ML ) ey (ML2 - CHB)
wm)+ @ - s2)?t
(ML ) (ML - 82))Y 1084
(ML ) (ML - 83 | 110,7

i -CHB) — m)?*
(ML - CHB) ~> (MCH, yHe

+

'(MLZ -8t (O - R) 129,0

L)t —s (McE)?
o)t s (2167

179.1 181.8 182.8

20.5

220,9 223,99 224.9

176.0

99,7 100.5
- 20,6

31.8 32,5

124,7

277.0

22749

103.2
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electron neutral fragment. Further fragmentation can occur by twoe methods,
For the resulting ion to be an even-electron species rearrangement or
multiple bond cleavage must take place with loss of an even electreon species
such as @Z(Cﬁzg) as seen for Mn or 82(CH380H = Qo= CHE) as seen fTor Ti,
¥V, Cr, and Fe,

If the metal is also stable in another valeney state it is
possible for an electron to be transferved from the ligand to the metal
or vice versa thereby changing the valency of the metal (65) by one unit.
A change in valency will also result in changing the odd electron ion to

. . II1 11T
an even electron ion or vice-versa., Thus for metsls such as Co » Fe 0

MﬁIIID CrIII after the loss of one acace radical the valency of the metal
can change from +I1I to +II by an electron transfer from a ligand orbital
to a metal orbital as another odd elsctron neutral species such as acace
or CHB° is loste We see from Table 4 that the intensities of these peaks
(io0. the (P-218)% and (P-198)* peaks formed by loss of an odd electron
fragment fron M(aeac)g) closely parallel the sass with which the +II state
is formed from the +III state in the established chemistry of these metals,
That is the +II state increases in stability in the sequence Ti —=> Co.
This follows closely the trend observed in pgeneral chemistry for thess
metals,

Loss of additional odd electron neutral spscies does not occur,
as would be expected, sines these metals are not known to be stable in the 4T
oxidation state, Further fragmentation must occur by multiple bond cleavage

or rearrangenent if even-clectron lons ave Yorbe formed. However, sincse




these processes are energetically expensive, the resulting peaks are
penerally quite small (usuwally less than 5 or 10% of the base peak).
Interesting peaks at masses 71 and 70 for iron and manganese
respectively, as well as metastables caleulated teo be Ffor processes lead-
ing to these peaks, are seen in the spsctra (see Table 6). The metastables
indicate a process involving the loss of the ligand moiety less a methyl
group, 1.8. CHBCOCECOO indicating a methyl migration to the metal., A
more detailed discussion of migrations of a similar nature will be carried
out in a later seetion (see section VITIT (C) and (E)). The metastable
peak seen for mangsnese in the vieinity of 20.5 can be explained by two pose
sible processes. One of these could be the elimination ef a neutral frage
ment CHBML2 from MLB;

(MLZMCH3)¢° Unfortunately with the instrument used the process occurring

the other couvld be the formation of MCH? from

could not be verifisd,

The fragmentation of Ti(acae)j and V(acac)3 proceeds somewhat
differently than the rest of the series as would be expected from the nore
mal ehemistry of these metals. These metals form their most stable come
pounds in the +IV oxidation state and thus a valency changs from +I1IT to
+1T would not be expected to occur readily; instead a change frem +III
to 41V with tﬁe formation of oxy and hydroxy specles is praferred.

On the loss of an electron from the Ti(acae)3 and V(aeac)B nelee
cules, fragmentation by the loss of an oddeslectron neultral fragment can sccur
to a eertain sxtent as for the rest of this series. There is, however, in

competition with the loss of the odd-electron fragment another process,
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that of valency change of the metal te the +IV state., The transfer of
the electron from the orbital localized mainly on the metal teo the orbital
localized mainly on the ligand produces a pairing of electrons to produce
an even-electron ion. The stability gained from this may account for the
slight increase in the molecular-ion intensity for V(acac)B and the large
increase for Ti(a@a@)se

Fraggmentation of the sven-electron ion may now occur by the
loss of even-electron neutral species., The largest fragment ion Tor Ti(a@aé)B
is the ion after loss of mass 100, Mass 100 can be accounted for by
either a one step process i.e. loss of the even-olectron species Hacae or a
two step process l.e. first loss of 82 presumsbly CHBCCH = C = CH2 and
then leoss of 18 (H20)° Unfortunately no metastable peaks are present to
verify elther procsss,

Tmportant fragmentations observed Tor 'I‘:’L(ac’a@)(,3 and V(aca@)3
are the loss of the even-electron fragment of wmass 82 presumably
CHBQCH = C = CHZ and the edd-electron fragment of mass 83 presumably
CHBdCHze gCH3e From general chemistry it is well known that Ti and V
form very strong bonds with oxygen. The stabilibty gained from the formation
of Ti = 0 or V = 0 bonds could possibly be the driving force for the
reaction. MaecDonald and Shannon suggest a mechanism for the loss of the

species of mass 82 from Vo(aca@)ge
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However this mechanism is not possible in the ease of 11(3036)3 or
whn
V(aeac)ée Loss of mass 82 from these molecular ions may proceed

through the formation of a four membered intermediate such as below.

~ — +
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0-C R i
acac 5 v &H ————> d{cac ZM-OH r ?H
0=C, 0=
CH, CH3
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The loss of mass 83 an odd-electron fragment appears to be

lost From odd-electron ions by the breaking of two bonds, an 0 - C bond




and an M - O‘bond@ As mentioned above the driving forece for this pro-
cess may be the subsequent formation of M = 0 which is known te be re-
latively strong for these metals,

2. Appearance Potentials

The two processes considered toe be of most importance in this

series of compounds are

M(acac)s NI Qp— 1 I‘@(&@&@)é + 2@ (23)
Macac), + € = M(acac); 4+ acace + 2e (21)
j '

For the first process the assunption made is that, at the lonization
threshold, the excess energy (in the form of kinetie or excitation energy)
associated with the process is small, or at least constant, for the series
of compounds. Since the ionization efficiency curves, shown in Figure 12,
had a2 similayr form the assumption appears to bes justified., Thus the
measvred appearance potentisls, given in Table 7, should give at least
aseurate relative lonization potentials and probably absolute appsarance
potentials, |

The srrors quoted here and in succesding series indicate the
reproducibility of the resulls rather than an assessment of their absolute
accuracy. The absolute accouracy is probably within 4+ 0.2V, The appear-
ance potentials wvaried by no more than 0.2V on varying the chamber lemper
ature from 15000 to 25OOC@

Recent lonization potentials measured by Schilderout, Pearson
and Stafford (68) show a very good agreement (Table 7) even though they

used a different method (the vanishing curvent method) of obtaining the




Figure 12
Ionization efficiency curves for M(acac); and
M(acac)zo The curves for Mn(acac)z, Fe(acac)g,
and Co(acac)g probably reflect the thermal insta-
bility of the corresPOﬁding tris chelate, The effect
is most marked in the curve for Co(acac)g, where it
h;; been assumed that the experimental curve is the
sun of the contributions indicated by the broken
lines, The lower curve is taken as Co(acac); arising
from thermal decomposition; the appearance potential was
estimated from the upper broken curve and contains
con;iderable uncertainty. For Mn(acac); the quoted value

of the appearance potential is probably a lower limit.
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ionization potentials from the lonization efficiency curves.

For the second process, the assumption is that the excess energy
is small, so that

BePo [M(acac)z”ﬂ = ToPe [M(aem)ﬂ + 250 - 0) (25)
wheye B(M - 0) is the energy of the metaleoxygen bond. Unfortundtely,
however, it is not possible to determine the ionization potentials of
the bis—chaelates of all the metals, go that a2 correlation of bond ener-
gies with electronic structure is not possible. Though not necessarily
related to the above weaction, the energy of the process

M(a@ae}B% e M(a@a@)z% + egeac + 20 (24)
was assumed to be given by

AoPo [Ifi(a@a@)zﬂ = AoPo [M(aeae)j (26)
and the variation in energy of this process with the transition metal
is belisved to be of signifieance,

Studies of proton rescnance and ultraviolet spectra of metal
acetylacetonates led Holm and Cotton (69) to state that the experimental
data could not be correlated with any simple parameter of the complexed
metal ion, although they believed that the ability of the metal ion te
participate in yeinteraction with the chelate ring was important. Similerly,
in this study, we were unable to find sny simple correlation between the
measured appearance potentials and a parameter relating to the complexed
jonse

Bornum (36) has ealeulated energy levels, using molecular orbital




theory and taking account of y~interaction for these compounds. His
caleulations show that for metals of the first transition series the d-
erbitals of the metal are split by the nearly octahedral ligand field and
that these orbitals lie higher in energy than the highest filled w ore
bitals of the acac ligsand. This would indicate that the ionization po=-
tential would depend to a large degree on the mumber of d electrons,
Figure 13 shows a superposition of the appearance potentials on the
caleulations of Barnum. If we define the lonization potential as belng
the wminimun energy required to remove the electron from the highest
occupied molecular orbital, the results do not correlate with Barnum's
simplified caleulations. For example, Mm(a@ac)3+ should have a much
lower ionization potential than Cr(acae)3+ (at least 1.5V lower).
Similarly, low spin C@(&ca@)3$ should have a much higher lonization
potential than Fe(a@ac}3¢o Tt can be seen that these econclusions are
not in agreement with the measursd appearance potentials.

Since the assumptions abeout the energeties of processes given
by equations 24 and 25 should be essentially cerreet we are forced to
eonclude that Barnum's calewlations are not even gqualitatively corrvect
or that the electron is not removed from the highest oceupied moleculay
orbital in all ecases., BHven if Barnum's caleulations were seriously in
error, there is still the trend in the appearance potentials of M(&@ac)z%
to be explained. The dY orbitals are antibonding. It wnuld be expected,
therefore, that for the manganese chelate if the dY electron is removed,

the difference between the appearance potentials of Mﬁ(acac)z% and




Figure 13
Appearance potentials of M( a@&@); and
M{acac) 2+ from M(@,@ac)jo The energy levels
have been estimated from data given by

Barnum (36).
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.,5}.
Mn(aca@)B would be of similar magnitude to that for the chelates of Ti,

V, and Cr, instead of the large deersase which is actually observed, If
the electron is assumed to be removed from either the dg or WB orbitals,
then better correlation with Barnum's caleulation is obtained, and further-
more, the variation in appearance potentials of M(aeac)2+ formed from
M(acae)B can be rationalized, although the results could be complicated

by structural rearrangement (e.g. to square-planar or tetrahedral ions).

It is perhaps worth noting that for Al(a@a@)3 in which little or no
interaction between metal and ligand is expected that the appearance
potential of.Al(aea@)2+ is only 1,1V higher than that of Al(aea@)Bée

B. Acetylacetonates of the Divalent Metals of the

First Transition Series

1. Mass Speelra

The mass spectra, obtained for the chelates for 50 volt electrons
and an ionizing chamber temperature of 1500 as tabulated in Table 8,
compare favorably to the spectra reported by MacDonald and Shannon (60),
Variations which do occur can be attributed in most cases to differences
in experimental conditions.

Fragmentation as discussed in some detail by MacDonald and
Shannen proceeds in much the same way as for the trivalent acetylacetonates
(see Figure 14 and Table 8) with the loss of an acace odd-electron species
accounting for the most abundant peak in the spectra for all but the

copper complex., Table 9 lists the metastable peaks found in the spectra.
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TABLE 8
Relative intensities of the ions in the mass spectra of acety-
lacetonates of divalent metals, at an electron energy of 50 volts
and ionization chamber temperature oﬂV“IEOO, The intensities of

doubly charged ions are shown in parenthesis, (L = cacac)

Ton Mn Fe Co Ni Cu Zn Assionment
P 84(0,6) 60 96 98 48 52 ML2+

P-15  58(1.6) 42 (0.8) 91 90 35 69 (MLZ-CH )
P-18 1 - - - 1 - (ML~ o)

P30  «(3.3) = 2 - 35 - (M- m2—20H3>

PL2 9 1 2 - 10 9 (LZM-CH co)?

P-57 - 2 3 - 33 (uicocy,)”

P82 - 9 R

P-98 - - un 6 - nmt

P-99 100 100 100 100 50 100 IMT

P-100 - - 3 5 - (m-m) ™

P-10L - - 2 - - - (1M-2m)*

P-114 5 - 12 33 100 - (LM~CH3)+

P-115 - - 3 24 - - (LM~ CH3~HL)+

P-117 4 - 2 - - 9 (14-1,0)*

P-128 - - - - 12 - (LZM«ZCH ~@-)?t

P11 - - - - - L (1-CH,, co)*
P-142 10 (LM-CHBCO)

P-156 - - - 30 5 - . (ucocH)*

P-157 - - - - 8 - (mcocH)”*
P-181 3 - -« -« -« < uoE"

P-182 - 10 - - - - Mot

P-183 14 25 - - - - MCH3+

P~.198 8 15 6 17 i0 5 M




Figure 14
Some suggested decomposition pathways for
the formation of ions in the mass spectra
of acetylacetonates of the divalent metals

of the first transition seriles.
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TABLE 9

. Caleulated P061t10ns of Metastable Peaks and Related Transitions

67 -

Observed in the Mass Spectra of Acetylacetonates of the Divalent

Metals of the First Transition Series,

Lo

Mn Fe Co Ni Cu Zn

0L,)" — Om, - cny)* 223.9 2249 227.9 232.9
(ML2)+ — (ML - 2CH ) 200, 5
0L,)" —s (ML2 - 12)? 176.0 179.9 183.8
)" — oz -mt £ 95.9
(m‘2)+ — (MI-' - CH3)+ 7906
L)Y — @ - ) - )t 78.5
(L, - CH3)+ — (L, - 2CH3)+ 2169

5 - CH3)+ - ()7t 99,7 103.2 102,3 106.7
(ML2 - CHB)* Y (MLCOCHZ)+ 165.3 170,12
(ML, - 2cH ) — m)?* 133.4
(ML2 - 2CH ) - (ML - CH ) . 93.6
(ML, - 2CH ) — (L, - 2CH3 - (L-H)) 76.6

(MC =C=Cc=0)"
.o

(MLCOCHZ)““ ~ ()t 129.6
) — (o - cr,)* 126,6 113.6
o - B — u(L - 1) - cn)”t 128.4 |
o - CHB) —, (MCOCH ) 75
(ML - cH ) —_ (MCOCH) 73,6
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The effect of valency change on peak intensities is evident

in this series., Copper is ssen to be the most stable one in the 41
state as evidenced by the base peak being a species produced by the
successive loss of two odd electron neutral fragments. The Co and Ni
eompcundé are the only others showing evidence for sucecessive loss of
two odd electron fragments but have only small peaks due to these
Processes.

2. Appearance Potentials

The results for the acetylacetonates of the trivalent metals
as discussed suggested that on lonization the electron was removed from
a morbital localized mainly on the ligand since the nature of the li-
gand had a far greater effect than the metal on the appearance potentials
of the metal chelates, In this series variation of the appearance po-
tentials from metal to metal appears to be even less, In Table 10 are
tabulated the appearance potentials of the molecular ions, and the ions
formed by loss of CH3° or a lipand radical,

Most of these complexes have different structures in the gaseous
and condensed phases. The available evidence (70) suggests that in the
gaseous state the acetylacetonates of Mn(II), Fe(II), Co(II) and Zn(II)
ave tetrahedral (high spin) while those of Ni(II) and Cu(II) are square
planar, and in the solid state they are all polymeric with the exception
of Cu(aea@)za Electronic absorption speectra can, in principle, be used
to evaluafe\ligand field effects, but solution spectra are not likely to

be helpful here., Thus, the usual experimental data are not available
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with which to compare the measured appearance potentials and, we are not
aware of any theoretical treatment of the gaseous chelate moleecules,

In the previous series values were quoted for the appsarance
potentials of the M(a@a@)z* ions from the tris-chelates of Mn{III),
Fe(III) and Co(III). For these chelates it is thus possible to calculate
the energy, Zk}%iﬁs” of the dissociation

M(aGaC)B ey M(a@a@)z 4+ acac (27}
Making the usual assumpiions that the products of the lonization reaction
are formed in theilr ground states and that their total kinetic energy is
small, a lower limit for the energy of the homolytic dissoclation is
given by:
AHgy oo = AoPe [M(acae)z+ from M(acae)s] w T.P. [M(aeac)é] (28)
The metal-oxygen coordinate bond energies in the M(aeac)z complexes are
then given by:

bis 1 tris
Bro =% (6B o - QHggd) (29)

Values caleulated using these equations are given in Table 11,
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TABLE 10
Appearance Pstentials of ions from M(acac)z at an

s . . o
ionization chamber temperature of approximately 150 .

Metal Sample pt (P~cH.,)" (p-L)*
temp. (approx.) eV oV 2 eV
Mn 120° 8e34 + 0,05 11.7 4 0.1  13.7 + 0,1
Fe 100° 8010 + 0,05 11.7 + 0.1 13.9 + 0,1
Co 25° 8o54 + 0,05 11,5 + 0ol 13,9 + 0.2
Ni 100° 8.23 + 0,05 11,6 + 0.1  13.5 + 0.2
Cu 30° 8s31 # 0,05 10.9 + 0.1 13,1 + 0,2
Zn 100° 8,62 4 0,05 10,9 + 0.1 14,1 + 0.2
H - 9¢2 4+ 0.1 10,7 # 0.1 S
TABLE 11

Coordinate Bond Ensrgies

. 4T . bis
Metal  AoPe [M<acae)2] Hytos Beo,tris® Bioo,
Prom M(acac)3 keal/mole kczi/male
Mn 8.7 4 0.1 29 + 4 Wi 8 + 0.5 465 4 2
Fe 791t + 0,1 730 4 L 5569 4 0.6 £76 + 2
Co 10,7 + 0.1 751 4 b 50,9 £ 0.7 £63 12

(2) see reference (71).
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Coe Metal Fluorinated Acetvlacetonates

1. The Mass Spectra

The relative intensities of all metal containing ions in the mass
spectra of the tri and hexafluoroacetylacetonates of AL(III), Cr(III),
Pe(TII), Fe(II), Cu(II) and Zn(II) are given in Tables 12 and 13. In
assigning the base peak, mass 69(CF3+)9 which was often the most abune
dant peak, was ignored. Tables 14 and 15 give the metastable peaks found
in the spesetra as well as the process related to sach peak.

The results are consistent with the facile loss of one odd-
electron neutral fragment, as discussed for the acetylacetonates, after
which further odd-slectron neutral fragments are not readily lost unless
the metal can underge a walency change., Figures 15 and 16 give a schematie
diagram of these processes, When no further odd-electron neutral fragments
ean be easily lost, then loss of even-slectron fragments can occur, as
shown in the scheme,

Compared with the spectra of ths acetylacetonates, it is apparent
that substitution of CF3 for CH3 leads to a more sxtensive fragmentation
of the molecule under electron impact. The greater fragmentation of the
fluorinated chelates ean be attributed to:

1) the relative instability of the molecular ion due to, for example,
weak C«»CF3 bonds;

2) the relative stability of some of the products due to the high MoF
bond energies; and

3) the stabilization of the positive charge on the carbon via the elecw

tron withdrawing power of CFBo




TABLE 12
Relative intensities of metal centaining ions in the mass spectra of the bis-
complexes of fluorinated acetylacstonates, at an electron snergy of 50 volts and

. e . )
an ionization chamber tempsrature of 150 C,

Ton Fe(hfacac)z Cu(ﬁﬁacac)z Zn(hfacae)z Fe(tfacac)z Cu(ﬁﬁaeac)z Zn(%facac)z
@ " 83 9 9 100 5 Iy
(LZMmF)+ i

T W 4+ - £ % 3
<LZILQCH3)+ ‘ Q A 21
(LpH=CF,) ‘ 30 28

(LZMMCHZCE)

{LzﬁmCFO)’

(Lzﬁm093>* Ly 2l 27 7 11 100
(LZMQ(CFBjCHECO)) I A 10
(LZMa138) 23 2.5 27

(Lr)* 8 6

()™ 13 15 19 23 8 5h
(LMQCHB)% 10

(1. Mo . o

\LZM (ZCL:B&CHBCO)) ? 9
(LMeCFZ) 100 100 71 67
(14-CF ) 100 12 | 160

2é,



Table 12 Continued

Ton Fe(hfaca@)z Cu(ﬁﬁaea@)z Zn(hfacg@)z Fe(tfa@ac)E Cu(%%aca@)z Zn(%facae)z
(MCOCHZ)“*‘ 59

(vcoca)* 11 6 18 12
(ur-cr,)” 9

'l 82 46 il 28

€




TABLE 13

Relati&e intensities of metal containing ions in the mass spectra of the tris~complexes
of fluorinated acetylacetonates, at an electron energy of 50 volts and an ionization

chamber temperature of 15OOC° (Only peaks greater than 1% of base peaky

Ton Al(hfacac)3 C3:~(hf.‘ac~=,1c),3 Fe(hfacac)Ba Al(tfacac)3 Cr(tfacac)3 Fe(tfacac)3
L3N+ 5 20 18 3 2l 10
(L314-F)+ 1 4 2 - 2 -
(L,),M«-CFB)+ 6 6 7 - - 0.5
L2M+ 100 100 100 100 100 100
(LZM-CH3)+ | - - - - - 3
(L -CF,) ™ 17 21 37 9 8 27

( LZIVI»CF3)+ 3 3 Fal 1.5 21 20
(LZM-ZCF2)+ 1 - - 7 - . 0.5
(moc cu)” - - - - -

(L21~1-0F3.c1?2)+ 1 - - - -

IMET - 70 8 12 40 5
wt - 6l :7 3 30 20
(LF-cF,) " 10 23 6 39 25 -
(L4-CF,)* 11 35 & - 40 80
(H-i-CF3)+ - 38 - . 3 -

(a) 75°C,

172



TABLE 14

Y

" Caleulated Positions of Metastable Peaks and the Related Transitions observed in the Mass

Spectra of Fluorinated Acetylacetonates of some Divalent Metals of the First Transition /

Series. !

- —— . -~ £

@ — (peory* 39,0 35040 o 2014,9
(L))" —> (LZM-CF )yt © 3753 | 268.9
(L M) — (LZVI-COF) o . 289.8

(LH-F)T —s (L-cP)* 35645 363.5

(L M-CF )+ (Lu)+ 172.5 | | 179.6

(LZM-CFB) (LZM-ZCF )* | 281.7

(LZM-CF )¥ —y (LMCH ) o 177.9

(L~CF )+ (LMCOCHZ) | | | . 2229
(L ji-CH) " e (u)* | |
(LZM—CF y* (LZM—CF3)+ ' | | 275,2

132,6

+ ° . .
,(Lzr-i_chB) —_— (LM-CFB) ~ 119.2 _ 93.6
+ + ‘
(LMCHB) — L . | . 101.3

+ + . |
(LMCOCHZ) —_  (LM) _ . _ 181.8

. | | | |
()t — (LM-CFZ)-+ 172.5 180.2 ' 128.5
(L1-CPy)" — T ' | 19.8.

+ + : '
(LM-CF3) —> (MCOCH,) - ' ’ 75.0

G4



TABLE 15 |
Calculated Positions of Metastable Peaks and the Related Transitionsrbbserﬁed in the Mass

Spectra of Fluorinated Acetylacetonates of Some Trivalent Metals.

Al(hfacac) 3 Cr(KEfacac) 3 Fe (hf‘a.c.:a.c)3 Al(tfacae) 3 Cr(tfacac) 3 Fe(tfacac) 3

— (L))" 300,13 322,7 - 228.2

(ML )*F
(MLB) — (I{LB ~ CF ) 51743 Co5k2.
(PﬂJB) —p (ML -F) 612
§m3-m — (L-CF )T 532 557.8
(L ,-F)F ( ; )*
5 F) — I'H‘Z'CFS 2141 .0
(ML 4~CF 3" (m,2>+ " 33549 359.5
(MLB-CH Yoy m)* ‘ | 84,7
oL, RN (MLZ-CF) 367 37L.b 37543 210, 5 268.9
(ML ) - (i, -CH ) . 125.9
(ML) — (MFL) 165.8 '
0rL)t — (BL-cF)t 187.,0 111.6 135.2
(LZM-CF) — (L M-CF) 378.9 - o 271.2
(L M-CF,) --9 (CF) 12.2
(LZM-ZCF) — (FIIL-CFZ) 95.3
(L M-CFZ) — am)* 172.5 139.9 136.4

(m,-czrz) — (CF,+C0-CHCO)™ 36.2 62,

94



Table 15 Continued

Al@%fa@ac)B Cr(ﬁfa@ac)s Fe(hfaea@)s Al(tfaeae)B Cf(tf‘a@a@)3 F@(tfacac)B

(1i=CF) " —p (m)* 169.0 17225
0L)" s (ML-CF,)™ 168.7 164.7 121.0
OLCF,)" =y (C,HF,0,)7 66.5

&



Pigurs 15
Seme suggested decomposition pathways for
the formztion of ions in the mass spesctra
of the fluorinated acetylacetenates of the

divalent metals,
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Pigure 16
Some suggested decemposition pathways for
the formation of ions in the mass spectra
of the fluorinated acetylacetonates of the

trivalent metals.




(ID+TE)=d

(ﬁ“TZ)”ﬁ //%
773/ + \T,;( I
5267

?D‘f/

v, fao-a
~0-0

Wch

RN

\ﬁ‘:é/

y=d (£
T > "
d o

(2€3—+22}“&
)O\v

’1@/ \N~J

? | T

qe=d
N
4

|

$A0+T) ~d
\S—O

AT =N
T

b
.

=0

A

S
o’

-




80

For exampleg when it is present in the spectrum, the peak coye
responding to the loss of a CF3 radiecal is always econsiderably wmors ine
tense than the eorrespending pesk due to the loss of a CH3 radical, In
fact, the latter peak is insigﬁificamt or undetectable in most of the
spectra of the trifluoro compounds presented here. Only in the case of

_ Zn('i;faeac)?9 in which the appearance potentiazls of both (P-CF )+ and

3
(PwCH3)+ could be measured, can a direct comparison of the bond dise
sogiation energles in the séme molecule be made, The values as seen in
the next section are in agreement with the suggestion (see Table 16)
that C«CF3 bonds are somewvhat wesker than the C«:CH3 bonds in these
chelates,

A number of rearvangement psaks involving the loss of a CF,
group with the assumed formation of a metal-flverine bend are present
in the spectra for somse of the metals studied. The wigre ion of the
fluorine presu sumably preceeds by a concerted process iﬁvclving the fission
of one of the metal-oxygen bonds followed by a suitable rotation of part

of the ligand about the 2,3 C=C bond, bringing one of the flucrines of.

the CF3 group close to the metal.

Fi E 0
F R0iC
0z -Co N A
L MY5 e > LM CH
NoE o - 0-C

N N\
%, | : i
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This concerted process would probably be sterically hindered in the tris
chelates and thus neo (LBMmCF2)+ peaks are recorded. The elimination of
the CF2 species has been well documented recently in the mass spectra of
certain organometallic compounds (72,73) and is favored both by the
formation of strong M-F bonds, and elimination of the comparatively
stable CF2 species. These peaks are move intense for the hexafluoro
compounds than in the trifluorc compounds, because of the greater sta-
tistical probability of the processes and alse because the other CF3
group remzining will by its electron withdrawing power stabilisze the
positive charge on the riag.

Proof of migration of the fluorine to the metal is given by
the presence of metastable peaks for the elimination of ME,and MFB
neutral species for Cr(hfaea@)B, Al(hfaeac)B and F@(ffacac)B as pointed
out by Clobes et ale. (7).

Al(hfacac)B also loses another metal containing neutral frag.
ment. The even slectron ion (LA1F°OC(CFQ)CHCO)% Tragments to
lose (LALFOC:CHCO) as the neutral fragment leaving the CF3 group with
the positive charge.

Cu(hfacac)z and Cu(tfaca@)z show major peaks for the loss of
mass 138, Zm(hfa@ac)z the only other compound to lose mass 138 from the
molecular ion has only a minor peak at this mass, For C&(hfacgc)z mass 339
can conceivably be formed by the loss of two CF3 groups or CF36 Cﬂgp both of
mass 138, Using ligand deuterated in the + position would make the latter

fragment mass 139, Howsver in the mass spectrum no loss of mass 139 ocourred.
gn ©

Similarly wmass 207 could conceivably be accounted for by loss of three CFqy
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groups, however using deuterated ligand the fragment lost was of wass 208 -
rather than 207 as would be found fo? three CF3 groupse This suggests that
one ring will be removed before the fragmentation of the other ring begins.
Fragmentation of Cu(ﬁfaeéc) is unique. Using Cu(tfa vac) det
%eruted in ths v position it wae proved that less of twe CF groups or 1oss

0 3

of CF tChL can oceur each by means of & two step precesse When two CF3
.graups are lost successively this is fellowed by loss of &CHC to give the
jon of mass 147 (non deuterated chelate). In the second process, after the
loss of the CF3 ZrOUp, aomethyi migration cceurs, presumably to the metal,

with the elimination of ECHGS This ion of mass 273} then loses a CuCH3

neutral wadical leaving the positive charge on the ligand.

/Qfgic F3 -CF 0~
LM+ CH 3 LM+ DCH
0-C_ | 0=cl
I CH, i CH
O+ MCH, ¢é—— LMCH, »~OCCHCO M GH, /&//O
3 N\ )

v _ O-C=CH




The one step process going frem I to IV may be occurring as
well, however there is no metastable peak present to verify this process.

2o The Appearance Potentials

As has been ssen from the previous series the appearance po-
tentials of the molecular ion depend much more upon the nature of the
ligand then upon the nature of the metal, Thus, for all the bis and tris
hexafluoroacetylacetonates listed here, Table 16, the appearance potentisls
lie within the range 9.95 + 0.25 volts; while the bis and tris trifluorom
acetylacetonates are within the range 9,05 # 0,35 volts (Table 16). Re
placement of a CH3 subs%ituent by a CF3 substituent increases the appeare
ance potential by 0.6 to 1.1l volts. These generalizations are thus
consistent with the suggestion that the elsctron removed on ionization
of the molecule comes from an orbital which has mainly ligand chavacter,
ie@s a 17 orbital localized mainly on the ligand. This is in contrast to
the ionization of metal carbonyls and cy@lﬁp@n%&d%@mﬁis" in whieh it
was concluded that the electron was removed from an orbital locallized
mainly on the metal (75).

In some of the chelates in this series it is possible te measure
the energy required to dissociate a °CF3 or °CHB radieal from the molecular
ione The energies required vary widely from compound to compound. In a
neutral molecule AB the bond dissociation energy, D(A-B), is the enthalpy
change for the process

AeB == A° + Be A H = D(A-B) (30)




Appearance potentials of selected ions in the mass spectrz of fluorinzted acetylaceionates.

- . . o o . . s . - o
Ionmization chamber temperaturs 1507, A1l values ars in volls with experimental error of

+0.1 volts wnless otherwise stated. Errvor in values is 4+ 0.2 wolts in most cases,
p* (Pacr)* (pcH)”  (PaL)? (cFs5) (ch,) (Ly  PH(1it.)

41{hfacac),  9.80 10,7 - 11.2 0.9 - 1.4 10,307
Crfhfaeae}B 10.1340.05 - - 18,340,1 - - ) 9.97%
F@(hf&@a@)B 10.21 111 - 10.,2¢ 0.9 - a® 10,34
Fe(hfacac), 9.7 132402 - - 3.5 _ _ _
Cu(hfzcac),  9.8610.05 11.6 - - 1.7 - - -
Zn(hfacac), 10.07+0.05 11.35 - 1503402 1.3 - 5,2 -
él(’tfaeae)B 9,05 - - 10,2 - - 1,15 -
Cr{tfacac), 9.09+0.05 - - 11.940.1 - - 2.8 -
F@(tfa@ae); ,1040,05 - - 9.2+0.1°7 = - 0,2 9,38°
Fe(tfacac), 8e75 12,6 - ih.5 - - 5,75 -
Cultfacac),  9.05 11,5 - 13.1 245 - 4,05 -
Zﬁ(tf&@ac)z 9,40 11.28 117 14,6 1.9 2.3 5ol -
Al{acac), 7.95+0.05 - - 9.1:40.2 - - 1,15  8.27°
Cr(acac}B 8.1040.05 - - 11.340.1 _ _ 3.2 7,87
Fe(acac) 4 8.45+0.05 - - 9uli40,1 - - 0,95  8.64%
Fe(acac), 8,140.05 - 11,740,k 13.940.1 - 3.6 5.8 -
Culacac), 8.3140,05 - 10.940.1 13,140.2 - 2.6 L,8 - o




Table 16 Continued

+ N . IS i . - .

P (P-«CEB) (P”Ca,j)“ (P-L)" , A(Ci‘s) A(CHB) AL P (Lit.)
Zn(acac>2 8062_'5"'0.305 L 10@92’?:091 1245”@13‘_‘0@2 - 2@3 505 [
H(hfac) 10.5530.05 11.240.1 - - 0.6 - - 10.68%
H(tfae)  9.82 10.630.2 117401 - 0.8 1.9 - 9,96
H(scac)  9.210.1 - 10,740, - - 1.5 - 8.87°
(a) see reference (68)
(b) ses reference (3)
(¢) May be low because of the possibility of therm:l decomposition to the bis -chelate in the

ion

SOUrC2.,
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arnd is given by

D(A-B) = AH.(Ae) + AH(Be) = Hf(AB) (30)
The appearance potential of &7 in the reaction

AB 4 6 wemwp AT 4B 4+ 26 (32)

is related to the hests of formation of the different spscies by the
relation:

B.Po(Ah) = AHLLT) + AH(B) - 4 HAB) (33)
If sxcess esnergy is small it is possible to write

AoP(AT) = AH = D(A-B) + T(4 ) (34)

reaction
In principle, contributions to D(A-B) can be divided into ¢= and 1
bond energy terms (76), but the situation is actually move complicated
than this, For example, when the A-B bond is breaking, adjustments of
the other bonds in the product radicals may occur. This contribution
has besen called the "reorganizational energy's To aveid this difficulty,
the assumption is made that the o-bond term in D(A-B) is identieal to
that in an znalogous system which involves no teconjugation, and the differ-
ence between the D values for the two systems, is associated mainly with
the ye-cnergies as the bond is broken. The term "stabilization" energy
is used instead of "resonance" or "deloealization¥’ snergy.
The stabilization energy of the »CF3 radiecal is of lmportance,

The bond dissociation ensrgies arve : D(CFBMCFB) = 86 Keal/mole, D{CHBmCHB)
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= 88:kcél/mole, p(cp3»H) = 106 kecal/mole, D(CH3=H) = 104 keal/mole.
These values suggest that the energy required to dissociate a °CH3 or
eCF3 radical from the chelate ring.in the neutral metal chelates studied
should be about 85-90 keal/mole, i.e. slightly less than 4eV/molecule,
The energies required to dissociate these radicals from the parent mole-
cuiar ions are, however, always lower than this, usually much lower, in-
dicating considerably higher stabilization energies for the fragment ions
than for the parent ioho These dissociation energies are expressed as
43(CF3) and él<CH3) in Table 16, The smaller the value of(é.(CFB) and
ACS(CH3) the greater is the relative stabilization energy of the fragment
ione An exPlanati9n for the variations ix1éx(CF3) and A (CHB) must bs
sought 4n the struetures of the molecular and fragment ions. Upen
ionization of the molecule an electron is removed presumably from tﬁe
m-system of one of the chelate rings to give I belﬁw; Homolytic dis=-

'sociation of Oy from the ring will leave an unpaired electron on the

ring carbon atom,

I I I
Oll
/ o —r
N ,r:-(\:\ \ L0

MO+ v CH o M+ Y CH — M I CH

NN 4 2 N \AL A/

Og O—-C\ Of-C\
\ %, o,

—
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which may then transfer to a partially empty delocalized bonding w
molecular orbital on the chelate ring to give IIT. This should give
considerable 7 stabilization to the fragment ion with respect to the
molecular ion. Furthermore, little structural or geometrical rearrangemént
should acecompany this process., The metal ion should have little effect
on the stabilization of IIT, and thus we assume that the large varia-
ﬁiowsinaéx(CFB) which are observed are due Lo the different stabilizae
tions of the molecular ion. The smallest A (CFB) are observed with
AL(III), Fe{(YII) and Zn(II) and the largest ZS(CFB) with Fe(II)., For
the Cr(III) chelates no values could be obtained due to the low relative
intensities of the (L3MmCF3>@ and (LBMwCHBD% peaks, This probably means
that the energy required to dissociate a CF3 or CH3 group from the molew
eular ion is high (A (CFB)” ZX(CHB) are high) indiecating 2 large T
stabilization of the molecular ione

It is proposed that the stabilization of the moleecular ion by the
metals is aecomplished via v donation from the metal d¢ orbitals to the
partially empty ligand w @rbi%al% For the AL(III) chelates, the molecilar
ion cannot be stabilized in this way and the process T sy IIT goes more
readily. For Cr(III), stabilization of the molecular ion can oceur,
which should meke the process I «3 IIT more difficult. In the trivalent
metals of the first transition series the amount of metal-to-ligand charge
transfer decresses in the sequence TiIII ey FeIII according to the work
reported by Eaton (49), Considering that Ce{III) is &2 and Fe(III) is

dz di if the ligand field splitting lowers d¢ in Fe(IIT) relative to Cr{III)
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than transfer of charge to the ligand would be more difficult for Fe(III)
than for C»(ITI), via the d, orbital. The de orbitals have suitable
symnetry for the charge transfer while the dY orbitals do not. Since

no peaks were observed for loss of CF3 for ﬁhe-Cr(III) complexes pree
sumably'ékCFB would be large possibly in the order of AL which is 4.2v
for Cr(hfaeac)B@ Thus the data appsars to support'ﬁhe greater stabili.
zation of Cr(III) than Fe(III),

For the Fe(II) chelates the high value of A (CF3) suggest s
stebilization of the molecular ionp_I9 presumably by the electron trans.
fer to the ligand. This would be in agreement with the W@llfkﬁOWﬁ ready
conversion of Fe(II) to Fe(IIT). Oxidation of Zn(II) and Cu{II) occurs
much less readily and in agreement with this, much lower values of
ZS(CFB) and AN(CHB) are observed., As might be expected it seems electron
transfer from metal to ligand is slightly easier for Cu(II) than for
Zn(II).

Although the data is rather Llimited it appears that, when the
electronegative CF3 group remains attached to the chelate ring in the frag-
ment ion, greater stabilization of the fragment ion results than when the
CH3 group remains. For example, zx(CFB) is 1,7 volts for Cu(hfacac)z
and 2,45 volts for Cu(%facac)zs it is 1.3 volts for Zn(hfaca@)z and 1.9
volts for Zn(%facae)z;zk <CH3> 18 2,3 volts for both Zn(tfacac)z and
Zn(aeae)za Tt seems that electronegative groups on the ring enhance {rans-
fer of the unpaired electron from the ring carbon of II to the v system.

This observation is consistent with the arguments presented in the intere
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pretation of tﬁé mass spectra of the substituted chremium acetylacetonstes
diseussed in section VITL (D).

It is diffieult to assess the energies involved in the dissocia-
tion of a ligand radieal from the molecular ion. Apart from electronic
reorganizgation, thére may be, and probably are in many eases, structural
rearrangements, and, for small metal atoms, sterie relaxations to cone
sider, However for the compounds studi@d‘heve ﬁ@ see that it is move
difficult to remove a ligand from the molecular ion of a big chelate
than from a tris chelate, An interesting feature of the A L valués aye
the extremely small values for the FeIII acetylacetonates, They may
however be larger than the values 6btained in this study since some de-
composition was evident in the spectra, with the value of the appesarance

4 .
potential of the FeIIILZ species probably being affected somewhat by

Fo 'L,

Ds Substituted Acetvliacetonates of Trivalent Chromium

In the series of acetylacstonates of the %?ivalenf ﬁetals of fhe
first transition series it %as concluded that valency changes of the meial
account for the trends in the mass speetra. In the mass speetra of Ti
(aeac)s and V(acae)B there were found speeies evidently characteristie of
the +IV valency state., On the other hand, in the mass spectra of C?(a@a@}B,
Mn(aeac)39 Fe(acac)B and Co(acac)3 a general increase was seen in inten-
gty of peaks belisved to be characteristic of the +IT valency state,
Cr(aeaa)B did not appear to exhibit any peaks characteristic of the +IV

state and only very small peaks in evidenece of the +II state.




A number of substituted chromium acetylacetonates (see Table
17) were studied to see the effects of electron withdrawing groups. and
electron donating groups on the fragmentation patterns and appsarance
potentials of the complex.

1o The Mass Spectra

As for the other series previeously discussed the mass spectra
can be rationalized in tewms of preferred formalion of even-slectron lons
and elimination of odd-electron neutral species.

Mechanisms to account for the important pesaks in most of these
spectra are summarized in Figure 17. The first step in the electron ime
pact process, as discussed earlier, is the removal of an electron from the
71 system to give I, the odd electron ion., Homolytic fission of the Cug
or Gey bonds (with transfer of one electron of the bond to the m-system
to give species such as IT or III) yieldé an even-electron ion and a
neutral radical. Only in C?(Ia@a@)Sa as seen in Table 18, does this
process give rise to a large psak, although small peaks are present in
the Cr(Braeac)B and Cr(hfacac)s spectra. Such 2 process would be expected
to be significant when the Cet or Cuy bonds are weak, or when there are
no other elesectronegative groups on the ring te increase the @@sitive charge
on the ring. The formey appears to be lmportant for the present series of
y-substituted acetylacetonates where the intensity of the psak due to III
is consistent with the relative bond strengths C-I < C-Br <CClL % (L.»NO2
in aromatiec compounds, but not consistent with the order CmNO2 L CIL

CwBr LC=Cl in aliphatic compounds. The second factor is probably of im-
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Desiprnation
Cr(acac%

Cr(CH acac)3

3
Cr(Clacac)B

C?(Bracac)3

Cr(Iacac)3
Cr(NOZacac)3
Cr(tfacac)B

Cr(hfacac)B

TABLE 17

1

92

oy
o, oo Y
CHB CHy H
CH, CH.y CH
CH,, CH, c1
.CHB CH, Br
QHB Ci, I
(CHy.. CH,, No,,
CF. CH, H
CF cT, H




Figure 17
Schematic diagram showing some of the fragmentation
processes possible for the substituted chromium

acetylacetonates,
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Ton

L.Cr
L.Cr-0
L CrF
L. Cr-y
L Cr—al
L,Cr0

2
LZCr

W W W

W\

LZCT-Y
LZCr-a1
LZCr-CF
LCry
ICrF
LCrF—CF2
LCr0,.0H
LCrOH

LCr0

2

Relative intensities in the mass spectra of substituted acetylacetonates of

TABLE 18

chromium (only peaks greater than 1% of base peak). (L = ligand; a and v as in

Table 17. Other symbols are chemical syﬁbols.)

Cr(acac)B Cr(CHBacac)3 Cr(Clacac)B Cr(Bracéc)B Cf(Iacac)3 Cr(tfacac)3 Cr(hfacac)3 Cr(NOzécac)3

23

100

12

2L

100

18

100

23

!

32 16 2l
1 2
22
100 sy 100

5 100
21
8
17
40
25
I
2

20

100

=W

23

23
-1

100

24

27

16



Table 18 Continued °

Ion Cr(acac)3 Cr(CHBacac)3 Cr(Clacac)3 Cr(Bracac)3 Cr(Iacac)3 Cr(ﬁfacgc)3 Cr(hfacac)3 Cr(NOZacac)3
ICr 45 22 11 22 17 30 _64 2
LCr-al L 23 38

LCr-CF,, - : ' Lo ' 35

LCr—HZO 3

Cry 1l

Cr 2

In addition there are several small peaks at masses less than Lert to which no structural significance
can be assigned. These peaks may ariss from fragmentation of the ligand or from background. Mass 43
is often very abundant and is assigned to CHBCO+0




portance in explaining the non-existence of II in the spectrum of Cr
(tfaeac)B, whereas there is a small peak in the spectrum of Cr(hfa@ae)Be
The CF3 group will increase the positive charge on the ring more than
will a C‘H3 groupe

An alternative process to the above is the loss of a Lligand
to give ions such as IV, This process is preferred in nearly all these
compounds. An exception is the nitro-substitubted chelate which exhibits
different behavior from the others, and will be discussed separately
later. The precursor of IV could be II or ITI but metastable peaks
(Table 19) indicate that IV will usually be formed on decomposition of
L. There appears to be no signifiecant trend in the intensities of
these peaks,

The even-electron ion IV can decompose to either V or VI, We
postulate that this process includes both (2) the breaking of a C-o or
Coy bond, and (b) transfer of an electron from ligand to metal., The
electron transfer seems reasonable in this reaction since in the series
of acetylacetonates of the trivalent metsls the intensity of the peak due
to species V increased in the same order as the normal eass of reduction
of the central metal atom. Part (a) of the process would be favored by
weak Ce or Cey bonds, whereas part (b) would be hindered by electron
withdrawing substituents on the same ring because the ligand electrons
woul@ be more tightly held, even though the chromium atom becomes more
electronegative itself due to electron withdrawing substituents on the

other ring. The relative intensities of the peaks due to VI in the



TABLE 19 |
Calculated Positions of Metastable Peaks and the Related Transitions Observed in the Mass

Spectra of Some Chromium Acetylacetonates. .
) . ' /

acac CHBacac Clacac+ Bracac NOjacac =~ tfacac  hfacac

‘(LBCr)t—-z. (LZCr)+ ©179.1 199. 2242 286.0 322.7
(LSCr)'-L> (Lcr)t . _ ' - 82.2
(1, Cryia (L,cro)* o ” 261.9
LBCr)-—-> (L, Cr—a)+ ' o | s42.1
(LBCr—F)-—-—> (LBCr—o.) o - - 557.8
@y Cr-F)I (LCr-a)t , : 2141.,0
@ Lr-Ci)Es (LOr)* S sy
(LBCr—a)i-;' @, Cr)* | o 35945
(LC) s (LCroH)* i o '128.3
(LZCr)--» @er)t S '107.6
L0yt Llry)t 152,2
(L2Cr s L Cr—a)* 220,9
€, Cr)'—s @ Cr-CP )+ ‘ _ - S 3714
@ Cr)-—-——> (Cr“‘L)+ : ‘ , . 165.8
@, Cr-CF )....> (T, Cr-a)‘* ' 271.2 378.9
CLZCr-CF 7*--> (LCr) ~ . 1364
(L CrO)-—-> (L CrYy* ' o ’ N 324,.7

C, CrO)-—-—> (LCro)* o Ny | | 126.3

L6



Table 19 Continued

o+ s
{(LCre) = (ILCx)
(LCrF) T (LCrFeCP) ™"

i +
(LCrF=CF,) == (C,HF,0,)

(LZC%CFB)L;, (LCw)*
(zer)Ts (1er-cF,)*

acac

CH, zcae

3

Claeae

Braege

170.3

.
kozaeae

tfacac

135.2

hfacac

187.0

6201
169.0
168,.7

86
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y-substituted chromium chelates again reflect the strengths of the Cey
bonds, Howsver, in the y-substituted compounds, only Cw(aeac)3 has &
significant peak due to V which indicates that part (b) of the process
is difficult when electron withdrawing groups are present on the »ing,
This view is supported by the velative intensities of this peak in the
Cr(tfamae)B and Cr(hfacac)3 spectra (i.e. the peak is larger for
Cr(tfacac)s)o

The even-electron lon IV can also fragment to the ion VII,
Again, we postulate a valency change for thls reaetion beecause the in-
tensity of this peak in the metal acetylacetonates increases with ease of
reduction of the metal atom. In this reaction the strength of the metal-
oxygen bonds, and the sase of transfer of an electron from ring to metal
again appear to be important. There is considerable evidence from stabile
ity constant data (77,78), polarographic half-wave potentials (79-82),
and infrared spectra (48,54), that electron withdrawing substituents
decroase the metal-oxygen bond strength. On this basis, Cr(acae)3 would
be expected to have a smaller VII peak than the other chromium chelates
(except for Cr(CHsacac)B) whereas it is one of the largest. Again, we
postulate that electren withdrawing substituents on the ring hinder electron
transfer to the metal, making the reaction IV w=p VII more difficult.

There are a number of noteworthy rearrangement peaks, invelving
migration of halogen atoms, in the spectra., The site to which the
hgl@gen migrates is not known but is presumably the metal atom. Pro-

bably the driving foree for the reaction is the strength of the metale
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halogen bond. A suggested mechanism for the process involves fission
of one Cr-0 bond, followed by a suitable rotation of part of the ligand
about the 2,3 C=C bond, which brings the halogen atom close to the

mnetal as in VIITI and IX or X and XI.

CH CH
+/~O._(\§J 3 +/O"C/ 3
LCri{ VC—¥ — 5 LCr /C LHyg
o=c/ | 7N

“CH - No)
3
VITI TX
E \ /O
o~c(’§ 3 Faesc
LCr“F‘\C -H ————> LCr CH
Omc ~o-¢?
N ol \
a 017&_
X CXT

el
In a presumed concerted process the metal halogen bond is formed and a
neutral species is eliminated. The neutral species is either the rest
of the ligand moiety, or in the CF3 substituted chelates is CFZQ The
peaks which may arise in this way are

(LZCrmCF2)+D LCmﬁﬁ LerE™, (LCrmCFZ)+ and possibly Cr7+a The process
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does not geem to oceur readily until one ligand has alyeady been lost.
This may be due to sterie hindrance in the parent molecule ion. The |
metastable ions seen for most of thess processes is considered preof of
the’ presence (see Table 19). of these processes.

Further fragmentation of the chelate to species lighter than
VII was not extensive in any of the chelates examined hers., A peak at
Mle = 43 assigned to CHBCO“%‘9 was often the only peak which was obviously
distinguishable from background pesaks.

The NO, substituted chelate deserves some separate discussion.
A distinetive feature of the spectrum is the rslatively great abundance
of oxy-ions (the base peak is assigned to C?O(Nozacac)+é)° The origin
of the oxygen atom bonded to the chremium atom has not been confirmed but
it seems reasonable to assume that it is not from the NO2 Zroup. Migrau
tion of an oxygen atom from the N02 group to the metal would require a
rearrangement process similar to the one deseribed abeve for the halo-
genated chelates, In the molecular ion this would probably be steri-
cally hindered.

The NO2 group is & powerful electron withdrawing group; the
resonance affect direeting the positive charge te the chromium ateom.
The positive charge on the metal eould be reduced by the resonance effect
by the formation of chromiuwm-oxygen double bonds, in for example
LgCr = 0" and LCr = 0+@ Another prominent oxy species is LoCroH",  The

only other ions worthy of comment in this spesetrun are LOZCPOCCH3+ and
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LOCFOCCHB%a which are of low abundance and are possibly formed by elime-
ination of CHBC = CNO,, from L20r0+ and LZCr#8 respectively.

Very small Lero” peaks are also observed in the Cr(Braeac)B
and Cr(Cla@ae)B spectra. For these compounds the resonance effect
would be expscted to be smaller,

it is perhaps surprising that there are no major peaks due to
loss of NOZ as in aromatic nitro compounds. This is presumably because
there are other processes which can cccur much more easily here, whereas
this is usually not the case in an organic aromatic cempound,

2, The Appearance Potentials

A1l of the chslates gave sbundant molecular ions and ions for
loss of a ligand (except for C?(NOZa@ae)3 in which the peak was however
large enough) for a reasonably accurate measurement of their appearance
potentials. The appsarance potentials for these two ion types are
shown in Table 20,

There has been considerable debate about the supposed aromae
tieity of the chelate ving in the acetylaecetonates. While the theoretical
grounds for a truly aromatic ring are not convincing, these chelates do
undergo certain reactions characteristic of aromatic compsunds, such as
direct halogenation and nitration (83,84). Tt seems worthwhile, there-
fore, to discuss the variations in appsarance potentials of the sube
stituted chromium chelates in terms of icnization by removal of an
electron from a quasi-aromatic ring and compare these variations to those

in substituted aromatic compounds,
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Appearance potentisls and spectral shifts (39) of substituted

chromium acetylacetonates,

Cempound

Cr(acac)3
Cr(CHBacae)3
Cr(Cl&cac)B
Cr(Bracac)B
Cr(Iacac)3
C?(NOZ%?QC)B
Cr(tfacac),
3

Cr(hfa@ac)3

(hoPo)LCr"
40,05 vdlts

8,11
7.81
8.16
8.05
8.03
8,63
9.09
10.13

(AePo) LCr'
40,10 volts

11.3
10.7
13.1
11.0
10.8
11.6
119

4.3

AD , em”
(relative
Band B

0
=2100

w2300

- 3007

1

to Cr(acac).)
Bsnd C 7

0

=1300
1400
1600
=2200
+ 500
- 700

- 700

o)
?maxgq

2
E AZ

12,800
12,310
12,420
12,380

12,340

© 12,940

12,340
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Bralsford, Harris and Price (51) have discussed substituent
effects on the electronic spectra and ionization potentials of electrons
in chromophoric groups, particularly with the regard to the effects of
fluorine. The two major contriﬁutions are (a) inductive effects, which
are important in changing the binding of electrons in the ground state, and
(b) resonance effects which stabilize the excited state or molecular ion.
Thus we may consider the ionization of a m-electron of the chelate ring
in terms of these effects,

The a-substituents in these chromium complexes are either
CH3 or CF3° For CF3 only the inductive effect is 1ikely»to be of impor-
tance. In the y-substituted complexes both inductive and resonance
effgcts will operate and instead of trying to evaluate the magnitude of
these two effects on the m=system it is simpler to compare variations in
appearance potentials with those in suitable model aromatic compounds.

The y-substituents are para to the chromium atom but ortho to the methyl
groups. In Table 21 the appearance potentials of some substituted ben-
zenes and toluenes are given, so that they can be directly compared with
those of the chromium chelates.

The substitution of CF, for CH, in toluene raises the ionization

‘ 3 3
potential by 0.86 volts from 8.82 to 9.68 volts. Substitution of CF

3
for CH3 in the a position of the chelate ring causes successive rises
of the appearance potential of similar magnitude in the sequence

Cr(acac)B, Cr(tfacac)B, Cr(hfacac)B. Although for the y-substituted

chelates the results do not correlate exactly with substituted aromatic
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TABLE 21

Jonization potentials of substituted benzene and toluenes,

Substituent Ionization potential, volts
X 06H5X o-CH3C6H4X p“CH306H4X

H - 9,245 8.82 8.82
I 8.73 8.62 8450
Br 8.98. 8.78 T 8.67
0 N 9,07 8.83 8.69
NO, 9.92 - 9.82
CF4 9.68 - -

All values are from photoionization except p'CH3C6HuN02 (electron
impact). All values from reference 3 except CéHSCF3 (reference 51),
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compounds the order of magnitude of the variations is certeinly similar,
For example, the substitution of CH3 for H reduess the appearance poten-

tial from 8,1l wolts for Cr(ac&@)g to 7,81 volts for Cy(CH a@ac)B and

3
from 9.245 volts for benzene to 8.82 volts for toluene, Comparisen of
Tables 20 and 71 shows a similar parallelism for the two groups of
eompounds.

An exact corrslation would not be sxpected sincs the presence
of the chromium (III) and oxygen atoms in the chelate ring means that
benzenoid aromaticity camnol bs assumed., The appearance potential of
the nitro-substituted chelate is perhaps a little lower than expected,
Possibly this is becauss the nitro-group may be foreed out of the plane
of the chelate »ing by the adjacent methyl groups (85), This probably
reduces the effectivensss of this electron withdrawing group via the
resonance effect, On the other hand, the electric moment for the
C-NO, group (U = 3.99D in CY(NOZaeac)B) is nearly identical to the
value Car@m“NOZ (g = 40D) (86)s It seems, therefors, that the experi
mental results are not “inconsistent with the jonization of & 7=
electron localized mainly on a ligand,

An alternative to the above suggestion is to consider the
ionization by removal of an electron from an orbital locallized mainly
on the chromium atom. It is difficull to estimate the magnitude of the
inductive and resonance effects of substitusnts on the chelate ring on
the electron density at the chromium atom. It seems reasonable to assume

howsver that it would be a function of the appropriate Hammett ¢ cone
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stants for the various substituents, For the substituents para to the
chromium atom representative wvalues (87) taken are CH3 = =0,170,

Cl = 0,227, Br = 0,232, T = 0,276 and NO, = 0,778 For the substituent
meta to the chromium atom an appropriate value (87) would be CF3 = 0.43,
Consequently, the trend in the appearance potentials should be

Cr(CH_ acae),, £ Cr(acac), < Cr(Clacac), A Cr{Bracac),< Cr{Ilacac)., &
3 3 3 3 3

3
Cr(w‘;facac)3 £ CT(NOZa@ae)B.A_ Cr(hfaea@)B which differs from the ob-
served ovder. It seems that the lonized electron is not removed from an
orbital localized mainly on the chromium atom, although in view of the
assumptions involved, the evidence must be taken as suggestive wrather
than conelusive,

On the basis of substituent effects De Armond and Forster (39)
have made assignments in the UV and visible spectra of these chelates.
The spectral shifts, relative to the acetylacetonate, quoted by them for
the B and C bands, and the d-d bands were assigned to tem* transitionse.
There appears to be no simple correlation of the spectral shifts with
the measured appearance potentials. This is not surprising since it has
been pointed out (51) that it is a much more difficult task to assess
the contribution of the inductive and resonance effeets to an exeited
state of a molecule than to the ground state, although inductive effects
are relatively smaller in the lower than in:the more highly excited states,
In addition, there is no general agreement as to the assignment of the

observed bands,
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In swmmary we see that in this series there is a pgeneral
increase in the appearance potentials on addition of eleectron with-
drawing substituents te the ring. The addition of electron withdrawing
groups should weaken the Cr-0 bond and increase the elsctronegativity
of the chromium atom, Barmum's calewlations (36) indicate that as the
electronegativity of the central atom increases, the highest energy
de orbitals inerease in energy whereas the WB orbitals decrease in
energy. This trend then provides further evidence for the peostulate
that the electron is removed from a f orbitale

B PBwdiketonates of Copper LT

1o The Mass Spectra

Tn this series (see Table 22) it is evident that the frage
mentation processes depend quite largely on the substituents on the
chelate ring (see Table 23), Figure 18 illustrates schematically the
fragment ions observed for these B~diketonates with suggested modes of
decomposition. FEach mode of fragmentation is supported by the pressnce
of a metastabl@'peak in at least one compound, The metastabls peaks
observed are recorded in Table 24, Steric effects, Cet bond strengths
and eleetron withdrawing power of the substituents can be sesn to be
the determining factors for pesk intensities,

As has been proposed for the other series, the first step in
the electron impact is the removal of an elsctron from the m system to

give an odd electron ion, CuIIL2$@
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12, and Cu(acac, hfacac) a mixed ligand complex
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Relative intensities in the mass spectra of some Cu B-diketonates at an electron energy of 50V

[0}
[8)
)
P
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(@]

[#]
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and an lonization chamber temperatur

Ca¥y Uptlly  Cpyly  OpYly Qy@ Gpy0h oy Opyly G v Oy Gpyoh  OqYG
(PHHCE,), CIHCE, @HCFB HCT, gug QQHCFB CHpfCH, CHHCH, CHCH,CH, CFHCF, CFOHCH acachfacac
L,Cu 100 100 100 100 88.5 73.2 62,1 W77 26,1 Ge5 5.1 21.6
P 17.k
':'LZCuaal 11.2 B1.9  31.3  35.4 8.9 23.7 10,6 5,1%
f.ij:: P=18 R 4o7 10.3
L Cu-c, 1.2 13,17
LZCmmCOCHZ 3.6 8
L,Cu-COF 3.9 5.3 o5 3.9 22,8 8
L Cu-2a 4.8 W8 1.5 . 7.5% 1,79
L,Cu-138 26,0 27,8 45,0 11.1 27,0
Pe(L-1) 30.2 8.0  1hb 8.6 6L.7 100 70,0
Lou 25,6 10,6 6,9 641 6.1 20 ol Ly 8.5 1.5 8.2 73°
Po(L41) W, 5 13.6 13,4  18.5 100 100 15,8 50,1
Pu(L42) 8.3 100
LCuwtty 2745 75.5 30 75.6 56,9 7i. 100 35,2 100 100 100%
LCu~tr,, 25,2 10,0
2 (Culel)=a 20,7 20
 (Cull)-2a 13.6  11.8 840
7 cua, 1l 12,2 1l.b 3548
Cu{0C=CH) 311.0 184 s
Cu0C-CH,, 59,1 =
cu(63) 10 12.9 9 11.1 843 20,7 82 I s 20
e) 1loss of CHB b) loss of CFB ¢) loss of Z{CFB} d) less of 2{CK3} e) loss of hfacac



Figure 18
Some suggested decomposition pathways for the fore
mation of ions in the mass spectra of the coppsr

B-diketonates.
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TABLE p

Calculated Positions of Metastable Peaks and Related Transitions seen 1n the Mass

- - v Spectra of the Copper -B-diketonates., : o oY o
Lo : 2 4 . 4
PhHC ] PhEP CF, - CH_HCH, CH.CH.CH, CF.HCF, CH,HCF

CHy UHCHB PhHCF, [JHCF, H CHBPhCHB )H Fs 3 Hy CH,CH,CH, CF,HCF, CHHCE,

(CuL,)” —s (cuL)* 130.3 156.8  159.7 , ‘

(CuL) — (cv \L+H))+ - | 138.3  182.5
_,(CuL )* (CuL,-47)" 365.9 159.6 | -
?,_i[?;(CuLz)* — (CuL .42)‘* . 183.8 | © 289.8
;_._{(CuLZ)'* —_— (CuLZ-al) 3764 _, 349
S(CL,)T s (CuL,-H,0)T 349.8  437.7 _ 473.6 | |

(Ciy-)* 5 (Culmcr)* - | | P - 363.5

f(CuLZ—cLl) ~—> (Cul- 2a1) 277.8  297.2  308.9 . ' " 216.9 _ 281.7  177.9

(CuLy=1) )" —y (CaL)® S | | . 106.7 | s
(CulLZ1 ) —  (Cul-CF3) T | | : | 93.6
’(CuLZ 2(11) — (LCu—cxl) 126.0 o , : ' . 119.2

' (CuL,- 2(}1) — (Lcw)” | . | R 113.6 .
(Collp-20y) "y (LC-2g)" 93.6 |
(eue, )t — ¥ | | C k3 101.3
(cal)t — (CuL-01)+ o 157.1 . | ) 133.4
-fis‘;g(CuL-a) — (cu)¥ - - | ' 147.3 19.8 o
‘.:_:(CuL-CL) — (cuocer,)” | | | I 75,0
}:ﬁ"}:-ﬁ‘(GuL-H) —_ (cuﬁw | g 209.8 | '

rANN
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For 21l but the dibenzoyl methane complex (compound 5 in Table 22) the
loss, from the molecular ion, of odd-eclectron neutral fragments, such
48 Uy e or Le, is cobserved to occur. This results in the formation of an
even-electron fragment lon. In the copper complexes, as further frag-
mentation occurs by less of odd-elesctron neutral radicals an elsetron
can be readily transferred Trom 2 ligand orbital to a metal orbital. This
preserves the even-slectron character of the resulting fragment ion.
Thus most of the copper complexes very readily lose two successive odde-
electron fragments as is sspecially seen Tor the fluorinated complexes,.

As seen from Table 23 the presence of aromatic groups in an
-position on the chelate ring tends to stabilize the molecular ion,
is@, the molecular ion represents z higher percentage of the total ien
current. The possible mechanism for the stabilization is the y~denation
of electrons from the aromatic group to the te=system (in contrast to o=
donation of CH3 groups and og-withdrawl of CF3 groups). This enhances the
transfer of an electron from the ligand to the metal thereby creating an
even-electron ion. Bven-slectron lons are relatively more stable as
compared to oddeelectron ions since fragmentation to lose an evenwelectron
species will be preferred over loss of an odd-elsctron fragment, even though
this requires muliiple bond cleavage and a substantial expenditure of
energy. Support for this view is given by the increased importance of
fragmentation steps involving the loss of even-slectron species (L+H),

(LH), H,0 from the molecular ion.
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The presence of a phenyl group in the y-position on the chelate
ring, as in compound 7 in Table 22, weuld not be expected to stabilige
the molecular ilon to the same extent as a phenyl group in an a-position
since the main effect expscted would be that ef inductive interaction.
For effective m-donation to the chelate ring the phenyl group attempts
to become co-planar with the chelate ring. Models of this compound (80)
show that there is definitely sterie hindpances between a phenyl group
in the y=position and‘a methyl group in the g-position. Comparing the
inerease in relative intensity of the moleculay ion on replacing & methyl
group with a phenyl grmup we see an increase Trom 47,7 to 100 on going
from Cu(acac), to Cu(g ECH”CHB) (o group replacement) while in the y=
position a smaller increase of 26.1 to 62.1,0n going from Cu(CH ngCH )o
to Cu(CH ?§CvH3;)Lq observed. 3

Replacement of both a-methyls with phenyl groups does not
further stabilize the molecular ion Eut instead destabilizes it ¢he
haneing greatly the ability of the chelate to lose the (L + H) species,

In the acetylacetonates of the twivalent metals of the first
transition series pesks were observed for migration of a methyl group
to the metal for F@III(acae%aand MnIII(a@a@)z (see sece VIII (A))e A
similar migration of a methyl was discussed for Cu(%facac)z in the fluore
inated acetylacetonate series (sec. VIII (C))e In this case for the
compounds with avematic groups in the Qeposition the aromatic group is

seen to migrate to the metal.
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No metastables are present in the spectra té'confirm the processes involved
or related to the migration. In the Cu(tfacae)z case metastable psaks
showed-that the ion (tfacac Cu+CH3) : fragmented such as to elininste
a neutrel metal containing species (CuCHB) with the charge remaining on
the 1ig§§d moiety. In the case of the compounds with the aromatic Zroup
in the o position the LCu+d ion fragments such as to retain the positive
charge on the metal containing species Cu+d eliminating a neutral ligand
moioty. A
Tons produced by loss of fragments such as (L + H) and (L - H)
arise from hydrogen migration reactions either in one step process or
two step processes, JTons of this type were first reported by MacDonald

.

and Shammon (65) for the dibenzoyl methane (dbm) complexes. They dise
cussed & mechanism invelving the migration of the s hydrogen, from one
ligend to the other, for the copper complex. (Half headed arrows in-

dicate one electron shifts, full headed arrows indicate two electron shifts,)
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For the Co(IT) and Ni(II) complexes they reported that a hydrogen from the

ortho position on the phenyl group migrated to the metal.
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In the copper series peaks are present for both loss of (L + H) and (I = H),
For the chelates with no aromatic substituents no analogous mechanism
can exist for the latter process,

Table 25 gives the spectra for the C@II, NiII and CU;I benzoyle
trifluoroacetonate complexes. The Cu eomplex exhibits the three peaks
(L)%, (PHL) ™ and (Pe(L-B))* while MiTh exnibits (PL)* and (Pe(L-H))*
and C@II only the (p1)”* peak. As we see, copper is the only one to give
the (MLmH)+ species and we postulate that this species is produced from
the pavent ion with a valency change in the metal and a hydropgen wmigration
from the y-position on the ligand (see Table 26). Even though no meta.
stable ion peaks are seen for this process a one step process appesrs to
be indicated by the fact ﬁhat_%he more easily an « group is lost (weak
Cut bond) from the molecular ion the mmallew is the (CuL-H)™ species and
no other obvious correlation,

Study of the complexes for which the (cuLH)” iom is present,
using ligands deuterated in the + position (see Table 26) showed that
this peak is due to two competing mechanisms. One mechanism invelves a
hydrogen from the v=position while the other process invelves a hydrogen
from one of the o substituents on the ligand leaving. On redueing the
ionizing voltage to a value just above the threshold value no change was
observed in the intensity pattern of these three peaks ((Cul)¥, (cuLm)™,
(c &mH)%) indieating that they must come from & common parent ion or ine
termediate, No metastable psaks are present to indieate the nature of the

rocess taking vlace. The processes possible are:
P P ¥ T




TABLE 25
Relative intensities of the important ions in the mass spectra of

Co(IT), Ni(II) and Cu(II) benzoyltrifluoroacetonates (alz CF3)

Co Ni . Cu
P 100 100 100 |
P - dl 80.5 62.1 31,3
P - 204 S . 27.8
P.L 17.0 14,5 6.9
P~ (L +1) - ' - : 3.4
P-(L~1) - . 11,0 | 1 bt
LM - oy - - 30.4
TABLE 26

Relative intensities for the peaks due to loss of a ligand plus or minus

a hydrogen or deuterium for a number of copper complexes,
P-(L-D) P-(L-H) P <L P-(L+H) P=(L4D)

0 0
cu(g ¢ cH C.CF,) - 41 21 39 -
, 0 32
cu(g & cp CF4),, 19.0 25,0 22,5 = 33,5
0 0 .
cu(g C cu & ¢) , - - - 100 -
o o 2 E : |
cu(g ¢ cp & #), .- - - LD 100
0 0 - _ |
cu(¢ & cH ¢ cH,) - 33,4 28,4 38,2 @ -
o o J°Z ’ : :
cu(g & cp ¢ cH,) 264 18.4 24,5 o 30,7
o 032
cu(l)- ¢ cu ¢ CF,), - 25.8 18.4  55.8 -
0 0 .
cu( H;',I\_if cD C CFy), 15.0 11,6 2002 m. 52,8
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1) The loss of HL directly from the molecular ion accompsnying a
valency change in the metal.

2) The loss of the remainder of a ligand moiety plus a hydrogen after
an o group has been lost, or

3) Loss of H from (P =~ L)$g

A

I3

n interesting species seen is the loss of a hydrogen atom
Trom Cu(CHBS ¢ 8 CH3)2+o The loss of a hydrogen atom usuvally requires
considerable energy and is thus seldom seen. In this case however the
peak is velatively abundant.

Cu(hfacae), and Cu(tfaeac)z will not be covered here since they
were discussed to some extent in seetion VIIT (C),

2. The Appearance Potentials

A1l of the chelates gave abundant molecular lons and conse
quently it was possible to measurs the appearance potentials of the come-
plete series of compounds. JIons due to the loss of one ligand, however,
were sufficiently abundant for only four of the compounds. Table 27
gives the appesrance potentials for the molecwlar ions for the series as
well as those for the ion which lost a ligand radical where possible.

From this series it is vé?y svident that the substituent groups
elsctron withdrawing power or elsctron donating power is the determining
factor in the value of the appearanee.potentials. With the ligands chosen
for this series both inductive and resonance effects will influence the

ionization potential.




1.
2.

3.

9o

100

11.

12,

. 0
cu(f & cH € cF

TABLE 27
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Appearance potentials of ions from the copper B-diketonates as

. well as formation constants and polarographic half-wave potentials

for these chelates.

Ton

gggigacCHB)z
Culacac)y
Cu(l)

8 cr o
cu(¢ C CH CH
eR 3’2

Q 0~
¢ ghﬁ 033)2

Cu(CH
Cu(L- 1H)

0 ,
Cu(PhC CH C Ph)
Cu(L-H)

0 0
cu( ITIE cu & crl)
c&(Lf”/ 32
Q g ‘ :
cu( TTccu € cer
CEEL)[;ﬁ 3’2
p _ ) .

Cu(L) 3

Cu(tfacac)z
Ccu(L)

Cu(hfacac)z

€u(acac hfacac)

Volts
AP,

o (0]
©

N W

(o) O

®

10°

8,89
8690
9,06

9005
13.1

9,86

9.03

(77,78)

22,60

23.02

18,4

25,00

17.2
19.0
18,8

17.2

*2" wave
pot. (80)

=0, 559 \'A

<0487

-0, 384

=0.497

=0,376
~0.146

=0.155

~0,173

+0°OL“
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Considering the acetylacetone ligand as a standard for compari-
son, from the data in Table 27, the effect upon the appsarance potential
of the chelate caused by substitution of various groups on the ligand can
be svaluated. Substitution of a CF3 group (strongly electron withdrawing)
for a methyl is seen to ralise the A.Ps by 0.74 wvolts and another 0,81
volts on the second substitution. A very similar ineresase (0,70 volts)
is seen on going Trom the benzoylacetonate to the benzoylirifluorcacetonate.

Substitution of aromatic groups for a methyl gr@upg(eage phenyl,
naphthyl, furyl, themy%} in the o positiongonly the phenyl group raises
the appearance potential while the remaining groups lower the appesarance
pdtential, However when the phenyl group is substituted for a hydrogen
in the vy-position the @pp@afane@ potential is lowered by 0.26 voltse
This is not as much lowering as for a CH3 group but is still quite sube-
stantial, This suggests that, if the induetive effect is the principal
determining factor, the phenyl group in the y-position is donating olece
trons to a greater extent than hydrogen but less than a methyl group in
the same position.

A surprising feature is that on substitutien of both o methyls
by phehyl groups the appearance potential is neglip bly differvent from
the wsubstituted acetylacetons chelates

Sinee it is very diffilecult to sort out the relative magnitudes
of resonance and inductive effects it is very difficult to compare the

compounds containing substituents capable of resonance effects to come
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pounds without such groups. However qualitative and even semi quantitative
results may be gleaned from theip @@mpariSQﬁ and eorrelation to studies
of these compounds by other wethods.

Table 27 gives & 1ist of half-wave redustion potentials obtained
polarographically (80) as well as a 1list of formation constants (77-78)
Tor these chelates. Figures 19 and 20 show plots of the appearance po-
tentials versus the halfl wave potentials and formation constants vese
peetively to show thelr relation.

It was shown by Van Uitert et al, (77,78) that pKy of groups
of B-diketonstes is directly wvelated to the formation constants (log Kf}
of the metal chelates, This means that electron withdrawing and elsctron
donating groups have the same effect on the aeidity of the ligand as they
have on the stability of the complex. Since the zeidity of the Lligand
depends on the electron density on the oxygen atoms we ses that the elecw
tron density at the oxygen atoms will effect not only the stability of
the complex but the half-wave reduction potentials end the appearance

potentials,
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I¥ SUMMARY AND CONCLUSIONS

The mass spectra of zcetylacstonates and substituted acetyle
acetonates show that odd electron lons tend to fragment by the elimination
of odd-electron neutral radieals with Tormation of sven-slectron fragment
ions. DBven-alectron lons tend to fragment less easily but when they de
they tend to lose even-electron neutral fragments. Metals that can
change valency by one unilt and consequently reverse their odde or even
elactron character tend to fragment more than mebals that do not change
valency. Electron withdrawing and electron donating groups ecan effect
the transfer of electrons betwsen the metal and ligand ovbitals and thus
can have a large effect on the Fragmentation psttern observed.

Appearance potentials of the molecuvlar lon are dependent to
the greatest extent on the ligand and substituent groups on the ligand,
The effect of the metal is almost negligable indicating that the electron
removed on ionizaltion can be regarded as an slectron being removed from
the resystem related to the ligand,

In general electron withdrawing groups on the chelate ring
tend to raise the appsarance potential of the moleculsy ion while for
glectron donating groups the reverse holds true,.

The appearance potentials of the fragment jons are more involved
gince they are seen to be dependent on facbors such as

1) the ligand substituent groups, and

2) the metal and its available elsctrons.
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