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~ ABBREVIATIONS

asym, = asymmetric

at. no. = atomic number

CESE = crystal field stabilization energy
CFT = crystal field theory

def. = infrared deformation vibration

Et = ethyl

103 = imner orbital splitting

IR = infrared

L = ligand

L” = anionic ligand

(I)H = free acid of anionic ligand

LFT = ligand field theory

Me = methyl | .
i = Central cation in inorganic complex
MOT. = molecular orbital theory

m. pte = melting point
- NMR: = nuclear magnetic resonance

non-Tl. = non ~ transition metal

Ph = phenyl

by = pyridine

R = alkyl or aryl group

str. = infrared stretching vibration.
Sym. = symmetric

T = transition metal

uv = ultraviolet

(for abbreviations of beta-diketone ligands, see p. 5, )






INTRODUCTION _ 1

Crystal Pield Theory (C.F.T.), and its congeners,
Ligand Field Theory (L.F.T.) and Molecular Orbital Theory
(M.0.T.), have been most successful in explaining many
of the properties of transition metal complexes. This
is particﬁlarly true of their electronic spectra, mag-
netochemistry, and chemical thermodynamic properties.
However, these-theqriés have been ignored in relation
to the explanation of changes observed in the infrared
spectra of series of transition metal complekes on
change of cenqral cation. The purpose of this work is

to examine such changes in the light of these theories.

The basiérof the above theories is the splitting
of the inner o%bitals of the metal ions, due to the
field of the ligands surrounding them. The field may be
considered to érise from electrostatic repulsion by £he
ligand electrohs (CoeFeT.), or as a result of the chemi-
cal bonding between the central cation and the ligands
(L.F.T. and M.0.T.). The result of this inner orbital
splitting is a stabilisation of the electrons of the

orbital, as compared with their energy in the absence



of the field.

The problem of estimafing the contribution of
inner orbital splitting (I.0.S.) effects to the stabil-
isation of series of transition metal comnlexes is app-
roached in thermodynomic studies by plotting the thermo-
dynamic pdrameters in quéstion against the atomic number
of the metal ion across the series. Effects other than
I.0.8. effects, such as ionic contraction, are consider-
ed to vary linearly with increase in atomic number.

These are estimated for ionms in the series for which
I.0.5. stabilisation is expected by interpolation between
values of the paramneter observed in ions for which no
I.0.5. stabilisation is expected. In octahedral config—-
uration for example, I.0.3. stabilisation is expected to

0 65, and a+9 configurations. Stabil-

be zero for the d
isation in excess -of the interpolated values for other
electronic configurations in such a series is then con-

sidered to arise from I.0.3, effects.

This approach has been adopted in examining I.0.S.
effects in the IR spectra of transition metal complexes.
The frequencies of the metal to ligand stretching vibrat-

ions resemble thermodynamic stabilisations of the metal



to ligend beond, in that both are a measure of.the str-
ength of the bond. However, unlike thermodynamic proper-—
ties;'metal to ligand stretching frequencies depend also
on the mass of the central cation in a transition metal
complex. Sinée the increase in mass acrose a transition
metal series is fairly regular, the mass effect 6n the

IR spectfum will be accounted for by‘interpolation in the

same way as iodonic contraction in thermodynamic studies.

Electronic orbital degeneracy, and consequent
splitting of the degenerate orbitals in the field of the
surrounding ligands, may occur in partially filled p, d,
and f shells. p;Shells are of no further interest,
becaunse of the mich greater importance of their mixing
with the orbitals of the other atom in the bond, than
their actual splitting. In d-shells, the mixing is
miach less extensive, so that the IOS approzach remains
valid., In f-shells, both splitting and orbital mixing
effects are extremely small, and affect the thermochem-
ical properties of the f-block elements only very slight-
ly. Thus, while IOS stabilisations of d-block element
complexes may be as much as 100 keal./mole, in f-block
elements they are generally of the order of only 1 kecal/

mole (10)., Because IOS effects will therefore be easier



to detect in d-block metal complexes, the discussion will,
in the main, centre on these, although complexes of the

Lanthanides will be dealt with briefly.

To obtain as complete a picture as possible of the
part played by inner orbital splitting, an extensive
study of non-transition metal complexes, and their IR
spectra, was also undertaken. Since these are free from
I05 effects, they are useful in ascertaining the role of
effects other than inner orbital splitting. TFactors
other than the latter which have previously been found
to be iﬁportant, are change of ionic radius, and of ion-

isation potential of the central cation,

Cationic, neutral, and anionic types of complex
have been included for fhe sake of completeness. How~-
ever, the main body of work has centred around the beta-
keto-enolates, or, as they are sometimes known, the beta
diketdnateso Several differently substituted forms of
these complexes were studied ( Fig.l ), but the ligand
most studied was acetylacetone (AcAc), which is the best’
known of 211l of the betamdiketonatés. These compiexes
were found to be the mogt suitable for this study for

several reasons, They are readily prepared, and beta-



Fig. 1. Structures of different beta-diketonate

)

Cze= O,

!

R2 %\
/

Bs

M
J/e

Coe O

ligands used in this study, and abbreviations used

for then.

By
wCH3
—CH3
-Ph
~CH
~CP
~-CH

~C(CH;) 5

-CH3

-CH

3
--CH3
ECH3

o W W

 ~CH

(O8]

~H.

-H

-CH 3
-CH,CH

2

-Br

aFreeligand =

2

AcacH, BzacH, etc., anion =

Ry Ligand Abbreviations
;CH3 acetylacetone. Acac
-Ph enzoylacetone Bzac
~Ph dibenzoylnethane DBM
—CF3 trifluoroacetylacetone TFA
--CF3 hexafluoroacetylacetone HFA

-AC(CH%E3 pivaloylacetone Pvac
~C(CH3)3 dipivaloylmethane DPM
—OCHQCH3 ethylacetcacetate EAA

—CH3 3-nethylacetylacetone | 3-MeA
3 -CH3 3~ethylacetylacetone 3=~EtA

~CH3 3=-hronoacetylacetone 3-Bra .

—CH3 3-NMitroacetylacetone 3—N02A

Acac™ ,Bzac ,etc.



diketonate derivatives are known for most metals in the
periodic system. The beta-diketonates of at least sixty
five metals are reported in the literature, while comp=—
lexes of forty-seven of these, in more than one'valency
state in many cases, were prepared for this study. The
table below, arranged according to the periodic system,
indicates all the elements with known beta-diketone
derivatives. hose in brackets were not prepared by
ourselves. The indices reBresent the different oxidat-
ion states of the elements for which beta-diketone

derivatives are known.

Li Be(B)

Na Mg Al sy 4

K Ca Se Tidr4v32%0r2 3 3pe?1 30027 3mi° cu? 7n26al (Ge)?
Rb Sr ¥ 2r% (b)Mo3:%~  mu3 mn3 (Pa)2agt calIn3(sn)t(sp)?

Cs Ba Ta BEY (T2)° )0 (Re)3(0s)3 (1r)3 (Pt)2(an)HgPT2ts P02

ce3 Pr3 wad - sm3 Eud ¢a3(Tb?)Dy> Ho> Er2(Tm)>
- yhs© (¥b)3 ()3

Underlined indices indicate that that particular oxidation

state of the element was not prepared as a beta-diketonate.



derivatives in this study.

It is possible that ( as will be discussed further
on ) changes of coordination number and stercochemistry
across a series of complexes will change their IR spec—
tra. In order to eliminate, as far as possible, effects
other than I0S5 effects, series of complexes are required
in which structure is constant throughout. Beta-diket-
onafes are monobasic =zcids, but are bidentate 1igands;
In éomplexeSvOf these ligarids with trivalent ioﬂs of
coordination number six, both the coordination number
and oxidation state requirements are satisfied by the
formation of comvnlexes of the type [MKAcac)S]. These
ha&e been shown by structural détermination to be very
similar structurally. In divalent beta-diketonates,
the resulting complex fm(Acao)z] can satisfy the ions
with coordination number of four only. In ions with
coordination numbers of six, the covélency nay be sat-
isfied by coordination of a further acetylacetonate
group, giving complexes of the type>[M(Acac)3]_ ( 84).
‘The two vacant positions nmay otherwise1be occupried by
neutral ligends such as HQO, NHB,va, dipy end phen,
giving comnlexes of the type [M(Acac)Z(HQO)Z]. In the
.divalent series, the coordination number is often lower

than six, whereas in the trivalent series it is invariab-
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ly six, so that in the latter series structural constancy
throughout is more frequently observed, making them nore

suitable for IOS studies than the divalent series.

A further reason for our choice of the beta-dik-
etonates is the extensive literature already existing
on these complexes,' Most important of all in this res-~
nect, was the work done on determining sﬁectroscopic (11):
and thermodynamic (38),(39) IOS parameters (Dg), which
are essential to an investigation of the effects of TIO03,
In addition, a large body of work already existed on the
infrared Spectra of these complexes, although no attempts
to interpret them in terms of I05 effects have been made.
The informeation gained from them did, however, form a

'

very useful basis for our own work.

Investigations in ®the field of beta-diketonate IR
spectra have been concentrated on two nroblems. The
first of these is the gquestion of bhand assignment., On
complexation with a metal, resonance is possible in‘the
chelate ring, with approaching eguivalence of the ring
C=C and C=0 bond orders. The IR stretching vibrations

are therefore expected very close together in the spec-
trum. Two bands are in fact observed in the range 1625 -

-1 - . . . -
1500 ecm —, which 1s where these two vibrations are expec-



ted to absorb. The guestion of the correct assignmuent
of these two bands has been the subject of much discuss—
ion in the literature, The earliest attempts to distin-

guish between the two bands were those of Lecompte (49).

By considering the vibrations of acetylacetoﬁé to
arise from the in- and out— of - phase coupling of the
vibrations of acetone, he enpirically assigned the
higher of the two bands in the 1650 ~ 1500 cm-l region
of the acetylacetonate spectrum as the carbonyl stretch-
ing vibration (C=0 str.). The lower was assigned to the
carbon - to - carbon stretching vibration. (C=C str.)
Bellamy and Branch (50), however, because the C=0 str.
in orgsnic molecnles was usunally of greater intensity
than the C=C str., suggested that, irrespective of pos-
ition, the more intense of these two bands in any parti-
cular case should be regarded as being the C=0 étr.

Further attemnpts to resolve the problem were méde
in the ferm of ncrmal cocrdinate treatments (NCT's).
The earliest of these was that of Nakamoto et al. (51).
These authcrs used Cu(II) acetylacetoanate for their
sfudy. The problem was simplified by considering a

single ring only, and neglecting interactions between
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the two rings of the complex. A further simplification

was that the methyl group was regarded for the purposes
of calculation.as 2 single atom of mass 15, and methyl
vibrations assigned empirically. Thié same approach

to the vibrations of ring substituents was acopted bj
hese authors in their paper on the effect of change

of the 1,3 substituents of beta~diketonates on the

IR spectra of their copper clelates (55). This, and
further work on the trisbcetylacetonates Jof Cr(III),

Fe(II1), Co(III), and AL(III), (57), indicated *hat the
assignments of Lecompte.should be reversed. The highef
band was thus assigned as thé C=C str., and the lower

as the C=0 gstr.

Shimanouchi e} al.(52) undértook a more refined
treatment of the problem, in whiéh the comnlete 29 -
body problem for cu(II) aéetylacetonate, end 43-body
problem fer Fe(III) acetylacetonate, were considered.
The results of this treatment substantially supported
the work of Naikamoto, and indicated that the higher of
these two bands was the C=C str. However, this éssign-
nent was almost simultaneously reversed by Nakamoto in

his RCT of the ccmplex [PtAcacCl2] ~.(53)
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The latter changevof assignment is seen to be
verified by Pinchas et g;; (54), in their studies on
18O -~ substituted acetylacetonates of Cr(III) and Mn(III).
In comparing the IR spectra of the normal acetylaceton—
ates with those of the 18O - substituted complexes, it
was found that a reduction of 13 cm~1 occured in the
higher fregquency band on insertion of the heavier iso-
'tope. Wo change occured in the second band. These

authors were thus able to assign the higher band to

the C=0 str., and the lower to the C=C str.

The bands of greatest importance in relation to
the effect of change of metal are the metal -~ oxygen |
stretching vibrations ( M-0 str.). The NCT of Nakamoto
on Cu(II) acetylacetonate suggested that the band at
455 cem™t in this complex, and the corresponding band
in other beta-diketonates, was the M~0 str,. The Wérk

18O -~ gubstituted acetylacetonates

1

of Pinchas et al. on
‘has suggested that the bands in the 520 - 650 cm™
regioﬁ are‘in fact the purest =0 vibrations; This
problem is not yet fully resolved, and the discussion
of these assignments is deferred to the discussion on
the beta-diketone spectrum in the 200 - 800 ém-l region.

( page 210 )
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The second problem in which work on the IR spectra
of beta—diketonates has been concentrated has been the
correlation of shifts of band frequencies with metal
ion paremeters, e.g. ionic radius and ionisation poten-
tial. Other parameters, such as stability constants,
have also been used to obtain correlations (59). Due
to earlier limitation of instrumentation Withvrespect
to range in the far IR, the C=0 and C=C vibrations have
received more attention than the longer Wavelehgth M-I,

vibrations.

The previcus literature on the IR of beta diket-
onates is.Of no direct interest to an 105 interpretat—
ion of shifis of bands in the spectra of transition
metal (TM) complexes on change of metal. However, it
will be briefly reviewed inasmach as this will be useful.
in our discussion on the IR spectra of non-transition

metal complexes,

Holtzclaw and Collman (59) Ffound a correlation of
the C=0 str. with the stability constants of a series
of seven acetylacetonates. Substituent effects at the
3-position of acetylacetone were also examined, =znd an
apparent relationship of the C=0 str. with the mass of

the substituent found°
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West and Riley (60) nlotted the C=0 str. against
overall ionisation potential, Iz’ of the metal, for
eighteen metal derivatives of acetylacetone, and obtain-
ed good linear relationships. The C=O_str. was found to
decrease with increasing jonisation potential. This
work was sunported by Lawson(l), who now also ovnserved
a similar relationship for the C=C str. The latter
vibration moved to higher wavenumber with increasing
ionisation potenfial of the central cation which was the
inverse of the relationship exhibited by the C=0 vib-

ration.

Djordjevié(63) examined the IR spectra of Al, Ga
and In trisacetylacetbnatesn The spectra were reported
from 400C to 400 cm"l, and comparisons of bond strengths
made, assuming the M-0 fregiencies to arise from the
oscillations of isolated !M-0 dipoles. It was concluded
that force constants did not decrease markédly with
increasing atomic number, and that the bonding type
was the same in all cases. The decrease in M-0 str.

was therefore attributed entirely to a mass effect.
Th@ papérs of Kawasaki et al, (104) and Kline (105)
et al. were found to be useful as sources of spectral

freguencies of complexes which were not prepared by us,



14

Not many useful interpretations of the shifits

~observed in the IR spectra on change of ion in TM com-
plex series, as distinct from non-TM complexes, have
pfeviously been reported. Formasn and Orgel (3) have
attributed the increasing complexity of bands in the

800 -~ 400 em™ L region of the spectrum of Mn(III) acetyl-
acetonate, oS comnared with those of Fe(IIi) and Cr(III)
acetylacetonates, to Jahn-Teller distortion of the Mn

complex.

The increase in frequency of the M-C str. in
~%exacyano complexes through the series Cr(III)<Mn(III)<
Fe(III) <Co(III), has been interpretedvas str%éthening
of the M-C bond due to increasing netal-ligand ( M- ®*)
m~bonding, with increase in the number of d--orbital
electrons in the central cation (4;. This was a mnost
reasonable interpretation, since the study of the var-
iétion on the M-C str. was accompanied by observations
of the integrated intensities of the Cg& vibration.
Insofar as ease of electron delocalisation leads to
greater change of dipole moment during the vibration
( and hence greater bond intensity ), the latter may .

be interpreted in terms of the extent of = -bonding.

This, as is supported Yy interpretations of the shifts
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in the M~C str. in the series, indicated that the extent

of ﬂnbonding'increased in the same order as the M-C str.

For series of divalent transition metal ions, it
has been obser&ed that the strength of the metal to
ligand bond ( M-I ), as indicated by the magnitudes of
the M~L str., follows the trends predicted by the
Irving - Williamsg stability order, which is derived
from stabiiity constant studies (5). The trends
in it are interpreted in terms of the ionisation pot-
entials and ionic radii of the metal ions, In addition,
it has been noted that the stability order, as indicated
by M~0 stretching frequencies, follows the same trends
for both tris(oxaiato)nmetallates and trin(acetylacet—

onates) (8). | (

The Irving - Williame stability order makes a sig-
nificant advance over previous stability orders. If
suggests a stabilty order of Mn<Fe<Co<Ni<Cu>Zn, which
rezognizes the necessity for treating the data for
d-block elements separately from those of non-TI elem-
ents. This is not =0 in orders such as that of Mellor
and Maley (5), viz. Mgclin<Fe<Cd< Zn<Cox Ni< Cu<Pd, which
have a limited usefulness, in that they apply to only

a limited number of ligand systems.
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There appears alsobto have been some lack of sys-
tematic approach to the IR spectra of beta-diketonates.
For example, the‘metals which were selected for compar-
ison in correiations of the =0 gtr. with stability

constants are NaI, NiI¥ Mglf CdII, nII9 oII, uII,

! C C and
PdII(59), A further difficulty encountered in work of
this nature is that in many cases verification of the
precise composition of the complex subject to spectral
examination has not been reported. Ior instance, the
two complexes ENi(Acac)2(H2O)2} and [Ni(Acac)2]3 have
both been described as "nickel acetylacetonate" (1)y
(55). We have attempted to obviate these difficulties
by elemental microanalysis of the majority of complexes
described, especially in thoselcases, as in the one
mentionea above, where scme doubb as to the precise -
identity of the complexes might corceivably arise. A
complete elemental annlysis was also performed for
complexes such as [Ti(Acac)3L which are highly suscep-
tible to oxidation. These were prepared under rigorouns—
ly oxygen—free conditions in a nitrogen box.

In additicn to the beta-diketonates, series of
compnlexes with ligands sﬁch as the oxalate ond the

\

cyanide ion were also studied. The oxalates are part-
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icularly useful, since spectroscopic Dg values are re-—
ported for these in the literature (11). DMuch detailed
information on the IR spectra of nitrogen—donor ligands
already exists in the literature, so that this too was

extensively used in supportins our conclusions.,

To support the conclusions dravn from the IR
studies, the UV spectra,'and'( to a lesser extent )
the NMR spectra, werle recorded for many of the complex-
es. It was hoped that the information on aspects such
- as the extent of m-bonding, which ig yielded by these
methods, would prove useful in explaining deviations
from the simple CF approach to stabilisation of these
complexes. A large volume of work is already available
in the literature on this aspect of the work, most
noteworthy of which is the work of Barnum (42), and
Cotton (40);,, on the UV aspects, and Eaton (48), on the

NIIR aspects of the problem.

Firally, extehsive precauntions Wefe taken by us in
order to ensure the reproducibility and reliability of
the frequencies reported here. In the coursé of our
investigations, several of the spectra were recorded
on as many as five different IR spectrophotometers.

In many cases, alternative sampling technicues were
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employed. The latter included solution spectra in CHCl3
and 0014, and also nujol nulls, and CsI and KBr pellets.
Ho significant variations were observed, and in general
reasonable agreement was found with reported literature

values,
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TXPERIMENT AT

A, PHYSICAL TECHIIIQUES

1. IR Spectra

Due to difficulties in obtaining adequate instru-
nentation in the earlier stages of this work, spectra
were deternined on one or nore of the following instru-
ments: Becknan IR%S, Becknan IRQlO, Becknan IR-12 and
Perkin—Elmér 521 spectrophotometers, each calibrated
against 002 and polystyréne. Later, the full-tine wuse
of a Beckman IR-12 spectrophotoneter was available, and
all spectra were repeated on this instrunent. All
frequencies reported in this work represent those rec-—
orded on this instrument,(so ag to ensure conditions of
rnaximm reproducibility. The replicate 5pectra on the

other instruments ylielded good frequency agreément.

Nujol mulle were prinarily usedlaq sampling tech-
nigues for all of the conplexes. Many spectra were,
however, repeated using KBr and CsI pellets, and also
as solution spectra in CHCl3 and CCl4. Thig vas done

in order to elininate any possibility of effects due
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to the physical state of the sanple ( 8.8. Splitting

’ )
of bands due to occupation of sites of lower symnetry

in thé crystal lattice by the nolecule, which are obv-

iated by recording the spectra in solution.)

nany cases the nore refiractory types of compounds do

Also, in

not give satisfactory spectra as nulls, so that these

were recorded as Csl pellets.

The reasonably close agreenent observed betwecn

the threc different sampling techniques ( Nujol Mulls,

CsI pellets and CHCl, solution spectra ) is illustrated
.

by the frequencies observed for the series of complexes

MLS,(Where M = 8¢, V, Cr, ¥Mn, Fe, Co, and L = Acac, Bzace

and TFA.) The freguencies reported are the C=Qétr.,

/

C=Cetr. and (-0 + C-CH,)str. (cm™1),

Vibration Sanpling L=

technigue WM =

C~Cstr. nujol rmull
" CsI pellet

" CHClB‘solne

C~-Cstr. maijol rmll
" CsI pellet
" CHC1, soln.

2

Acac.

<
w C
s ey

1580
1579

1582

1529
1529
1529

i<

1571
1569
1565

1526
1531
1530

Cr

1574
1574
1579
1522

1527
1528

NMn

Sk

1593
1590
1585

1526
1516

1524

i

Fe

1575
1573
1576

1530
1529
1531

Co

1580
1581

1580 ~

1522
1521
1528



Vibration Sanpling L = Aca

(cm-l) technigune M = Sc
(U-0 + nujol mmll 439
C‘CH3)Str° CsI peliet 437

CHCl, soln., 446

7 _ L = Bza
C-Ostr. nmijol mull 1553
' Cel pellet 1558

CHCl% soln. 1560

C~Cgatr, ﬁujol rmll 15132
CsI pellet 1526

CI—ICl3 goln. 1523

(M0 + nujol mull 446
C-CH%)str. Cesl pellet 447
CHCl3 soln, 445

L = TF[‘;
C-Ostr. mijol mmll 1624
CsI pellet 1621

(M~0 + nujol mall 426
C—CH3)str° CsI pellet 424

The agreenent between

i<

449
448

452

1547
1551
1552

1513
1523
1525

451
451
451

1615
1613

429
428

the frequencies of

462

461

462

1555
1555
1557

1524
1525
1527
465
466

466.

1615

1614

437
437

462
460
464

1560
1557
1560

1515
1517
1520

465

464
468

1616
1628
432
432

vibrations in different nedia ie fairly geod.
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Fe

e e

437
436
437

1551
1552
1555
1520
1528
1525

446
450
450

1616

1615

424
427

thege

The

466
466
468

1561
1562
1561

1525 .

1524
1525

479
479
485

1609

1628
445
447

differences observed, are however due to solvent effects

rather than due to urcertainty in reading off the fre-~
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guencies, since the resolution of the instrument is
reported by the nakers to be better than 0.5 cm—l_in
the fange in which the spectra were‘fecorded. (Beckman‘
IR 12.) Purther, for the nmore inportant bands in rel-
atioh to our study, scale expansion was used, éo that
the frequencies were read off a scale of 10 cm_l =

1 inchy instead of the normal format of 100 cm—l>=

1 inch. CsBr plates were used for récording the spectra

of the complexes recorded as nujol mulls.

2., UV Snectra.

‘The UV spectra were recorded on a Beckman DK~2A
ratio recording spectrophotoneter. These were recorded
in solution, mostly in CHCl3 and/or MeOH. The nore
ionic types of complex, such as the oxalato- and cyano—

conplexes, were recorded in agueoug solution.

3. NMR swpectra

The NMR spectra were recorded using a Varian A60
spectroneter. Tetranethylsilane was used as an intern-—
al calibrant, and deuterochleroform was used as the

solvent in all cases.
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4, Melting Points

Melting points were recorded using a Kofler
hot—sfage microscope. These agrecd fairly with those
in the literature, where renorted. These literature
nelting points are reported along with our own, for

the purposes of couparisor.

5. Microanalyses

These were perfcrmed in the laboratory of
Dr F. Pascher, Bonn, and also by Dr, Fuhr of the'Chemistry‘

Departnent, University of Cape Town.

B. Preparation of Compounds

In general, nethods described in the literature
were followed, although in nany cases useful rmodificat-
ions were developed, so that these will be briefly
described. The beta-diketonate ligands used are showm

i]l Fi 2 ° l L4
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1. Beta-diketonates of transition metal (III) ions

Scandiun (III)

Sc,0, (99%, 0.25 g ) was dissolved in HC1 (10M,

3
15 ml ) and the solution evaporated to dryness. Wate}
(lgﬁl ) was added, and this then also eveporated +to
dryness, Further water (10 nl) was added, and %o fhis
solution was then added the stoichiometric quantity of
the ligand in a little ethanol. Ah imediate precipit-
ate occurred, which was collected by filtration., With
the exception of the Bzac and DBM complexes, all of

the chelates weré purified by sublimation at 1 rn Hg
and 100 - 150°C. he DBM comnlex was recrystallized
from chlorofovn/ethanol, and the Bzac complex from
benzene/heptane° Attenpts to purify the DBM and Bzac

complexes by sublimation lead to their pyrolysis

Unless otherwise>stated, all comnlexes other than
the DBM and Bzac conplexes were purified by sublination
at 100 - 150°C and 1 m1 Hg, and the Bzac and DBM complex-
es were purified by fecfyétallisation fromn the sane
solvents as above, for the nctals Sc(III), V(III), Cr(III),

Mn(III), FPe(III) and Co(III).
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The crude Sc(III) beta-diketorates were pale
orange to yellow, but on purification Sc(Acac)g,

Sc(TFA)3, Sc(3=Melf), and Sc(3~EtA), were obtained as

3 3

pure white crystalline substances. The colour renain-
ed yellow in the purified SC(DBM)3, SO(DPM)3 and Sc(Bzac)R
conplexes., Analyses and nelting points for the compl-—

‘exes are as follows

(calculated) (found)

Sc(Acac), 525 6.2 525 6+ 3 188
Sc(DPM)BJ 66.7 9.7 = 6647 9.6 152-153
SC(3-MeA)3 562 7-1 56+0 7.1 125
SC(3~EtA)3 59-1 78 588 Te5 131-135
Sc(TFA) 35.8 244 35-9 25 105
Sc(Bzac)y 682 502 67-9 Eed  222-224
Sc(DBU); 75:6 47 757 45 264
Titenium (IIT)

Only the tris(acetylacetonate)of Ti(III) was
prepared. The method of Barnum (41) was used without
nodification. The complex is highly susceptible to

oxidation, so that its preparation, as well as the prep-—
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aration of a majol mmll for recording its IR spectrun,
were perforned under nitrogen in a dry-box. (The nitro-
gen used was extra-high purity, containing iess than

1 p.p.rn. of oxygen.) Weighing of a sanple for analysis
was carried by introducing a preweighed glass capsule
plus platinum boat into the dry-box, placing a little
of the sample in the boat, and then placing the boat
inside the air-tight capsule. The latter, containing
the boat plus sample, was removed from the dry-box and
weighed. This method was found to give satisfactory
analyses, since 1t eliminated contact of the highly

oxygzen—sensitive complex with the air.

The IR spectrun was recorded as a nujol mmll,

The mall was prepared under NZ’ and placed between KBr
plates which had previously been placed in the dry-Dbox.
The plates containing the null weré transported fron
the dry-box in an air-tight container. The product of
oxidation is titanyl acetylacetonate, in which a strong
Ti=0 band at 990 cm_l iz observed. The absence of this
band was taken as evidence that the spectrum recorded

is that of Ti(Acac)B, '

Analysed for T1015H?106 ¢ calecd; C = 52é2¢, H = 6-1%,

Ti ( as 710, ) = 13.9%: Found; C = 53.0%, H = 6.1%

and Ti = 14e3%,
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Vanadiun (II1I)

These were prepared by the nethod of Morgan andv
Moss (70) reported for the acetylacetonate. For
the preparation of V(DBM)3 and V(Bzac)g, a solution of
the respective ligands in one part of ethanol to two
parts of ether was used. This was found to bé satlis—
factory, even though conventional methods have been
reported in the literature to yield impufe products,
which are difficult to purify. The DBM complex in
particular was obtained in high yield, and in a high
state of purify, This nethod was found to be superior
to the literature method (71) of reducing vanadyl di-
benzoylmethanate ( VO(DB.M)2 ) with zinc dust in the
presence of excess ligand. As prepared by our nethod
this conplex is obtained as biack prisng, which give
red solﬁtions in CH0139 whefeas the couplex is describ-
ed in the literature (71) as being brown, and haé re--
ported nelting points some 35°C lower‘than ours. As
with Ti(Acac)B, the absence of vanadyl peaks was taken
to indicate that oxidation to the vanadyl conplexes had
not taken place; Because of the sensiti&ity of V(III)

conpounds, the spectra were recorded irmediately after
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- synthegis. Commercial samples ( Koch-Light ) of

V(Acac), were found to be the oxidation product,

ot

VO(Acac)z.
Conplex C(%) H(%) C(#) H(p) M.Pt. M.Pt.(°C)
(calculated) (found) (found) {literature)

ref.

V(Acao)3 51-8 6.0 52¢3 5.6 184 184 (72)

V(3-led) , 554 7.0 555 6.7 179 -

V(3-EtA), 583 TeT 577 8.1 182 -

V(DBM)3 ) 750 46 750 5.0 245 210 (71)

" 75-0 47

V(Bzac)3 678 5.1  67.1 5.3 201 -

V(TFA), 353 2¢4  35.3  2¢4 129 -

V(HFA),.H,0 25 4 0.7 2544 0.7 & -

The extrene volatility of this conplex rendered the

recording of a melting point inpossible.

Chromium (III)

Except Tor the conplex Cr(DBM)B, all 6f the Cr(III)
betawdiketonateslwere prenared according to the method
of Fernelius and Blanch (73) for preparing fhe acetyl-
acetonate. The dibenzoylmethanate wag prepared by the
methéd of ligand exchange (74), since conventional neth-

ods were found to be unsatisfactory.



Conplex

Ci*(Acac)3

Cr(3~MeA33
Cr(3—EtA)3

Cr(DPM)3
Cr(TFA)3
Cr(Bzac),

Cr (DBH), .
. ) 2
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() M.Pt. M.Pt(°C)

Mangoenese (III1)

c (%) () B

{calculated) {found) (found) (liferature)
(ref.)

516 51«9 6-1 213 216 (73)

552 550 70 160 -

538°2 587 78 = 155 -

65-9 66°0 96 227 229 (75)

3552 350 26 136 -

673 68«7 5-1 255 -

T4°9 75°0 47 312 -

7

The procedure followed in all cases was that of

Charles and Bryant (76) for the acetylacctonate. TFor

solid ligands, an ethanolic solution of the ligand was

used in place of. the pure liguid ligand.

Conplex

Mn(Acac)3
Mn (DPM)
Mn(Bzac)3
Mn(DBM)3
Mn (TPA) -

C (%)

(calculated)

51-2

6546
66-9
7446
351

(k) H(E) M.Pt.(°C)
(found) (found) (literature)
' (ref.)
507 64 150 150 (76)
65+3  9-3 162 165 (75)
67-0 5-3 192 -~
4+3  4+8 250-251 -
351 22 118 -
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Iron (III)

The synthesis of the Fe(III) beta~diket0natés wa s
sinilar for all the differently substituted beta-diket-
onate ligands. The ligand dissolved in allittle ethanol
was added to a solution of the stoichiometric quantity
of FeCl3°6H20 in watér, and buffered with sodium acetate.
The red solution was shaken for twenty four hours and

the bright red crystals which depnosited were Tfiltered

off.
Complex C(%) H(%) C(%) H(%) M.Pt.("C)
(calculated) (fdund) (fouhd) (literature)
Fe(Acac), 510 6.0  51-3 5.9 190 179 (77)
Fe (DEM) , 65¢4 9.5 65:0 Qo2 164 163 (75)
Fe(3_MeA)3 54«7 - 649- 533  6eQ 108 -
Fe(3~EtA)3 575 T6 567 T*6 122 -
Fe(TFA)B 35:0  2e4 35:0 2.3 112 -
Fe(HFA)g 266 0°5 26°5  0O+7 q8% -
Fe(Bzac), 66+9 540 67+0 53 218 222-224 (77)
Fo(DBM)gy 745 A6 - P52 4e7 258 262 (78)

v %Phis value nzy be unreliable due to the extrene
volatility of the product.



Cobalt (III)
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he method reported for the acetylacetonate (79)

was found to be satisfactory for the other ligands.

Complex c(x)  H(A)

(calculated)

Co(Acac)3 50+ 6 60
Co(DPM)3 65¢1 9.4
Co(Bzac)., 66+4 - 520
CO(DBM)3J TheD 146
Co (TFL) - 3408 2.4

N
D

Galliwa (ITI)

C(r) B
(found)
505 61
65-1 Qe 4
665 5e 4
738 4.7
349 2.2

1\/.[ ° :Pt_: ( °v C,.)_,

213
236
208
260
158

(found) (Literature)

213 (79)
245 (75)

Both Ga(Acac)3 and Ga(TTFA), were prepared by the

rnethod of Morgan and Drew (80) for the acetylacetonate.

Complex  C(A) H()
(calculated)

Ga(Acac)3 4940 58
Ga(TFA)3 341 2e )

C(%)  H(%) M.Pt.(°C)
(found) (Found) (Literature)

491 5.8 194

343 2°3 128 -

194 (62)
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Molybdenwn (III)

The tris(acetylacetonate) was prepared by the
nethod of Dunne and Cotton (81). Sincé a reference
IR spectrun was reported by these authors, the i1dentity
of the complex was checked by comparison of our own
spectiun with that reported, and no analysis was under—
taken, Because of the extrene sensitivity of the com-
plex to oxidation, the same proceducre for recording

spectra was adopted as for the Ti(III) conplex.

Rutheniun (LII)

Only the acetylacetonate was prepared. For this
the nethod of Barbieri (82) was used, bu*t poor yields
were obtained.. The yields wefe'improvedvby buffering
the solution with sodiun acetate instead of sodiun bi-

carbonate as in the literature.

Calculated for Ru(ClBH2106) 2 ¢ = 452, H = 5.3; found:
C = 446, H = 5°0%, M.Pc. = 242°C,
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Rhodium (IIT)

The method of Dwyer and ﬁaréeson (83) was used to
prepare both Rh(Acac)3 and Rh(TFA)3. Rh(Acaq)3 was
purified by recrystallisation from benzene/heptane,
while Rh(TFA)3 was purified by sublimation.at 150°C

and 1 mm Hg.

Calcd for Rh(Cl5H2106) s C = 45.0%, H = 5.3%., Found:
C = 45¢2%, H = 5.3%., M.Pti = 2506°C

Caiculated for Rh(Cl5H12F906): C = 32:0%, H = 22%,
Found: C = 34.5%, H = 2.6%. M.Pt. = 175°C

Indium ard Yitrium (III)

These were prepared by the same method as for the

Ga(III) complexes.
Calculated for Y(C15H12F906): C = 32¢9%, H = 2:2%.

- Found: C = 32:1%, H = 2.4%. M.Pt. = 220°C(4)

rted F ] o (V. — v 3Q9% - -‘/E:
Calculated for In(cl5H12F906)n ¢ = 31 39%, H = 2.1%.
Found: C = 31¢4%, H = 2-1%
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2. Beta~diketonates of transition metal (II) ions.

Mangarese (II)

The dihydrated bis(acetylacetonate) was pfepared
as described in the literature (85)., The polymeric
form wae prepared by sublimation of the bis (aquo)~
complex (85) at 150°C and 1 mm Hg. The diammine and
trisbcetylacetonatce) were prepared as in ref. 84. The
trisbcetylacetonate) complex K[Mn(Acac)BI conld not
be analysed because of the difficulty of analysing for
carbon in the presence of potassium. However, these
anionic complexes are distinguishable from their neutral
counterparts by the fact that they are soluble in water,
whereas the latter'are‘not. Since the Mn(II) tris(acet-
ylacetonate) complex is susceptible to‘oxidation, it was
prepared under nitrogen, with the sane precautions as
Were used in the preparation of Ti(Acéc)3.
Calculated for Mn(CiOH14O4): C = 47+4%, H = 5:6%,
Found C = 458, H = 5.3% M.Pt. - decomposes 250°C

without melting.



3 F

%

Calculated for Mn(C ).2H20 $ C = 41.5%, H = 6.3%.

10%14%
Found € = 41+8%, H = 6+3%.

Iron (II)

The anhydrous complex was prepared according to
the method of Buckingham et al.(86). The tris(acetyl-
acetonate) was prepared accordirg to the method of Dwyer
and Sargeson (84), and was not anslysed because of the
difficulty of amnalysing for carbon in the presence of
potassium, but as with the Mn(II) analogue, was distin-

guishable by its solubility in water.

Cobalt (IT)

Whereas the In(II) and Fe(II) tris(acetylaceton-
ates) were not énalysed because of the presance of
potassium, and becaiise they could not last sufficiently
long enough to be aﬁalysed commercially without: oxidat-
ion to the M(III). compounds, K [Co(Acac)3]is stable
towards ai» cxidation, and so was analysed commercially.
The tris(acetylacetonate) complex, and the diammine and

bis(pyridine)-bis(acetylacetonates) were prepared as in
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ref. 84. The complexes [Co(Acac)2]4 ahd [Co(Acac)é(H2O)2]

were prepared as in ref. 87.

Complex C(#) H(%) C(h) H(A)  M.Et.(°C)
(calculated) (found) '
Co(ClOHl4O4) 46+7 5.5 449 5.8 180
. v HAe ) . » __a
Co(ClOHlSCb) 410 62 412 v6}2 :
Cq(ClOHQOEéO4) 41+2 6°9 416 69 -
Co(C2OH24NéO4) 578 548 552 5.6 -
K[Co@15ﬂé307)3 43°5 K6 43T 57 -

@Mhe adducts of Co(Acac)2 decompose on heating.

Nickel(II),

Lssentially the same methods as used for preparing

the analogous Co(II) complexes were used to prepare

[Ni(Acac)2}3, ENi(Acac)z(H2o)2},£Ni(Acac)z(mﬂ3)21

ENi(Acac)2(py)2] and K[Ni(Acac)SJ.

Complex C(%) H(%) ¢c(k) H(E) M.Pt. (°C)
(calculated) (found)

Wi(CigHy,0,)  46:7 55  45.0 5. 232-235(a)

5¢5
Ni(ClOHl8O6) 41-0 5.2 40+0
Ni(C,,H N204) 41-3 69 416

58

56

1020
Ni(CzOH24N2O4) 578 54.1
E[Ni(cl5H23o7)ﬁ 43¢5 43+9

U oy Oy Ul W,
S~ O W 3
l
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Copper(II)

A larse number of copper(II) beta-diketonates

were prepared by the method reported (88) in the lite-
rature for Cu(Acac)Z; The complex ECu(TFA)Q(HQOﬂ was
prepared by adding an ethanolic solution of methylamine
to a stoichiometric mixtﬁre of Cu(II»'acetate and (TFA)H
in water. A deep blue crystalline precipitate is obtain-
ed, which on standing.loses water to fOrm the pale blue
anhydrous complex, (The synthesis of this complex was

as a result of atiempts to prepare [Cu(TFA)Q.NHZCHSJ The
structure is supported by the occurrence of the 0-H str,

in the IR spectrum.)

Complex C(%) H(®) C(x) HE®) M.Pt. (°C)
(calculated) (found)

Cu(Acac), 459 5-4 460 5-4 270(a)
Cu (TFA), 32+5 262 3343 2.5 190-195
Cu(TFA)Z(HZO)},loO 2.6 307 2.4 ~(a)
Cu(Bzac), 62.3 47 620 47 &

Cu (DBM), 706 4-3 706 4.4 -8
Ccu (DPM) 61°4  5+4 61*3 =~ 5+4 -2

Cu(PvA),  55°6  7°6  55-7 7°8 290(4)
Cu (HPA), (H,0)24+2  0°8 244 1.3 161
Cu(EAA), 44°8  5°6 454  5-8 195

adecompose above 300°C without melting.
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Zinc (IT)

[Zn(ﬁcac)z(HZO)] was prepared by the method of
Rudolph and Henry (89). The anhydrous complex ,
EZn(Acac)2]3 was prepared by sublimation of the hydrated
compléx. K [Zn(Acac)S]was prepared by fhe method of
Dwyer and Sargeson (34), as was also the complex

[zn(Acac),pyl .

Complex (%) H(%) C(%h) H(%)
(calculated) (found)
K [Zn(Acac);] 412 5.8 415 545
« 2H,,0
[Zn(Acac), (H,0)142-7 5.8 431
[Zn(Acac)épy] 526 5¢6

3« Group I beta-diketonates

All of the group Ia beta-—diketonates were prepar—
-ed by adding the stoichiometric quantity of the ligand
( or, if solid, a saturated methanolic so1ufion of the
ligand ) to a saturated solution of the_metal hydroxi@el
in methanol, An immediate precipitate occurred, but

care had to be taken in adding the ligand, since if
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addition was too rapid, the exothermic reaction caused
a>considerable evolution of heat, which led to hydrolysis
of the ligand, and consequently poor yields. The com-
plexes were purified by recrystallisation from ethanol
and isopropyl alcohol. The analyses indicated that,
with few exceptions, the complexes were thé (aquo )=
adducts, Analysis of the Cs and Rb complexes did not
appear to give reliable results, so that analysis of

these was abandoned,

Complex c(%) H(%) C(%) H(%)
| (calculated) (fourd

[Na(Acac) (H,0), 37-9 70 3746 .

[Li{Acac)] 566 696 555 .

[K(hcac) (H,0)]  38-5 5-8 397
[Li(DPM)(H2O)2] 58¢4 172 59+ 2
[K(HFA){H2O)2] 21*3 1-8 22+3
[K(Bzac)(HZO)] 55°0 51 53¢5
5¢4
241

»

[Na(Bzac)(HZO)] 59«4 58-0
[K(7Fa) ] 31-2 29+0

N O WL oY —
o O B~ U1 Oy O

L]
(o))

4, Group II A beta-diketonates

~Be(Acac), was preparzd as in ref. 90. KEC&(Acac)sl

was prepared as in ref. 84; The complexesECa(Acac)z(H2O)2]
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[Sr(Acac)z(HZO)g]and[Ba(Acao)z(HzO)é]were prepared by
adding methanolic solutions of acetylacetone to solutions
of the stoichiometric guantity of fhe nitrate in water,
and precipitating the complex bj adding sodium hydroxide.
Prolonged drying in a drying pistol lead to dehydration
of these complexes, and formation of the anhydrous com=-
plexes e.g. Ca(Aoao)Z.

The Mg(II) complex isolated by this method appear-
ed also to be the bis(agquo)- complex, as evidenced by
analytical data, énd the presence of strong O0-H str,
vibrations in the IR Spéctfumo Frequencies in the IR
spectrum otherwise agreed with those reported for the

anhydrous ccmplex (1),

Complex Cc(%) HE&) c(%: H{B) M.Pt(°C)

(calculated) (found) (found) (ref..)
[Be(Acac), I 579 68 554 6.8 105 = 108 (90)
{Mg(Acac)z(HQO)z] 4624 Te0 472 75 -
[Ca(Aoac)z] 504 59 49-7 55 -
[Ca(Acac)2<HéO)2] 43+ 8 6.6 446 . 5.9 -
[Sr(Aoac)g(EQO)g] 373 56 373 5.3 -
K Calhcac)s (H0) 4546 5.9 457 6.0 -
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5. Beta—diketonates of A1(III)

Al(HFA}3 was prepared by the method of Morris,
Moshier ard Sievers (94). The other A1(III) beta-diket—
onates were prepared by the method described for the

acetylacetonate (91).

Complex C(%) H(®) C(%) H(R) I,Pt. (°C)

’ (calculated) {found) (found) (ref.)
Al(Acac)y  55¢6  €+5 55:.7 6.6 194 194 (91)
VAl(DPM)3 687 10-0 68+4 9+9 262 264 (75)
Al(Bzac)3 70:6 5¢3 702 5e4 222 -
Al(DBM)3 7746 4+8 7649 4.3 294 -

A1 (TFA), 371 2.5 3721 2.5 121 -~ |
AL (HFA)S 278 06 272 0+7 72 73 (94)

6. Group IV bete-diketonates

[Si(ACac)3]Gl.HCl and ﬁSi(Acac)3].Zn01' were pre-—

3

pared by the methods reported in Inorgaanic Syntheses,

1, 33. Zr(Aca¢)4,Hf(Acac)4 and Th(Acac)4 werc prepared
by methcds reported in the literature.(92, 93.) The

’ identity of the complexés was checked-by their melting

pointsf Hf(Acac)4 M.Pt. = 169°C ( reported 171le¢5 in

ref. 93 ) and Zr(Acac), M.Pt = 194°C ( 194°C in ref.92 )
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T.The Rare—earth trivalent ecetylacetonates,

The tris(acetylacetonates) of La(III), Ce(III),
Pr(III), N&(III), Sm(IIT), Eu(III), GA(III), Dy(III),
Ho (III) and Er{III) were prepared as desc:ribed in the
literature {95). A pH meter was used for monitoring
the pH so as to prevent the precipitation of the metai

“hydroxides. \

8. Dipivaloylmethanates of divaler.t metals,

Tae complexes [Ni (DPM)_2 1, [Ni (DPM), (HQO)Q]} , [Zn(DPM)_2]

\

=43 KbiDPM)é}were prepared as described in ref. 75.

Comnlex - L e(4)  H(E)  ¢(R)  H(B)
(calculated) (found)

EZ'n(DPM)2] 61° 2 8 9 602  8+8
INi (DPM), (5,0),] 57¢3 92 5387 846
[Co(DEM), (H,0),] 57-3 9.2  57-6 9.1

9. Beta-iminoketore complexes of Cu(II), Ni(IT) and Co(II)

The ccmplexes Cu(AAI}2 and Cu(EDDAA) ( Fig. 18)
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were prepared by the methods described in the literature
(96, 97). Cu(EDBSA), Ni(AAI)Q, Mi (EDDAA), Ni(EDBSA),

Co (EDBSA), Cu(PDBSA) and Ni (PDBSA) werer prepared by

analogous methods.

Complex C(#) @), WE) C®) EE)  N®)
(calculated) (found)
Cu(AII)2 4603 522 108 46+3 62 11.1
Ni(AII)2 471 6.3 110 473 6:.9 1046
Cu (EDDAA) 504 64 98  49-5 63 9e4
Ni (EDDAA} 513 6.6 10.0 49-8 65 9.9
Cu.(PDBSA) 59 4 47 8.2 59.8 4.9 82
Co (EDBSA) 531 43 8.6 59.2 4.1 8+1

10. 3-hydroxyouinoline complexes.

The 8¥hydroxyquinoline complexes of Co(II), Ni(II),
Cu(II) and Zn(IIj were rrepared as described in.the
literature (98). Since Bwhjdroxyquinoline is itself a
reagent for gravimetric determination, it was not felt
thal analysis of these complexes was necessarj. The
IR spectra in the region 200~2000 cm-l agreed well with

those reported in the literature for these complexes (36).



44

11, Hexacyano- complexes of first transition period ions

Preparations described in Inorganic Syntheses

were used to prepare the complexes K3 [Mn(CN)6 1(99),

k3 ECr(CN)6] (100) and Ké [CO(CN)6] (lQl). K3 [Fe(CN)6]\
and K4 EFe(CN)6] were obtained commercially. The IR
frequencies agreed well with those reported in the 1lit-

erature (4).

12, Tris(oxaiato)-metallate(III) ions of the first transit-

ion period

The complexes K3 [Cr(C204)3].3H20, K3 IFe(CEO4)3],

3,0 and Kﬁ iCo(0204)3J.3H20 were prepared as described

in the literature (102). K3 [Sc(C204)3].3H20 was pre-—
pared by a method analogous to that reported for the
Al(III) compound,(lOZ). K3[ V(C204)3je3H20 was prepar-—

ed by adding an aqueous solution of K20204 to the stoi-
chiometric quantity of VCl3 dissolved in thé minimum of
water. Bright green crystalline tris(oxalato)uvanadium(III)
is susceptiblé to oxidation to the vanadyl compound, sé

that elemental analysis was considered necessary for

this complex., The Mn(III) complex was prepared accord-
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ta the method of Cartledge‘aﬁd Erichs (103), This |
complex is highly sensitive to heat, and is also photo-
sensitive. OSynthesis was therefore carried out in a
darkened fumé~cupboard, and the complex stored at 0°C
in the dark. Unfortunately, because of ithe presence of
votassium in the complex we were unable to analee it
ourselwes, and it wés too unstable to survive léng en—
ough to be sent away for coummercial analysis. Reference
IR spectra were available (8) for checking the identity

¢f the Cz(III), V(III) and Co(III) complexes.

Caleculated for Ky [V(C,0,)313H,0 ¢ C = 15-1%, H = 1+3%,

K = 49.3%, O = 24+1%. |
Found: G = 15-4%, W = 1+2%, K = 48-3%, 0 = 23.9%

13, Acetylacetonates of oxo-cations

VO(.Acac)2 was obtained as the product of oxidation
of V(Acac)3, and was purified by sublimation. UOZ(Acac)Q
was prepared by adding a methanolic solution of (Acac)H
te a metharolic solutism of urenyl nitrate. The molyb-

denyl complex was prepared as in ref. 104,
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Analysed for VO(Acac)2: calenlateds C = 45.3, H = 5+3%,
Found: C = 458% , H = 5+6%

Analysed for UO,(Acac),.H,0: Calculated: C = 24+7%,
H = 3+3%. Found: G = 24.7%, H = 3.3%

14. Beta—-diketonate ligands

These were all obtained commercially except for
dipivaléylﬁethane and pivaloylacetone. These were both
prepared as reported in the literature for dipivaloyl-
methane (106), by the condensation of t-butylmethyl
ketone with ethyl t-butyrate and ethyl acetate respect-

ivelys.



C. RESULTS

1. IR freguency data

rensgong for the band
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The IR frequencies observed for the complexes
synthesised are recorded in the following tables. The.
assignments made will be discussed

later.

Table I.

ates of the first transition period.

1580
1529
1276
1191
1026
929
802
776
665
665
550
542

439

408

331
317

1565 1571 1574 1593

-1
A1l frequencies are in cm

Trivalent transition metal tris(acetylaceton-

I<

1530 1526 1522 1516
1276 1276 1279 1256
1185 1190 1193 1190 1190 1193
1021 1025 1025 1016

930
801
775
667
650
568
556

429

932
803
772
668
658
587
572
449
413

316

933
791
773
682
660
611
395

462
415

355

925
802
775
572
655
598
570
560

462

428

404

333

1575 1580
1530 1522
1276 1280

929
802
772
667
655
560
550

437

406

299
202

1024 1016

936
782
773
695
655
665
637

466

437
383

1586
1535
1281
1194
1025
935
300 ,
770
683
655
584
584 °

445

425

411
272

Nujol. 200-2000cm .

1

Assignment

C=0 str.

C=C str.

C=C + C=CH, str.
c-H 1n~plaée bend

- CH,y rock

C=0 + C-CH, str.

C-H. out-of-plane
bend

M~0 atr. « ring/

ring def. def,

M-0 str. '

M~0 str,

extra band in Mn(III)

M-0 + C~CH38tr.

O0=M-O0 bend.
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Trivalent transition metal acetylacetonates of the

second transition reriody plus the tris(acetylacetonates)
of A1(IIT) and La(III).

v

oy

Ho

1611 1571
1532 1524
1265 1278
1203 1197 1203
1021 1028

920
937
790
766
658
563
658
536
425
404
337

942

785
785
676
599
657
599
449

—

Ru

P

1555
1525
1273

1023
9240

782
782
690
645
660
€21
463
325
512

¢ ewmen

1575
1522
1272
1202
1020

@35

792
775
700
675
663
650
467
437
348

1564

12¢C2
1025

933

805
781
675
675
651
572
436
415
404

Units are cm—1l,

La

1597 1594
1529 1535 1527
1269 1290 1257
1192 1195
1030 1015

937

799
‘170
637
596
661
580
493
424

915

777 }

534
655
527
412

Assignment

C=0 str.

C=C str. _
C=C «+ C~CH, str.
C-H in—plaﬁe bend
CH3 rock.

C=0 + C=CH3

C-H out~of=-plone”
bend

~ M=O0 str. + ring def.

M-0 str.
ring def.

- M¥-0 str.

M»Ostr. + C—CH3str.
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‘Divalent tris(acetylacetonates) of first transition
period metal(II) ions. (Recorded @s the potassium salts,)

Nujol. 2000 — 200 cm™t, Units are cm™L.

1597
1527
1254
1206
1a41l
1015
919

793

764

655

537
415
400

1601 1533
1525 1530
1259 1262
1149 1195
1033 1042

1018 1018
1920 928
e -
769 770
656 659
543 558
416 419
401 -

15935 1596 1590
1522 1525 1520
1259 1260 1256
3202 1202 1200

1926 1021 1029

926 925 923
787 785 784
766 768 771
659 658 655
561 568 547
422 426 415
407 403 407

1

Assignment

C=0
C=C

C=C.
Csk

CH.,

3
C=0
C-H

str.

+ C&CH-
in--plaiie bend
xock.

+ CACHS str.
out—of=plane
bend .

ring defs

M-C str. + ring def.
M--Ostr. ,
M~Ostr. N

M-0 + C~CH, str.

O0~1~0 bend~
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Anhydrous bis(acetylacetonates) of first transition
period divalent ions. Nujol. 200 - 2000 cm_l. Units =

Mn

Te

1611 1581
1520 1522

1260 1261
1196 1200
1017 1018

939
924
802
770

655

545

448

-—

918
800
772
664
655
558
434

Co

1591
1530

1262
1200

Ni

1620
1527

1265
1200

1020 1023

g22

789
771
670
650
581
425

932
785
770
674

656

593
440

-—

Cu

in

[ -

1580 1586
1555 1530

1536

1277 1270
1190 1203
1022 1020

939
784
636
655
615
455
431

932
800
Tl
684
655
585
565
466
422

}

Assignments

0 gtr,
=0 gtr.

C + C~CH. str.
€~-H inuplaﬁe bend
CHé rock ’ '
C=0 + C-CHj str.

C-H out—-of-plane
bend

-0 sir. + ring def.

ring def.

M-Ostr.

M-Ostr.

M-0 + C-CH, str.

O=M-C bends

em-1,
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Table V

Dihydrated bis(acétylacetonates) of first transition
period divalent ions M(Acac)2¢H20)2, plus Cd(Acac)2.
Nujol. 2000 — 200 cm™T. Units are cm™L.

- Mn Co = Ni gﬂa Cd Assignment.
1616 1612 1598 1604 1609- C=0 gtr,
1527 1528 1522 ~1525 1522 C=C str.
1257 1265 1265 1265 1250 C=" + C=-CH, str.
1203 1203 1201 1197 1170 C-H in—plaﬁe bend
1020 1023 1019 1022 1021 CH+ rock
929 935 925 933 923 C=0 + C—CH3 str.
768 771 775 772 782 } C-H out-of3plane bend
— - - . . 740 1"
- 676 -~ - - 6864 M-0 str. + ring def.
660 660 660 655 655 = ring def.
- - - - 625 M-~0 str.
551 568 571 559 556 M-O str.
- 426 437 412 423 M-0 + C—-CH3
- - - - 318 0~-M~0 hiend

2Is the monohydrate Zn(Acac)z(Hzo)



Table VI

Ammonia and pyridine adducts of bis(acetylacetonato)-

metal (IT) ecomplexes.
-1

cm

n

3360
3280
1626
1527
1257

1220
1204

1184
1018
926
767
660

547
408

M(Acac)z(NH"B)2

Co

3360

3280

1620

1528

1254

1235
1203

1203

1017
927

765:

661
560
214

3355

3276
1626

1552
1256

1246
1216

1203
1018
927
764
660
572

420

7n

[

3363
3282
3234
1623

1525
1265
1230
1203

1196

1018
925
765

-

659

549
412

Nujol,

1

42000 -~ 200 cm —. Units are

l\g}.,

-

1611
1601
1522
1255

1219
1195
1160
1075
1035
1013
921
758
750
702
652
622
542
416

Co

1609
1588
1528
1261

1216

1203
1159
1071
1040
1017
924
778
759
705
675
651
628
563
417

Ni

s

1600
1593

1525

1259

1216
1202
1151
1078
1039
1014
922
768
760
701
6380

655

632
576
437

a

Zn®

1611
15338
1531
1265

1222
1197
1163
1079
1046
1017
928
787
761
‘705
668
656
640
554
424

Assignments

N-H str.
N”’H S'tI‘ o

- N-H str.

N"‘H def.o

C~C py-

C=0 str.

C=C str. . '
C=C + C—CH3 str.,

NH —
pyridine
C~H in-plane def.

} pyridine

CHh rock .

C=0 + C—CH3 str.,

C-H out~of~plane
} bend

M=~0 + C~CH3 str.

- ring def,

by
M-O str.

M0 + c~cH3 str,

@Dhese are the mono-adducts Zn(Acac) (NH )
and Zn(Acac)zPy
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Monovalent acetylacetonates of Group I, and T1(I)

acetylacetonate. Nujol.

Ii Na K Rb (Cs® T1
1609 1617 1619 1620 - 1608
1523 1515 1511 1510 1506 1503
1266 1245 1237 1232 1230 1235
1199 1200 1201 1200 1199 1199
1173 1171 1171 1272 -~ -
1019 1015 1010 10@7 1008 1010

- 940

g%g 915 911 906 909 .915

766 767 762 760 763 770 }

659 661 655 655 655 655

557 534 522 5206 526

506 520 - - -

439 408 410 409 406
427 - - - -

404. - - - -

357 - - - -

342 - - — -

@recorded on Bockmari

IR-8 in KBr. C=0 str. not reliable.

Assignment

C=0 str.

C=C str.

C=C + C=CH, str.
C-II in-plafie bend
C-H in—-plane bend

CHy rock

C=0 + C—CH3»rock '
C~II out—-of=plere.
bend -

M-0 + ring def.
ring def.

M~-0O str.

M~0 str.

M-OH, ? (very broad)
M-0 % C-CHj str.

2000 - 200 em~L. Units are cm~1
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Table VIII

Divalent acetylacetonates of Group IIa elements.

Nujol. 2000 - 200 cmfl, Units are cm™r.
Ega Mﬁb QEP §£b ng gga Assignment

1588 1515 1€09 1611 1610 1616 C=0 str.

1535 1528 1522 1522 1514 1525 C=C str.

1300 1265 1256 1251 1247 1245 C=C + C~CH, str,
-~ 1202 1200 1200 1200 1200 C=~H in-plane bend

1190 1175 1170 1171 1170 1170 "

1040 2022 1018 1015 1015 1018 C

' C

‘Ha rock
963 932 918 917 914 922 o

+ C~CHq str.

782 -~ - - - 785 ¢-H out-of3plane

768 766 768 762 771 765 3 bend

936 520 - - - - M~0 gtr. + riang def.
725 _

663 663 657 655 655 657 ring def.

827 624 570 572 - - M~0 str.

748 563 535 528 524 535 M~0 str.

498 477 427 422 A1l 445 M~O + C-—CH3 str.

425 - - - - 421 0-~M:-0 bend

% M {acac),. bM(Acac)z(HzO)z,
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Table IX

Acetyliacetonates of Group IV elements, and of cxo~ -

1

*ty, Units are cm™,

metal cations ( vo'Tt, M002++, U0,

ot [ L B,

1575 1591 1593 1590 1590 1592 1565 C=0 str.

1555 1540 1539 1538 1520 1511 1530 C=C str.

1315 1281 1279 1270 1275 1285 1290 C=C + C~CH,str.
C~H in—plaﬁe bend

1193 1190 1190 1192 1170 1170 1190
1173~ - -~ - - -
1045 1028 1027 1022 1035 1025 1025 CH3 rock

o10 93T g3 T - 936 92 5. oocH, str.

g50 935 937 927 - ~ -

- - - - 924 909 999 M=0 asym. str.
838 779 775 781 798 801 800 ] C-H out—of-plane
752 759 760 770 783 - 790 > bend

- - - - 670 678 688 UM~0 ring aef.

663 662 660 655 655 654 658 ring def.

730 570 - 565 569 573 - -0 str,

628 545 542 524 531 551 609 M~0 str.

544 428 427 406 408 455 484 . N~O0 + C~CH, str.
470 300 -  ~ = 413 434  O-M-0 bend?

- -~ - - - 287 367

—~
L]

851 (IV) was recorded as [Si(Acac)3]+(Zn013)
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Table X
Tris(ecetylacetonates) of pare-earth trivalent ions?
. -1 L =1
Nuijol. 2000 - 200 cm —, Units are cm .

Ce DPc N& Smu Bu Gl Dy Ho EBr  Assignment

[ e e it

1608 1606 1605 1605 1595 159€ 1608 1610 1606 C=0 str.
1523 1521 1523 1527 1534 1539 1534 1525 1527 C=C str,
1258 1257 1260 1262 1268 1271 1264 1265 1266 C=C + C-CH3ystr.
1191 1195 1197 1195 - 1202 1192 1195 1190, C-H in-plaie
1172 1189 - 1170 117% 1170 ~ - 2 bend
- - - = 115 -~ - - -
1019 1016 1020 1020 1021 1023 1021 1023 1019 CHy rock
- 920 917 919 2320 926 929 922 922 921 C=0 + C~CHystr.

-~ - 850 - 895 87C - - -

766 767 768 768 757 760 768 783 769 }C-H out~of-
756 760 761 - - - 759 768 767 plane

- - - - - - - - 757 bend
674 694 697 - MO +ring def.

655 655 657 654 655 657 657 €60 655 ring def.
538 552 568 566 620 - 567 - 566 -0 str.

529 531 533 534 534 538 536 535 536 -0 str. '
410 412 412 414 415 423 420 422 424 M-O + CnCH3str.

a
All have the octa-coordinate structure M(Acac)3.2H20
(62). PFor the frequencies for La(Acac)B,ZHEO see

Table II. ' ’
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Spectra of the tris(trifluoroacetylacetohates) of the

first transition period M(III) ions.

Sc

s opeoy

1624
1542
1300
1235
1204

1154

1144
1023
1009
- 980
954
861
805
794
758
730
61

581
520
500
426

323

v

1615
1533
1299
1231
1196
1150
1134
1024
1006
977
947
863
603
T79€
750
732
620

592
522
522
429

320

Cr

L

1615
1532
1300
1230

1197

1132
1020
1011

75
950
- 896
866
799
787
. 155
135
626

599
520
533
437
379
339

Ma

1516
1534
1290
1226
1195
1149
1135
1024
1005
97z
948
397
861
802
787

732

620

582
519
538
132
409
320

Fo

1616
1531
1294
1230
1196
1150
1139
1025
1006

949
863
802
789
752
731
609
585
516

505
424

310

co

1609
1531
1302
1230
1199
1150
1130
1024
1011
975
954
890
872
793
780
753
740
657
681
605
522
550
445
418

582

Ga

————

1624
1540
1302
1235
1199
1153
1146
1026
1009
973
959
867
802
789
756
736
621

592
518
518
429

345

§

Nizjol. Units mre cm

Assignment

0 str.

C str.

=C + C-~R str.
3
[T

C-H Zn-plane bend
C-H in-plane bend

CH. rock

C~F hend
C=0 + C~R str.

C~C¥q str.

C-H out~of-plane
hend

C~CF, str,

C~CF3 str.

M=~0 str. + ring def.

M=Ostr.
CPF-
M-0 str.

M—0 + C=CH, str.

O==~0 bend3

1
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Trifluorvacetylacetonates oflsecond period M(III) ions, and
A1(III), B(I), Gu(II) (both Cu(TFA)2 and Cu(TFA)Z(HZO) )

Nujol. 2000 — 200 cm T, Units are om

v

e

1640
1542

1297
1231
1195

1142

1025

+ 1003

948
892
856
783
759
728

610
565
520

406

Rh

[

1606

1520

1303
1235
1199

1146

1019
947
9717
877
795
746
726
677
665
610
523
547
445

435
387

Cu (TFA)

In

1624
1539

1296
1236
1204
1198
1151

L

1025
1007
943

866
807
795
755
735

612
590
520
507
425
425
307
293

29

AL

1632
1548

1310
1236
1200

1152

1026
1012
958

869
800
787
760
736

625
601
521
545
464
445
420

Cu

1616
1599
1536
1311
1229
1196

1155
1140

1029
1015
951
974
870
799
762
739

637
602

520

534
445

P

1623
1543

1312
1232
1196

1142

1020
954

868
799
788
762
737

632
601
520
525
440
422

-

X

1661
1555

1277
1219
1189

1132
1115
1090
1017

992

928

843
806
765
740
722

600

550

518
387

b ; Cu(TFA)z(Hzo)

L

Assignment

C'-_-"O Str‘o
C=C str.

C=C + C-CH3 str,

- oP

3

C-H in-plane bend
C~H in-plane bend

CH3 rock -
C=0 + C~CH3 str,
C-F bend

C~CF4 str.

C=H dut--of-plane
bend

C-CF3 str,

C~CF3 str.

M=~Ostr. + ring def.
M=0 str. '
CF

M-0 str. .

M=0 + C-CH3 str.
0-M—-0 bend
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Table XIIT

Tris(benzoylacetonates) of the first transition perigd
M(III) ions. MNujol. 2000 — 200 cm™t, Units are cm .

S¢ Y Cxr Ma Fe Co Assignment

1591 1590 1590 1592 1591 1590  C=C phenyl

1553 1546 1555 1557 1551 1561  C=0 str.

1513 1513 1524 1515 1520 1525  C=C str.

1489 1490 1490 1488 1489 1491  C=C phenyl

1308 1308 1309 1305 1303 1308 ;3 ¢, o p gtr

1294 1297 1299 1283 1294 1297 —h 8tr.
1208 1210 1210 1210 1209 1213 1 in-plane bend .

Q
0

=

[

© 1180 1182 1182 1182 1181 1183

1159 1158 1158 1159 1158 1159

1110 1114 1111 1108 1109 1113 | C-H phenyl
1071 1072 1073 1072 1072 1074 |

1030 1029 1029 1030 1029 1030  CH, rock

1009 1010 1011 1009 1009 1012 _ )
1000 1000 1000 1001 1001 1002 3 ©C-H phenyl
961 959 961 956 960 965 C=0 + C-CH
931 /930 930 928 931 931 }
847 250 854 252 258 361 .
311 81 i6 81 C=H outeofwple
8oc 804 803 go4 gog 799 Tbena €
791 788 792 790 793 790 C~H out-of-plane
; |
}

3
C-H phenyl

gzg 77% 770 77% 772 7%2 bend
. 722 - 723 723 7
718 716 T15 715 715 707 5 C-H phenyl
690 685 695 692 685 693 C~H phenyl _
633 685 691 686 685 693  1M-0 + ring def.
620 619 621 620 619 619  C-H phenyl
603 608 600 602 603 601 C-H phenyl
570 e - 579 -~ C-H phenyl
544 586 612 585 549 650  N~0 str.
544 551 558 560 5431 566  M—0 str.

540 extra band in Mn(III)
446 451 465 465 446 479  M~-O + G-CH
426 427 436 427 427 442 | 3
332 312 375 332 328 418

S - 326 L 2o
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Tahle XIV

Benzoylacetonates of Ii(I), Na(I), X(I), Cu(II), AL(III),
Nujol. 2000 — 200 cm™ T, Units are cm .

Ii Na K Cu AL Agsignment
1606 1606 1606 1591 1597 C=C phenyl
1580 1585 1597 1562 1569 C=0 str.
1520 1516 1512 1524 1523 C=C str.
1300 1300 1300 1300 1314 }
1280 1265 1259 1292 1314 C=C + C=R str.
1184 1186 1173 1182 1173 ' :
11&2 1132 1184 i%gg lli2 :} C~H phenyl
1077 1C73 1072 1071 1071 .
1030 1030 1027 1029 1030 ClI3 rock
- - 1010 1004 }  C~H phenyl
1000 995 996 1003 998 ~H pheny.
962 945 933 960 966 C=0 + C~CH3 str.
248 243 838 856 855 C~H phenyl
37 84 895' " g%g '} C~II out~of--plane bend
-y Ld — J -
776 ggg 762 774 ;gz I C=H out-of—plgne hend
724 722 723 723 723 |
699 696 698 694 692 § C~H phenyl
-~ 676 670 684 688 M~0 + ring def.
577 560 550 629 593 M~0 str.
- 530 521 - 555 552 M~0 str.
500 508 504 - -
427 427 427 427 437 phenyl vibration

412 400 404 459 432 M~0 + C-CH3 str.



Spectral

st w3t

1592
1540
1529

1434
1318
1299
1227
1184
1156
1128
1097
1064
1026
1001
973
941
923
394
835
817
786
769
758
723
715
697
687
681
620
612

549
536

450.

439
374
317

1591
1530

1485

1317

1292
1229
1181
1166
1124
1098
1066
1026
1001
973
941
926
895
835
814
750
172
757
73C
715
705
693
686
620
630

559
543

456
424

315

Table XV
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data for dibenzoylmethanate complexes., Units = cma;.
Q£3+ M£3+ EE3+ g£3+ AL3+ 92?+ E% Assignment
1591 1593 1592 1591 1597 1595 1607 C=C phenyl
1540 1554 1533 1547 1556 1549 1569 C=0 sgtr.
1526 1520 1528 1526 1534 1538 1516 C=C str.
1532 |

1483 1484 1484 1489 1480 1487 1506 C=C phenyl
1319 1394 1309 1320 1328 1316 1301 C=C + C~Ph str,
1308 1285 1300 1308 1306 1293 1272° C=C + C~Ph str.
1228 1224 1225 1229 1230 1234 1221 C-H in-plane
1182 1180 1180 1181 1181 1185 1176

-~ - 1157 1158 1162 1168 1159
1130 1123 1128 1133 1133 1131 -
1038 1098 109¢ 1098 1100 1098 1071} T
1070 1070 1067 1073 1078 1070 1051 j V- PAEHY
1025 1023 1025 1026 1025 1024 1021
1001 1001 1001 1001 1007 10C1 1001

973 974 973 973 974 975 975

945 932 940 939 950 945 940, C-Ph str.

321 557 925 927 938 238 ggg' C-Ph str.

92 897 395 890 89 9 ‘ |

835 851 850 844 849 641 842} C-H phenyl
811 813 813 808 814 810 812 C-H out-of- .
787 787 789 786 789 782 793 plane bend

- 769 1770 -~ ~ - -

756 757 759 754 757 745 759

723 757 72; 732 727 709 725

-~ 715 713 717 - - -

- 705 1705 703 702 697 - | C-H phenyl

695 694 692 - -~ 690 6938

687 686 685 688 687 685 677

620 620 619 619 620 620 618

643 649 623 665 634 658 610 M=0 str.

631 Mn(III) extra/
569 576 - 551 £75 589 574 564 . o .. band
544 560 537 551 560 549 521 DL
523 532

465 462 455 486 453 465 355 M-0 + C-CH3 str,
450 458 440 461 427 440 -  0-M~0 Dbend

- - 387 443 - - -

333 327 291 329 -~ - -
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Table XVI

Spectral data for dipivaloylmethanates of first trans-—
ition period trivolent ions. 2000 ~ 200 cm™t. Nujol.

Units are cm”l,

S5c \ Cr Mn Fe Co Ga Assignment

—acia [ [ Sees [ ) —

1571 - 1588 1599 1592 -~ 1595 }
C=0 str.

1561_1563_1566%1573%1563 1576°1577°
1556515491549 1551 1550°1565 1556
1513 1508 1504 1501 1510 14956 1506 C=C str. '
1297 1297 1297 1288 1294 1310 1301 C=C + c-c(CHy), str,
1251 1250 1249 1250 1248 1246 1253
1229 1227 1229 1225 1229 1230 1228 } C(CH3); ckelotal
1199 1201 1199 1200 1199 1200 1200  C-H in-plane bend
1179 1176 1180 1178 1178 1180 1183 T
1146 1145 1148 1136 1146 1150 1146 + C(CH3), skeletal
1026 1025 1026 1025 1028 1027 1026 CH, ook

965 965 965 960 962 969 9E4  C=0 + C-C(CH3)j str.

939 933 937 333 939 338 940

873 875 &7 873 874 877 877 } O-H in C(Cl),

w - - 823 821 826 826

804 804 - - 803 - =

729 726 722 723 725 785 ggg C-H out—-of~plane

765 762 761 761 1760 754 Y et 5

740 740 741 741 740 - 745 3 C-H in C(CHj),

620 630 644 0645 624 664 641 M--O str.

508 510 517 509 504 520 511 M=—0O str. - B
467 483 485 482 479 505 486 M~0 + ring def,
4%9 435 §46 443 430 460 438 0=Me0 bend

337 <7 355 - L - L

-~

s = the most intense band in the carbonyl region of
the spectrum of each individual complex.



Table XVII

Spectral data for Group I dipivaloylmethanates.and AL (DPM)

2000 =~ 200 cm™t. 1y,

(cm™

Li

Na K

nzemam

Cs

iaay

1596 19934 1592 15a1” 81605°
1577°158151581°1576 1578
1556 - 1556 1551 -
154015431540, l540 1540
1517 1505 1496°1497° 1497

1507 1515 1516
1285 1277 1271 1271 “269
1247 1244 1249 1244 1242
1217 1224 1226 1221 1223
1195 1185 1187 1192 1185
1172 e - -
1133 Ll28 1125 1128 1121
1025 1021 2028 1025 1020
960 956 954 G55 951
937 938 933 935 935
868 865 865 865 865
795 793 792 792 791
769 754 762 761 76T
740 736 733 736 735
665
603 595 585 ~ 585
- - 533 - -
507 - - - -
483 478 474 482 476
451 - - - -

g =

the most intense band

Nujol.

Al

1552
1560

15L5

1305
1253
1233
1199

1155
028
973
940
878
795
764
741

661
531
486

45
396

}

62

3.

Assignment

C=0 str.,

C=C str.

C=C + C-C(CH3)3 atr.
C(CH3)3 skeletal
C~H in-plane-bend
C(cH,4 )' skeletal

C1l rock '
0= + C~C(CHy), str.

C~H out—-of-plane bend
C-H in C(CH3)3

M-O S e

M—-0 Hz?(very broad)
M-O Str.

M-0 + ring def.
O~lM~-0 bend

in the carbonyi region of

the spectrum of each individual complex.



Table XVITT
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Spectral data for dipivaloylmethanate complexes of first

Ca

1596°

1590

1507
1284
1249
1226
1191

1138
1025
960
939
870
796
762
739

605
485

aNi(DPM)Q,

Co

L ey

1558
1518
1296
1252
1223
1202
1186
1144

2030

959
940
877
800
771
746

636
522
483
427

Ni®

i

Cu

1590 16001596
(1567 l387 1571
1555°1555°

1549°
1532
1501
1310
1257
1230
1202
1178
1158
1028
972
938
879
794
769
759
744
664
521
518
444

-

1505
1290

1226
1187

1138
1020
960
932
873
791
760
743

636
487

1540
1504
1297
1250
1230
1202
1180
1152
1026
964
937
876
796
77X
745

646

518
496
441

Zn

-3

1510
1293
1248
1221
1202
1186
1140
1024
954
940
875
798
771
744

646
516
480
422

o J— :
carbonyl region for each individual complex.

)

J
]

]

)

transition period M(II) ions.(cmﬁl)u Nujol. 2000 -~ 200cm

Assignment

C=O S'tI' »

C=C str.

C=C + C-C(CH3)3
C(CH3)3 skelétal
C~-H in-plane bend
‘C(CH3)3 skeletal

CH> rock
C=0 + C~C(CH3)3 str.

C-H in C(CH3)3
C-H out~of plane
C-H in C(CH3)3

M-0 str.

M-0 @tr. .
M-O0 + ring detf.
O0~M~-0 bend '

8 Strongest band in the

-1

>



Table XIX
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Spectral data for hexafluoroacetylacetonates. (cm"l).

é&é}

92;2-'-

1655 1655
1630 1638
1578 1568
1555 1542
1262 1278
1211 1205
1168 1148
1146 1148

1119
977
966
920
815
770
750
740

672
6190
598
548
532

424
374

976
922
893

844
807

771
144
139
675

595
530
517
414

el

1677
1555
1534
1510
1259
1212
1151
1132
1070

977

945

894
839
805

775
754
737
663

580
528

364

[

y3+

1649
1612

1570

1551
1271
1211
1156
1139
1103
971
835
824

816
771

4T

735
67x
597
531
523

355

Fed*

1647

1623
1575
1555
1271
1215
1160
1145
1110

953

920

820
770
746
738
666
595
530
517
208
323
285

J

hs

signment

QQQQ
i
oo

Q
=3
W

C-H
C~F

str.
str.
atr. + C~H bend
str., + C-H bend

in-plane bend

bend

C‘--CF3 str.

C-H

+ Cell

C~CF

C-C¥

M-0O

out~of-plane bend

out—-of-plane bend
3 str.

; str, -

ring def.

M~C + ring def.
M~O @&trs,

CF3

MO + C—CEé'str.



Table XX

Spectral data (em™1) for 3-methyl and

acetonate complexes,

1588
1530
1298

1174
1073
1026
1001
976
891
836
806
770
722
658
561
541
450
438
3338

3-Med

1573
1527
1297

1176
1077
1027
1007
980
893
806
770
723
660
600
580
460

330

1577
1521
1295
1247
1176
1079
1031
1008
o3l
895
826
807
778
730
659
623
6508
468

359

1578

1528
1293
1263
1178
1065
995
954
908
836
780
711
630
555
452
339

1575
1542
1286
1263
1176
1066

1065
954
910

783
715
653
600
53

AG5
430
333

1

2000 -~ 200 cm .

1581 1575
1540 1538
1295 1290
1265 1261
1174 1173
1064 1965

1006
953
913
835

764
722
684
622
609
476
433
361

993
954
909
836

782
710
679
575
146
320

65

3=ethyl acetyl—

Nujol.

1598
1307

1266 -

1180
1066

1065
956
918

782}
727
683

597

503
466

Assignment

C=O Str °

C=C str,

0=C + C-CH,str,
C~{1 in-plane/

rock bend

C=0 + C-CH3str.
C~-H out-of-
plane bend

-0 + ring def.
ring def. '
-0 + ring def.
M~0 str.

M-0 + C—CH3Str,
0-1[-0 bend '
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Table XXI

[E2. NEw'es poy it e

Spectral data (cm7l) for acetylacetoneiminme complexes
of Cu(II) and Ni(II), and for bis(acetylacetone)ethyl-
enediamine complexes of Ni(II) and Cu(II). Nujol,

4000 - 200 cm™L, |

M(Aﬂglz M (EDDAA)
Cu Ni Ci Ni Assignment
3298 3292 ~ - N-H str.
1597 1592. 1600 1593 C=0 + C=N str,
1540 1555 1528 1515 C=C str.
1315 1287 1287
1230 1250 1228 1224 , ‘
1182 1185 1162 1160 ¢-H in~plane bend
- - 1117 - 1129
- - 1074 1C'76 ~CH,~ group
- - 1045 1051
1021 1028 1017 1019 CH3 rock . ]
938 938 949 956 C=0 + C=N + C~CH3 str,
820 814 807 817 G-H ont-of-plane bend
760 758 755 770 C~H out=of-plane bend
692 710 687 666 M-0 + ring def,
650 685 650 -0 + ring def.,
620 661 611 617 . M-0 sirc.
580 630 572 591 M=N str.
466 486 4€2 434 M~0 + C~CIl,
437 = 458 421 - . :
- 448 -

- 425 - -
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Table XXIIT

Spectral data for bis(salicylaldehyde)ethylenediamine
complexes of Cb(II},-Ni(II), Cd(II) and Zn(II),'and
bis(salicylaldehyde)propylenediammine complexes of Cu(II)
and Ni(II). Nujol. Units are om™ L,

M (EDBSA) M (PDBSA)
Co Ni Cu Zn DNi Cu Assigrment:

1640 1630 1637 1650 1630 1637 =0 str.

1611 1607 1609 1607 1615 16C8 C=C str.
1532 1545 1550 1545 1542 1542 C=C str.
1352 1358 1344 1344 1354 1351
1333 1324 1324

1292 1245 1290 1250 1225 -
1203 1207 1210 1190 1208 1202
1151 1158 1367 1155 1149 1154
1145 & = = - L
1133 1134 1135 1132 1136 1136
1098 1096 1070 - - -
1055 -~ 1050 1050 1058 1055
1047 1037 -~ —~ 1046 1034 1036
1026 - 1019 102 - 1015
986 974 - 986 - 990
957 954 - 950 950 Q72
507 908 907 905 908 906
859 856 850 864 841 860
753 754 765 753 748 752
746 744 746 745 - -
- = 733 732

737 =
658 690 - - - - : -

650 €62 662 654 677 663 M=0 str. ali coupled
625 637 628 615 627 627  M-0 str. to ligand
599 615 607 570 614 609 M0 str. vibrations.
5€0 555 576 550 558 6555 M=N : '
510 523 530 505 535 535 '
460 470 462 455 466 -

str.
-0 str,.



68

Table XXIV

Spectral data (cm”l) for 8-hydroxyquinoline

complexes of first transition period divalent iona.

Nujol.
Co

1608
1585
1504
1321
1280
1238
1210
1178
1112
1035
915
891
326
805
791
752
134
681
652
618
605
573
511
495
411

2000 — 200 em™.

Ni

1605

1585
1505
1328
1287
1230

1116
828
793
749
740
680
658
612
505
505
202

1603
1577
1505
1328
1284
1236
1223
1181
1120
1035

821 .

305
787
745
725

046

633
587
524
475
408
330

1

1610
1581
1507
1327
1281
1243
1213
1181
1113
1037
910
892
830
806
794
753
736
678
648
617
606
570
5C5
492
416

Assignment

C=C aromatic

M~0 + ring def.
M-O0 + ring def.
M—~0 str.
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Table XXV

LS VA

Freguency data (cm'l) for tris(oxalato)metallate(TII)
complexes. Ifujo! and CsI pellets. 2000 ~ 200 et

Cel pellets
Sc v Cr - lia Fe Co Assignment

1720 1721 1720 1718 1720 1710 - (=0 str.(asym.)

- 1691 1687 1683 1688 1683 C=0 str. (asym.)

1647 1645 1646 1645 1648 1635 ¢=-0 + C~C str.

1364 1396 1392 1400 1392 1402 C-0 + C-C str,

1325 1267 1264 l28p 1275 1256 -0 str. + 0~C=0 def,
g32 900 GS00 896 894 907 C-0 str., + 0-C=0 def.
812 812 3817 811 8ce 611 0-~C=0 def. + M~0O str.
580 584 600 £92 583 - :
531 534 544 524 534 569 M-0 + C=C str.
480 500 . 487 492 505 477 ring def. + 0-8=0 def.
320 367 416 372 354 446 M-0 str. + ring def.
340 341 358 320 345 358 0-C=0 bend. \

Nujol

1720 1718 1730

- : 1683 1690

1647 : 1645 1650

1367 ’ v -

1317 - 1278

- 932 - 890
812 - , 811 808
531 562 584

524 535
480 492 504

320 368 350
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Table XXVI

spectral data for hexacyano- complexes° (cm“l). Majol.

4000 - 200 cm~T.

g£3+ Eg3+ Fe3+ gg3+ E§2+ “Assignment
2131 2112 2119 2131 2044 CalN str.
465 485 512 566 =83 M~C=' bend
342 361 3839 413 416 M-C str.

2, UV spectral data

Table XXVII

Absorption bands in potassium salts of beta~diketonate
ligands., Values are inmu , 200 - 800 mp,

| “ .
Complex Soivent T3 ~ ™5 Ty Ty
K(Acac) Methanol (204 )@ 276
X (Bzac) " 246 307
K(DBM) L o 250 340
KéTFAg L (207)% 292
K (HFL " 212 303
K(DPM) " (203)" - 276

These are doubtful values since they border on the
region of strong absorption of the solvent,.



UV absorption bands 200 — 800 my of A1(III) beta-diket-

Table XXVIIT

onates. {(mt).

Comgleﬁ

w)

Al (Bzac
AL (DBM) 4
A1 (TFA)
A1 (HFASS
b

A1§Acae§

W

A1 (3~Et

UV absorption bands 200 - 800 mp of Sc(III) beta-diket- -
(my ).

onates,

ComElex

Sc (3=leA
Sc(3-EtA
ScéAcacg
Sc (Brzac

SCéDBMz

Sc(TFA )
Sc (DPI

[V GV

)
)
3
3

oW

Solvent Tz
chlomoform (205)

o 248

L] o 255

n (204;

" (209

n -

Table XXIX

Solvernt Ttm = T

chloroform -
1"

. 253
" 260

7(5-

2064
319
349

291

303
298

-ﬁm

301

£

g

*
Ty

s

300 -

296
327
354
299
294
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Table XXX

UV absorbtion maxima 200 ~ 1500 mp for V(11ll) beta-
“diketonates. (mp).

e

?omp}gx E?lvont xg-gz 6§~ﬂ% 3Tlgm 3T2g

V(Aoac)3 chloroform 281 366 535

V(DBM)3 i 266 344 523
Table AXXT

UV absorbtion maxima 200 — 1500 mp for Cr(lll) beta-
diketonates. (mk).

il

Complex Solvent 'ﬂs-wz 56'“2 4A2gfrTlg 4A2g--"l‘2g
Cr(Acac)3 chleroform 274 . _ 335 381 - 554
| (4-06)*(4-01)  (2+63) (1.80)
Cr(Bzac), " 292 357 - 555
(4.60) (4.49) ' (2.99)
Cr{ BM)3 L 320 380 - 560
(4.76) (4.63) (2.20)
Or (TFA) : 279 343 560
_ (3.12) (3.20) (1.90)

a . . .
Values in parentheses are logé for each respective

. . max
absorption maximum, &
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Table XXXTT

UV absorption maxima 200 - 1500 mp for Mn(III) heta-
diketonates. Values in parentheses are logs mex for each
complex. Wavelength is in mp .

Complex Solvent = ’fﬁ;ﬂée”'ﬁf5ng5T2g 5p 37

3 g _1g
Mn(Aca,c)3 chloroform 272 315 = 400 1125
' (4+36) (3¢92) (2+90) (1-3)
Mnchac)3 " 309 - - 1120
(3+72); : (2+08)
Mn(DBM)3 n 343 - - 1125
. (4+92) - (1.17)
MnQTFA)3 " 292 340 - 1125
(4.27) (3-83) (2.07).
Mn(DPM)3 " 274 - - 11.00

(363) (2-14)

Table XXXIII

- UV absorption maxima 200: - 1500 mu for Pe(III) beta-
diketcnates. Values in parentheses are log!s for
each absporption maximum. Wavelengih is in mum?X The
solvent is chlorofcrm in all cases.

Complex Ty ”7§:53"”2 6A1gf4T2g6A1g"4Tig
Po(hcac)y 240 272 248 435 725 1013
: (4~ 30) (4252) (3°63)(3e 57) (Ge23) (~0.02)
Fe(BZac)3 247 301 377 446 725 1020
(497) (5 *14) (4-16)(3-92) (0.18) ( 0-05)
Fe (DIM) 253 333 400 474 725 1020

3 (4956) (4 80). (4+13)(3:54) (0-82) ( 0+59)
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Table XXXIIL(contd,)

* | % 6 4 6 4
Fe(TFA)3 243 274 '366 431 715 970
(4220) (4-49) (356) (3°6@) (0=47) (0.27)

Fe(HFA)3 243 277 372 - - -
(4+08) (4<23) (3°79)

Fe(DEW), - 276 347 415 - -
(5:57) (3+54) (3-35) :

Table XXXIV

Absorption maxima 200 - 1500 my in Co(III) and Rh(III)
beta—-diketonates. Values in parentheses are loge pax
for each absorptlon maximum., Wavelength is in myu .
The solvent is chloroform in all cases.,

Complex ’ﬂs..ﬂz 58..ﬂz lAlg—Bmég lAlg-3Tlg

CO(Acac),3 259 324 400 585 300 1100
(4+60) (4 10) (z 76) (2+06) (063) (0+32)

CO(DBM)3 298 379 - 508 300 1100
(5+15) (4+59) (2.61) (1-00) (0-8)

Co(TFA)3 261 329 - 590 - -
(4°69) (3°81) (256) -

Bh(Acac) 258 320 - - - -
3 (4%23) (4-29) |



Table XXXV

UV absorption maxima 200 - 1500 mpg for Ga(lll) beta-
diketonates. (mp).

- the
Tz~ Ty

e e

Complex Solvent

Ga(Acac)3 chloroform 282
Ga(TFA)3 n 292
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l. The Crystal Field Theory

CPT represents the simplest approach to stabilis-—
ation resulting from IOS. It will therefore be used
initially in interpretations of the shifts in M-L
frequency trends in the IR spectra of the scries of TM
complexes examined. The cations in the majority of
these occurred in the six-coordinate octahedral envir-
onment, We therefore first consider the CFT approach
to M-L bonding in.complexes in which coordination to

the central cation is octahedr=l.

The heterolytic bonding energy (- AH) of complex
fornation in the gas phase from the frec ions corres-
ponds to (10) the eqguation

n+ ~ '
‘,:" - iIJ - J'T-
G B € " (s) o f

for an ion M of valency n with a bidentate monobasic

ligand L. ( c.ge the acetylacetonate anion). he hetero-
lytic bonding energy may be divided into a CISE cbntrib—
ntion (- 8H) and an ionic contraction contribution (BEr),

which may be expressed as



~0H = - 80 - E, @)

Therefore, in order %o derive — 8H from thermo-

77

chemically determined - AH for any particular TM complex

- E, for that complex must be known. The ionic radius

of ions of the same valency decreases fairly regularly

with increasing at. no. acrosg TH neriods. It is there-

fore assumed that the increase of ~ I, across these
series of ions is also linear with resvect to increase
of at. no. .

~ &1 for the complexes of iors having certain -

electronic configurations of their d-orbitals ( the dO,

a° and at®

configuration for ions in octahedral envir-
onments ) is zero, so that for these - 8H = =~ Ep .

— By is thus determined 'for the complexes for which
CF stabilisation is expected by plotting the variation
of —4H of the complexes against the at. no. of their
central cations, and interpolating bétween - A H for
the complexes of the ioné of do; d5 and le configurat~
ion, for which - 4H = ~ E,.. 1In this way, — 6H may be

derived thermodynamically from eq.(1l).

Thermodynainically determined - 6Hvis related (10)

t2 10Dg ( the energy difference between the e, and t2g

g
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levels of the d-orbital) by the expression

-8H = - 10Dg ( O¢4nt - O<bng ) (2)

where nt and ng are. the numbers of electrons in the
tog and ey levels respectively. In addition, the
interelectronic repulsions on gpin-pairing muist be
accounted for in the complexes of 1owéspin ions, by
making allowance for the spin pairing energy (P).  Ec.

(2) then becomes

- 8 = ~ 10Dg ( O°4ny ~ 0°6ng ) + P (3)

10Dq may be derived empirically from thermo -
dynanaic -~ 8H values, or directly from the.electronic
spectra of the comnlexes themselves, As was mentioned
earlier , the IR stretching frequencies of H-L bonds
resemnble thermodynamic stabilisations of the latter,
in that both are a measure of the strength of the
I1~L bond. The same approach as used in the CF inter-—
pretation of the thermochemical stability of TM.complexn
es may thus be adopted for interpreting the variations
of M-L frequencies in the spectra of complexes of TM

iong of increasing at. no. across a period of the per-




79

iodic classification. Mass effects should Increase
1ineérly with at. no., so will be éccounted for in the
nrocess of intervpolation between values of the M-I str.
for which no CFSE is observed,

The IR spectra of the series [M(Acac)3} (M =
Se¢, Ti, V, Cr, Mn, Fe, Co and Ga.) will be examined %
first in relation to CEFT expectations, since both
spectroscopic and thermodynamic 10Dg values are re-

ported in the literature for this series. The spectra

of these compnlexes are seen in Figs. 2a-d.

A, Bffect of CFSE on IR spectra of first period trivalent

tris(acetylacctonates)

The épectroscopic 10Dg values of Piper and Carlin
(11) weré used for the purposes of calculating - 6 H
for each of these complexes. The - 6H values are given
in Table 1, and are also plotted against the at. no. of
the cehtral cation in each of the complexes. (Fig. 3b)
Co(III) is the only spin-paired ion in the series. P for

d6 ions is given (10) by

P = 5B + 8¢
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where B and C are the Racah electrostatic interaction
parameters. Racah paraneters are re@orted (12) for the
Co(IIT) ion (B = 1065, C = 5120_cm"1) in the gaseous |
state, which give a value of P = 118 kecal/mole. ( It
should be noted.that P as used here is the total pairing
energy, not the energy of pairing per pair of electrons
paired.) Pairing energies of ions in the solid state
are lowered (10) by 20 — 30% from their gas-phase
values, so.that a value of about 90 kcal/mole would

serve as a reasonable estimate of P for the Co(III)

c

ion in the solid state.

LS

Fig, 3a illustrates the relationshin between the
M~-0 str. of the conplexes nnd the at. no. of their
central cations. The strength of the M-0 bonds as
indicated by M-0 str. frequency trends across the series
exhibits a good gqualitative relationship with that pre-
dicted by spectrosconically determined - §H values,
The rise in the M-0 str. with at. no. of the complexes
of ions for which —6H = 0 ( Sc{FedGa ) is attributed
to the stabilizing éffects of ionic contraction.

Er contributions to the stabilisation of the M--O
str. of each of the CF stabilized complexes may be
estimated by inﬁerpolation between the M-0 str. frequen-

cies of the complexes of the non-CF stabilized ions,.
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Figs 2a — 24

1 of the first.

transition period trivalent tris(acetylacetbnates).

Spectra in the region 2000 — 200 cm™

( M(Acac)3, M = Se, Ti, V, Cr, Mn, PFe, Co and Ga,)

Key to band assignments

= -0 + c-cnj str.
= 0-1~0 bend P

= N0 + ring def.?

a = C$=0 sir,

b .= C=C str,

c = 0=C + C—CH3 str.
~d = ring d=f.

1 = M-0 str. + ring def.
2 = 1N-0 str,

3 M~0 str?

-4

5

6

@phis is the band assigned to M-0 str. by'Pinchas
et. al.(54), and is the band referred to as

M-0 str. in this discussion. bThese assignments are
at the best only very tentative, and will be disc~
ussed further in the section on band assignment in
beta~diketonate complexes, '
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Se(III), Fe(III) and Ga(III). As in thermodynamic CF
gtudies, it is assumed that the stabilisation of the
-0 bond (as indicated by.the frequency of the M~0 str.)
in excess of the interpolated Er stabilisations is due
to CF effects. WSubtraction of the stabilisation due to
Ey in the M-0 str. from the values of -0 str. observed
will therefore yicld a set of M-0 str. frequencies which
have been cofrected for ionic contraction effects. Be-
caﬁse these contain no ionic contraction contribution,
- they may therefore be compared directly with spectro-

scopically deternined - 6 H values.

(The rise of the -0 str. with at. no. through the
complexes of the ionsg 3e¢(III), Fe(III) and Ga(III) is
non-linear ( Fig. 3 ), in that the Fe-0 str. lies below
the interpolation line between Sc-0 and Ga-0 str. The
two segﬁents of the inter@olation line are therefore
interpolated separately as Sc—~0 — Fe-Ostr., and Fe-0 -
Ga-0 str, This practice is also followed in the thermo-—
dynamic approach, where the increase of -4 ( = E, ) is
non-linear for the complexes of the ions Sc¢(III), Fe(III)
and Ga(III), (10) relative to their at. no.'s.)

The M-~0 strls corrected for E,. are seen to‘give

a good linear relationship with - 8H ( Fig 4 ). P for
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the Co(III) complex has been neglected in calculating

- §H, since fhere 1s a large degree of uncertainty in
the value of P for the ion in the solid state. This
accounts for the fact that the point for Co(III) is
lower than would be expected from extrapolation of the
best straight line through the points for the other
ions . This‘difference amounts to 37 kcal/mdle which
is low by a factor of over one half compared to the .
pairing energy calculated for this ion ( 90 kcal/mole ).
This difference betweeh P as indicated by thé M.-0 str.
frequencies, and as egtimated from Racah parameters

may possibly arise from lack of precision ih estinating
the magnitude of P, or'the fact that the CF model does
not take into account the additional stabilisation

arising from piubonding effects. -

In order to express the magnitude of the M~0 str.
of a TM complex in terms of its CEFSE the following
modification of eq;2 may'be used

{: (-0 )

w(l-0)° + K&H + X'n ., (4)

obs.

where K is a constant ( = 0+¢0020 for the acetylaceton-

ates., =—-g§H is expressed in cm"l,); K’ is the slope of

he interpolation line indicating L., ( =16 ca—1 ner
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at. no. unit for the (Sc-0) - (Fe~0)str. segment, and

6.8 om ™t per at. no. unit for the(Fe--0) - (Ga~0)str.
segment in the case of the tris(acetylacetonates); n‘is
the number of electrons in the d-orbital of the'ioh for
which v(M-O)ObS was observed; u(M«O)O is the (M~O)str°
of the complex of the ion of do configuration. ( In the
case of ioﬁs with more than five d-orbital electrons, n
is the number of electrons in the d-orbital in excess

of five, and'\KM—O)O is the (M-0)str. of the complex of

‘the ion with the d° configuration.)

Table 1

CFSE and frequency data (cm"l) for the first period tri-

valent tris(acetylacetonates. v(M«O)obq ig the observed
frequency; v(M—O)Corr is corrected for ionic contresction:

v(M-—O)Calc is (M-0)str. calculated fron eqg.4.

Lon CESE (Cm-l) v(MZQ)obs U(M:Q)calc V(Mzg)corr
Sc(ITI) — 542 - © (542)
Ti (LII) 5,600 556 554 554
V(III) 14,400 572 575 569
Cr(III) 21,700 595 590 590
Mn (IIT) 10,200 570 571 564
Fe(III) - 550 - (542)
Co(III) 50,400 637 609 622

Ga(III) - 534 - (542)
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Using eq.4, values of the (M-0)str. are predicted
Which agree well with those observed (Table 1). We sée
that for the first period tris(acetylacetonates) the CPF
interpretation nrovides a good rationalisation of the
" observed (11-0) str. frequencies; To test the CF inter-
pretation further, serles of complexes of these ions
with alternative ligand systeas were prepared‘ahd their

spectra examined.

B. 1,3- and 2-substituted beta-diketonates other than

the acetylacetonates

In addition to the acetylacetonates, the TM com=-
nlexes of several otiher beta-diketone ligands were Dpre-—-
nared and thelir svyectra recorded. These included the

complexes [M(Bzac),1, EM(DBM)3J, EM(TFA)B], ﬁM(DPM)3]

(where M = Sc¢, V,Cr, Mn, Pe, Co, Ga.) and @%(3~MeA)3],
EM(B—EtA)3] (where M = Sc, V, Cr, Fe), as well as the

complexés EV(HFA)3W and EFe(HFA)3] .

No Dg values are available for these complexes,
but the d-d transitions in their electronic smectra are
little changed fromn those of the corresponding acetyl-
acetonates. Therefore, the Dgq values pertaining to the

acetylacetonate series will be-used for the calculation
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of «~&8H for the substituted forms.

Pig. 5 illustrates the variation of the (M-0)str.
across these series of complexes, with atomic number of
their éentral cations. The qualitative agreement with
CFT predictions of thermodynsmic stability variations
across the series (Fig. 3a) is seen to be good. Corr-—
ecting fhe (11~-0)str. freguencies for ionic contraction
across the series in the same Way a8 was donelfor the
acetylacetonate series, corrected (1-0)str. values are
obtained which may be related directly to the - g§H

energies of the complexes.

Fig.6 illustrates the relationship between the
(11-0)str. and . 81 for the conplexes of the series of
substituted beta-diketonates nrenared. A good linear
relationship between the (11-0)str, and - §H is observed
for each ligand. The point for the Co(III) complexes
is lower than would be suggested by extrapolation of
the best straight line dravm through the pointé for
the comnlexes of the other ions in each sefies, as was
also observed for thé Co(III) complex in the acetylacet—~
onate series. In each case ? was neglected in calculat-
ing - 8H for the Co(III) complexes, so that, as with thé

acetylacetonates, we may assume this difference to re-

5
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present the energy for spin-mairing in the Co(III) ion
in the so0lid state. The values for P thus determined
graphically from the plots of (M-0)str. against - §H

are for [CO(TFA)3]? P = 60 kcal/mole., ECo(Bzac)éﬂP =

47 kcal/mole., [oo(DBM)3] P = 40 kcal/mole., [Co(DPM)3]
P = 38 kecal/mole, as compared with 37 kcal/mole for
@o(Acac)3I- The value which would be expected for all

of them from the Racah parameters is 90 kcal/mole.

As will be discusaed 1éter, three highly metal--
sensitive vibfations occur in the IR spectra of all
the beta diketonates of the first period trivalent
trensition metals, in the region 500 — 700 em™t, The
freguency trends of all of these bands across the series
of all the ligands exemirned follow the Qariations in
stability predicted by the CPFT, Frowm the linear relat-
ionships with - 8 for the complexes yielded by thcese
bands, when corrected for ionic contraction, graphic-
ally determined values of P for the Co(III) comnlexes
may be derived in the same way as was done using the
relationship between the (#-0)str. and — § H. This is
illustrated in Pig. 7 for the three bands in the 500 -
700 cm_l range of the acetylacetornate series. The
values of P for Co(III) with each of the substituted

beta-diketonates, as determined using each of the
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three bands are as in Table 2 below.
Table 2

Pairing energies (P) in kcal/mole for Co(III) calcd. from
the variation of bands 1,2 and 3 in the beta-diketonate
spectrun (500 — 700 cm_l) with - 81 for the complexes.

Complex P(band 1) P(band 2) P(band 3)

Co(Aca_c)3 38 36 37
Co(Bzac)3 ' -8 47 ' 47
Co (DBI) 40 57 -4
CO(DPM)3 38 - -
Co(TF4), -24 - 50

a . . . .
Values for the more metal insensitive bands (i.e. those

)

. o -1
varying over a range of less than 30 cm across the .

series) are omitted as being unreliable.

The reasonably close agreement observed for z2ll
these different calculations of P from IR frequencies
supporfs the value observed earlier for the Co(III) |
écetylacetonateo For each of these series relation-

ships similar to eq.4 may be used with fair success in
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predicting IR frecuencies for each of the three bands
in the 500 -~ 700 cnf1 region . The value of K in eq. 4
mist be adjusted to a best fit for each band in each
series of complexes. We thus see that the rationalis-
ation of the variation of the (M-0)str., and other bands
highly sensitive to change of metal, in terms of CPF
effects holds good for a large number of variously soub-=
stitunted beta-diketonate complexes of the first trans-
ition period trivalent ions, To test the CP interpret-
atibn further, series of alternative oxygen~donor-lig=
and complexeé with these ions were preparced, and their

spectra recorced.

C. The tris(oxalato) metallotes of the trivalent ions

4§

of the first transition period

In the trivalent tris(oxalato) metallates of the
first transition period, the spin states of the ions (13)
are reportéd;to Bé the same as in their beta-diketonate
complexes. Spectroscopic 10Dg values arc reported (15)
in the literaﬁure, so that - 8H velues for each of the
complexes may be calculated using eq. 3. The variation

of - 81 for these complexes is seen in Fig. 8a.
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The coﬁplexes were all prepared as their potass-
ium salts, K3 [H('C204 )3].3 H,0. The IR frequencies
for the Go(III) complex are from a reported spectrum (16)
and are for the ammonium salt (NH4)3 [ 31( 0204)3].43H20°
A normal coordinate treatment of the tris(oxalato)metal-
lates of Dy symmetry, such as EA1(0204)3f_ , has already
been performed (14)and band assignments made. PFurther,

he assignment of M-O0 cheracter to certain of the bands
below 600 cm*l is consistent with the CF interpretation
of fhe variation of hand freaquencies azcross TH series.

Thig is illustrated by fhe bands at 340 - 446 cm“? and

531 - 569 cm"l, whigh both exhibit frequency trends
consistent with CF theory, and their assignment as (16)
(~Ostr. + ring def;) and (M-Ostr. + C-Cstr.) respect-
ively. The variation of (-0 + ring def.) with at. no
of the central cation of the complex is illustrated in
Fig 6b for comparing withthe variation of - 8H across

the series,

From Fig 8 thebqualitative agreement between the
frequeﬁcy trend and the CFSE across the series is seen
to be reasonable., As with the beta-diketonates of these
ions, ionic contraction effects may be estimated, and

allowed for by interpolation between the freaguencies
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0 10

for the complexes of the d~, d5 and d configuration
ions. These frequencies may then be directly related

to - &8I for the complexes. As with the beta-diketon-
ates, fregquencies containing a large percentage of M-0
chéracter yield linear relationships with - §H (Fig 9)
from which empirical values of P for the Co(III) com=
plex may be estimated. The value for P thus graphic-
2lly determined for ECo(0204)3]3“ is 38 kcal/mole uging
(M~Ostr. + ring def.). The non-linearity of the relat-
ionship of the (I1-0 + C~C)str. vibration with - §H
renders the determination of P too unreliable. (The
non-linearity of the relatibnship of thé latter freqgu-
ency with - 8H possgibly is related to there being a
smaller percentage of -0 character in this vibration
than in (M-Ostr. + ring def.) This idea on the relat-
ive degree of coupling to the 1-0 vibration in each Qf
the +two bands ' is suggested by thelr relative sensitive
ity +to change of metal. The range over which (110 +
C-C)str, varies is 38 cm“l, while the range of variztion

of (M-Ostr. + ring def ) is 126'cm"l.)

The value of P = 38 kcalnole determined from the
variation of (M~0 str. + ring def ), agrees well with
the values determined for the beta-diketonates ( e.gs

pallly

37 kcal/mole in the acetylaocetonate series.). This
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similarity in frequency trends across the series is as
ﬁould be expected frowm the similarity of the environment
of the cations in each of the two tyves of complex, sincé
in each the central cation is surrounded by sgix octahed-
rally coordinated oxygen atoms. A feature observed in
the tris(oxalate) spectrua which is not seen in the
beta-diketonate spectrum is the band at 477 - 505 cm“l,
which exhibits a relationship to - 8 H across the series
which ig the inverse of that exhibited by bands contain—
ing a high percentage of M-0 character.(Fig 9b) This
observation is in agreement with the assignment (14) of
“this band to ( ring def + 0-C=0def), in that the latter
assignﬁent suggests very 1little M-0 str. character in

the vibration.

D. The effect of change of spin-state — the second trans-

ition period trivalent tris(acetylacétonates)

Examination of eq.2 reveals that the high M-0 str.
for Co(III) complexes is mainly dependent on their poss—
ession of a sPin-paired configuratione.( Occupation of
the t2g levels is in CPT more Tavourable emnergetically

than electronic occupation of the eg‘level.) FProm eq.3
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it is evident thét the assumption of either the spin-
free or the spinwpaired state for any particular ion

is dependent on the magnitude of P. Spin-paired states
occur only in ions for which the increase in CFSE ( rel-—
ative to the spin-free state ) on spin-pairing is great—
er than the pairing enecrgy (P). The lorge pairing ener—
gies pertaining to d4 and ( in particular ) d5 ions
account for'the high-gpin state of Im(III) and Fe(III)

in most of their complexes.

Thus, for exsnple, we may consider the origin of
the high-spin state of Fe(III) tris(acetylacetonate).

P for d5 ions is'very large. Itisgiven (10) by the

expression
P = 158B + 10¢C
Racah paramaters are reported (11) in the liter—

ature for Fe(III) acetylacetonate. These ( B = 530 ,

C = 3570 cm“l) vield a value of P = 130 kcal/mole.

CFSE for the high-spin state is zerb. For the low-spin
state; nsing a literature value (11) of 10Dg for Fe(III)
acetylacétonate (10Dg = 16400 cﬁ“l ), CPST is caleulated

as being only 94 kcal/mole. Since this ig less than
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the energy of spin-poiring, the syin-free state is the
one observed . (The spin-free state in Fe(III) accectyl-
acetonate i1s more =table than the sv»in-paired state by
36 kecal/mole. )

The CPFT model predicts that in the complexeé of

d5 ions change from high to low-spin state shonld be
sccompenied by an increase of - §H relative to the
value of Ly estimated for the comnlex by interpolation. |
(Assuming that the requirement of - §H> P for.the
sesumption of low-spin states in d5 commlexes is met. )
hie prediction shounld then also apply to the frequency
trends of the H~L vibrations of series of complexes in

whicix the d5 ion has a low~gpin configuration.

The tris(écetylacetonates) of the second transit-—
ion period trivalent ions present an ideal series for
comparison with their first transition period analogues,
since Ru(IIT) in thié series has a d5 low-spin config-
uration (13) as opposed to the corresponding first tran-
sition period ion, Fe(III) which is high s»in. The
com;;plexes EIvT(Acac)ﬁ?,I\.’I = Y(III), Mo(III), Ru(III), Rh(III)
and In(III) were prepsred énd their spectra recorded.

The variation of the (li-0)str. of these complexes with

at. no. of their central cations is seen in Tig. 10.
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The variation of the (M-0)str. with at. no. in the conm-
nlexes of the analogous first period ions ig also incl-
uded in Fig. 10 for comparison with the frequenéy trend

observed in the second transition neriod.

The freguency trends across both the first and
gecond periods ( Fig. 10 ) are very similar, with the
difference occurring‘at the (M-0)str's of the complexes
of the d5 configuration ions. The cusp in the freaquency
trend at the d5 configurafion in the second period ions
ig very shallow indeed as compared with the first per-
“iod arnalogues. This is in agreement with thé larger
CF stabilisation associated with low-s pln states The

fact that change to a low-spin state has been accompan-
ied by the CF predicted increase in the (M-0)str. lends
good gualitative support to the rationalisation of
ML frequency trends in series of T compléxes in terms

of CFT.

Tvo faétors account Tfor the low-spin state of
Ru(III) actylacetonate. Firstly, 10Dg in second tran—
sition period ions is (10) reported to be about 50%
highor than in mnalovous firs t transition period ions.

Jorgensen (207) reports the ratio
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10Dq( 2nd period)
10Dg (1st period)

154 ..v.oe. (5)

It is thus possible to estimate 10Dg for the
conplexes of Mo (III), u(III) and Rh(III) from 10Dg
for the analogous first tronsition period ions. This
would imply - 81 for the tris(acetylacetonates) of the

3

second trensition period of (kecal/mole)

¥ (I11) ~

Mo (IIT) 051
Ru(IIT) 93-7
Rh(III) 221°7

In(III) -

The second factor &ccounting for the low-spin
state of Ru(IIl) acetylacctonate is the lower spin-
pairing energy in second trensition period ions, as
compared with their first period analogues.(10) Pew
values of P for second transitionlpcriod ions are
found in the literature. e may, however make an
estiméte of the order of magnitude of this lowe"ing
of P by coﬁparing the lattice energies of In0 (first

transition period high spin d5 ion) and TcO ( second
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transition meriod low-spin d5 ion). -~ 8H ( i.e. -CF3E
+ P) as determined from lattice cnergies is approxim-
ately 80 kcal/mole (10) for TcO, while — §H for MnO is
zerof(high~spin d5.) Using a value of 10Dg = 29°O

kcal/mole. (derived from T 1°3 for the oxidec system,

It

g = 22+3 for Mn(II) (12).) in eg.5, 10Dq may be estimat-
ed as 44.7 kecal/mole for TcO. TFrom eq.2 a CP contrib-
ution of 89.5 kcal/mole. to the lattice energy of TcO
is predicted. The value observed in practice ig 80
kcal/mole, the difference between the two values being
P, the energy of pairing. The pairing energy of Mn(II),
on the other hand, is 104 kcal/mole as calculated from
Racah parameters (10) =nd corrected for the solid state.
The difference between P fof Tc(II) (about 10 kcal/mole.)
~nd Mn(II) (104 keal/mole.) therefore indicates a sev-
eralfold decrease in the magnitude of P on passing from
the first to the second period ions. (Assuming the re-
ported thermodyn-mic data to be relisble and the assum-—
ptions made in the estimation of the respective wlues
of P to be valid.)

The fact thaet Rocoh parameters arc not available
for the second period trivalent ions does not allow a

reliable estimate of the pairing energies to be made.
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Further, there is a considerable increase in mass on

passing

2

from the first to the second transition perisng,
. - .

and the effect of this on M-0 str. frequencies'is
mknown 1n magnitude. Thus, since both P and thé mag--
nitude of the mass effect are not known with any degree
of relinsbility, it is not possidble tb,estimate the size
of X in eq. 4 (relating the (Ii~0)str. frequency to -6i).

for the low-spin ions Rh(III) and Ru(III).

Ho pairing energy is associated with the Mo(IITI)
complex, however, so that K may be-eétimated'for this
complex. A value of 0¢0017 ( where -8 H is expressed
in cm"l) is found for Mo(III) =cetylacetonate, &8 com-
‘pared with K = O-OO?O in the tris(acétylaceﬁonate@ of
first trensition period trivalent ions. Thie decrease
in K in the second relative to the first transition

period is probably associated with the increase in mass.

If this valve of K = 00017 is now used in eqg. 4
together with the appropriate values of - §H and (1M-0)
str., a value of about 25% the value of P in Pe(III)
acetyla;etonate is found in the Ru(III) complex, and
ﬁbout 509 the Co(III) value is observed for P in the

2h complex. It is possible that these larse dedreases

in P are actually attributable to effects not taken
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into account by the CI model. This possibility will
be discusged further in the section on the IR spectra
of the trivalent hexacysno complexes, EN(CN)6] 3—, in
which seri¢s the Mn(III) and FPe(III) complexes are

low-spin.

E. The first transition neriod divalent tris(acetyl-

acetonates)

As was mentioned earlier, the divalent bis-
(acetylacetonates) present difficulties in respect to
e CF study of their IR spectra because bf structural
difforences across the series. Anionic complexes
K [M(Acac)B]are knovn For these ions, with three acetyl-—
acetonate groups coordinzted octahedrally to the centr—
2l cation. These are undoubtedly structurally similar
throughout the series @L). These authors have also(ﬁp
determined the third dissoiation constont of these
coaplexes, demonstrating the fact that the third acet-
yvlacetonate group is coordinated to the divalent ion,
rather than that the complexes are only stoichiometric
mixtures of the bis compounds and the group Ia ( Na or

K ) acetylacetonate. This is supported by their IR
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spectra ( Fig 14 ), which differ from the spectra of
both the divalent bisacetylacetonzte ( Fig 14 ) and
the group la acetylacetonate ( K acetylacetonate, Fig.
29); The pronosed structure for the Ni(II) complex is

seen in Fig. 15.

Because of this structural similarity throughout
the series, these comnplexes represent an ideal series
for a CPF study. The series N° EM"(Acac)B](Where M =

K, M" = C(Ca, Iin, Fe, Co, MNi, Zn.) was thus prepared,

and the IR spectra of tic complexes recorded.

Wo electronic spectral data are available for
these complexes. Jﬁrgenseﬁs f and g values for the
ligan@ and ion respectively (20) will thmsg be used for
calculating Dg. An f velue of 1°2 is reported for the
acetylacetonate anion. The g values of the ions were
obtained from ref. 20. -8 H calculated from these
values for the ions Ca, Mn(II), Fe(II), Co(II), Ni(II)

and Zn(II) are given in Table 2.

Fig lla illustrates the variation of the (M-0)str.
with at. no. across the series. The masses of the
central cations in the divalent series are of course

the same as those of their trivalent counterparts. It
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is thus not surprising that the value of K in eg. 4 is
the same for bofh the divalenf and trivalent series.
This supports the idea that the decrease in K on pags—
ing from the first to the second period series is a
mass effect, since there is an increase in the mass of
the second period ions relative to the first period
analogues. In Fig 11b the stebilisation of the (M-0)
str. due to CI' efrfects for both first period divalent
end trivalent tris(acetylacetonates) is plotted‘against
-6 H for the complexésa A reasonably good linear re-
lationship is observed, illustrating the fact that X is

similar in magnitude for both series.

The d6 high-spin configuration of the Fe(II)
complex in the trisacetylacetonate séfies gives another
exanple of the effect of chsnge of spin-state. The
low~gpin ab configuration in the Co(III) complex in
the trivalent series gives rise to a higﬁ (M=~0)str.
frequency at 637 cm—ln If we use eg. 4 to calculate
the (M~0)str. for the hypothetical high-spin Co(III)
complex, a value of 574 et ig obtained. (M-~0)str.
in Fe(Acac)S]* occurs at 555 cm—l, the lower value
(as compared with high-spin Co(III) ) being due to

larger ionic radius and snaller Dg in the divalent
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complex.

Table 3

—

-8y (cm—l) and the (M-0)str. observed and calculated

from eg. 4 for the divalent tris(acetylacetonates). All

. . -1
fimires are in cm .

Complex ~ sH v (110

o )ObS V(M-O)

calc
K[Ca(Acac)3] - | 537 -
K[Cr(Acac),] 10,020 - 561
K[Mn(Acac)Bl - 543 v 542
K[Fe(Acac)ﬂ - 5,000 555 553
K[Co(Acac)3] 8,960 561 562
K[mi (Acac)3] 12,240 568 569
KECu(Acac)3L - 9,060 - 564
KEZn(Acac)3} - 547 | -

The M-0 frequencies in Fe(II) and Fe(III) tris-
(acetylacetonates) are interesting in relation to the
reverse spinel structure observed in Fe304, which is a
nixed oxide of TFe(II) and Fe(III)° In oxides of the
composition M3O4, both octahedral and tetrahedral sites
for coordination of metél ions to oxygen occur in the

crystal lattice. The same ion in an octahedral site has
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greater CPSE than when 1t occuples a tetrahedral site

( Dg(tetrahedral) = % Dg (octahedrsl) for the same

ion in each of the two different configurations.), so
that the most stable structure for the oxide is that
where ioné in which CFSE is greatest océupy the octa~
hedral sites in the 1attice°- Ions in their trivalent
states normally have greater CFSE than in their dival-
ent state ( Dq3+/Dq2+v = 1.5 forisocelectronic trival-
ent and divalent ions (10)), so that ions in the higher
oxidation state occupy the octahedral sites, giving rise

to the structure known as the spinel structure.

In » few cases, however, CFSE for the divalent
ion iz greater than that for the trivalent ion and
reverse spinel structure results with the divalent ions
ocenpying the octahedral sites. Thus we find that with
Fe(II) ( CPSE = 4 Dg ) and Fe(III) ( CPSE = O ) both in
octahedral oxygen environments ( tris(acetylacetonate))
(M~0)str. for the Fe(II) complex ( 555 cm_l) is higher
than that for the Fe(III) comnlex ( 550 cm“l), which is
in agreement with the reverse spinel structure observed
in Fe30

/J.

+
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Figs 11, 12 and 13

IR spectra of different Ni(II) beta-diketonate complexes

in the region 4000 -~ 200 cm™t.

" Key to tand assignments.

= C=0 str,
C=C str.
= C=C + C--CH3 str.
= ring def.

o o P
it

= M-0 str. + ring def.

= I‘:'I"'O S'EI“

M-0 + C=CH., str.
3

= O=jM=0 bend

= M=0 + ring def.

a

A N e
]

r

@his is the band assigned to M-0 str. by Pianchas et.
al.(54)., and is the band referred to as the M-0 str.
in this discussion. bAs mentioned before ( p 81),
these assignments are only tentaiive.
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tronsition. (46). In addition, in *transition metals with
elecfronically occupied t2g levels only, an intense band
at lower frequengy than the “5‘“2 transition is found.
This has been assigned to the & - ﬂz transition (41).
Barnun (42) has suggested *that increasing x~bonding
in these complexes will lead to increased ﬂg‘ﬂz transit-
ion energies. Ag seen in the simplified MO dingramn of
Fig 21 this is a very logical interpretation. It has
been suggested, however, that increasing w-bonding will
increase the resonance paths of the electrons in these
orbitals, so that these bands should shift to longer

wavelength on increase of mbonding (40). Both of these

interpretaticns suffer from various difficulties.’

That the shifts observed in.gy-ﬂz are actually
due tb n~bonding is apparent from the fact that this
band does not vary mach from a nean position in non-
transition netal acétylacetonates, whereas it is highly
metal-~sensitive in the transition netal complexes. This
mean value of 35,500 cm”l in non~-transition will thus
be taken as a guide to the vaiue of the ﬁ5~7ﬁ_transition
in the absence of n~bonding. One difficulty id that

Sc(III) has n = =*

5~ Ty at mach longer wavelength than found
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in other non-transition metals, while that in Co(III) is
at much shorter wavelength. If we suppose that the
first interpretation is correct, it cannot account for
the shift of Sc(III) to longer wavelength, while the
second cannot account for the extrenely high position

of this band in Co(III).

However, the 7%=bonding effect is not the only
factor governing the energy of theﬂg-ﬂz transition.
Belford, Martell and Calvin (47) have nade a sinple MO
calculation which predicts a red shift for thev%-7q
transition with increasing charge on the central cation.
This offers a possible explanation for the position of
Ty ﬂz in Sc(III) acetylacetonate. Since Sc(III) is
more electropositive than the other nmetals in the series,
accounting for the lower'ﬂg-ﬂz tend frecquency for Sc(III)
acetylacetonate. The interpretation of Barnun thus
seems to be correct, with the modification that higher
electrovnositivity will couse a shift Ofﬂg—ﬂz to longer

wavelength, The latter sccus to be a smaller effect on
# - .

ﬂ5~7%:than the effect of n—~bonding. Therefore, for the

purpcaes of a general discussion, the latter considerst-

ion only, will be taken into account.
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The variation Ofﬂs-ﬂz

first transition period trivalent acetylacetonate-

‘with at. no. across the

geries is shown in Fig. 21, which also illustrates the
variation of this band in 1,3- and 2~ substituted beta~
diketonates, The same general trends hold for all the
bétawdiketonate series studied. The salient feature of
fhese plots is the extremely nigh position of‘this band
in the Co(III) beta-diketonates, suggesting a high

degree of mbonding in this ion.

This is in good agreenent that the fact that a
sinple CF approach predicts an M-0 frequency lower thah
actually observed in Co(III)-beta—dikétonates, The
extra stability is accougted for by x -bonding. For
the acetylacetonates of the éecond period ions Ru(III)
and Rh(III), and also the trifluoroacetylacetonate of
Rh(III),ﬂS-ﬂZ occurs at high frequencies, as found
in the Co(III) complexes. In our IR study on second
period complexes, although Racah pérameters were not
known for Ru(III) and Rh(III) ( and also in our calcul-
ations of P for TcO ) it was suggested that thev would
possibly not be lowered by the large fraction which the

(M=0)str. inplied. The position ofﬂgmvﬁ supnorts the
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idea that the high M=-L str.)s observed in these molé-
cules are due e to the extra stabilisation of7bonding,
rather than a lowering of the pairing energy. ( We nay
of course interpret this as w~bonding lowering the pair-
ing eﬂergy, since the electrons are partly transferred

to ligand orbitals.)

In addition, m-bonding in low—s?in Co(III) complex-
es between the tzg'and thie ligand m-orbitals can only be
of the W-r* type. Since this leads to increased 10Dg,
this accounts for the change in relative nagnitude of
10Dq in [CO(H20)6]+++ in the hexaquo series as conpared
with [Co(Acac)B]in the acetylacetonate series. In
[Co(H2O)6]+++, where no M-x*bonding is possible, 10Dq is
not significantly ierger than that of other ions in the“
series. 1In [Co(Acac)B]?, where a considerable dcgree of
M-r* bonding occurs, 10Dg is mmuach larger than that of

other ions in the series. ( see Table 9.)

Another impdrtant feature of the plot of mz- 7%
against at. no. is the Jow position of the Mn(III) point
in all of the beta-diketonate complexes. Since Mn(III)

feas : '

ig,electropositive than the other ions in the series,

this cannot, therefore, as in the case of Sc(III), be an

-’
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effect of increased charge on the central cations. It
mist therefore be taken to indicate only a very small
anount of m—bonding. This agrees with the observation
that 10Dg for [In(H,0), T ** ig larger than that for any
other ion in the series, while in the acetylacetonate
series 10Dg for Mn(Acac)3 is smaller than that of all
other ions in the series, with the exception of Pe(III),
The change of 10Dg of the Mn(IIi) conplexes relative to
those of other lons in passing from the hexaguo to the
acetylacetonate series ig thus explicable in terms of
the poor a-bonding =2bility of the Mn(III) ion in both
of these enviromients. In the hexaquo environment,
where L-M m-bonding only is possible, 10Dg for the
IIn(III) ion ig larger than for any other icn because
L-M r-bonding is weak for EMH(H20361*++$ ( I-M ®<bond-—
ing lowers the energy of 10Dg) On the other hand, in the
acetylacetonate ehvironment, Men* m=bonding is wedk in
the Mn(III) complex, resulting in a lower 10Dag value.
Pron the relatively low position of ﬂ5—7£. in
Fe(III) beta-dikesonates. it night be supposed tha
n~bonding in its conmplexes was weak.  However, this
need not necéssarily be =0, since Fe(III) is fairly

electropositive. The low position may thus be due to
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the latter effect, as is also likely with Ti(III) and

V(III).

The energy of ﬂ5~ﬁz has been found (46) to wvary
with changing of the 1,3~ substituents in Cu(II) beta-
diketonates. A red shift is observed on substitutinn
with more electron withdrawing substituents, suggesting
that in these n-bonding is weakehed by electron with-
drawal. The slopes Ofﬂ6-1q. versus IP of the 1,3~
substituents of the ligand are seen to fall into two
series, depending on the nature of the subs'bituento
The first series is that in which successive substituents
arc phenyl groups, and the second is the series of non-
aromatic substituents. The slope of this plot is much
steeper for the aromatic substituents, Acac > Bzac >
DBM™, than for the non~aronatic substituents Acac” >
TFA™ > HFA™ . This is presunably related to the increase
of the resonance path of the electrons in phenyl subst-
ituted forns, and need not necessarily indicate weakened
vgt-bonding. It is even possible that the opposite is

true, that phenyl substitution enhances=n -bonding

In both seriez changes of slone are observed,

which are gqualitatively the same in both series, on
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change of one particular catioun for another., Since
conparable changes of slope occur in both series on
change of cation, either may be used for the purposes
of discussing this effect. The UV spectra of the

conplexes of Acac , DPM , DBM , Bzac , TFA™ and HFA™

+++ +h+

+++
and Fe ', as

with the cations K, cu’ ™, a1***, v

well as all of these except the HFA couaplex for the
Weve vecovded

+t +++ ;
N T Ao The serieg of sub~-

ionsg Sz, Cr , Mn okt

and Co

+4+

stituted beta-diketonztes of KT and Al were included

. *
g0 as %o obtain a measure of the value qf7%~ A for

each ligand type in the absence o¢f any vpossible n-bond-

ing effects. The small difference between the plots

+++

o + e s .
for K' and Al was taken as being due to the increas-—

-+

. e . +
ed cationic charge of Al relative to K , as expected

from the work of Belford ct. al.(47).

As previously mnentioned, the decrease in energy

of ﬂg—qi_ on iﬁcreasing electron withdrawal by the 1,3-

substituents need not necessarily indicate a decrease
in the amount of w-bording. Thus, we may regard the
fov KTomd arttars
slopes of the plots ??q%aqi in the absence of n~bonding
effects. Any change in slope ( the slopes of the K* and

++
han

A geries are the same ) from the slopes of the lat-



197
ter two ions chserved in the series of substituted
beta~diketonates of other iong nust therefore be regard-
ed as being due to m-bonding effects. Thus a less steep
slope on increasing electron withdrawal could be taken
as evidence of enhanced w-bonding due to electron-with-
drawal by the 1,3~ substituents. Sinmilarly, a steeper
slope could be regarded as evidence of destabilisation
by electron withdrawing substituents. The smﬁe observ-
ation could also be interprecsed 2s the reverse, i.e.

gtebilisation by electron-donation.

Kj

In Fig. 22 are seen the plois of ns-vq.vermls the
electronegativity of the substituents at the 1,3- posit-
ions, for the aromatic and non-~aromatic series with the
previously menticred cations. The salient feature of
ttese plots ig the small slope of that for the Co(III)
ion. This is, as seen from the above discussion, in
good agreenent with our suggestion that the Co(III) ion
is able to undergo considerable M «n*¥ n~bonding with.
beta-diketonate ligands. The Cr(III) series have e
slightly stecper slone than the Co(III) series, but are
+

not nearly as steep as observed in <the AL(ITII) and x

serwcs, suggesting that in this ion a considerable am-
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ount of M-n* x-bonding ocecurs. The slopes of the plots
becone steeper in other transition netals, and finally,
in Mn(III), the slovwe is the smﬁe as observed in non-
transition metal ions. This indicates that very little
n-bonding occurs in this ion, which agrees with our
earlier ohservations on the poor a-bonding ability of
the Mn(II1) ion, as evidenced by the low Dag values
( as compared with Mn(III) in the hexaguo system )

found for Mn(III) in the beta-diketonate systen.

The spectra of the divalent acetylacetonates were
also recorded, both for the type [M(Acac)2(H20)23 and
[M(Acac)3]-. The ﬂs-ﬂﬁ transition in the spectra of
the former type are at fairly long wavelengths, and so
at best, only very weak x-bonding is expected in themn.’
This is in agcreenent with the fact that CF prédictions
Tor the M-O0 freguencies in the IR spectra indicate no
additional stabilisation which can be attributed to
x =bonding. In the second type, slightlshifts to short-
er wavelengths are observed, which arevprobably assoc-—

iated with the increascd delocalisation caused by the

negative charge on the complex.
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B, Evidence from NMR for x-bonding effects in transition

metal beta-diketonates

The NMR spectrum of the acetylacetonate anion is
very simple, and consists of a band at -331 c.p.s,
froﬁ TMS. due to the ring proton, and one at =120 c.p.s.
due to the methyl group protons. In diamagnetic forms,
the position of these bands does not vary very nuch
with change of nmetal ion, except for the acetylaceton-—
ates of Co(IIT), Rh(III), and Be(II), in which the
nethyl group protons shift dovmfield to about =130
CeDoSe. In the MR spectra of TFA and Bzac complex—
es of Co(III) and Sc(III), and in the TFA complex of
Rh(IXI), the same downfield shift of the band due to
the methyl group »rotons is also observed, relative to
the position of this band in the A1(III) complexes,
The unique spectra of the Be(II), Sc(III), Co(III) and
Rh(III) beta-diketonates thus suggest a difference in
electron distribution in the ring, .as conpared with

other netal bheta-~diketonates.

This difference is presunably due to the higher

covalency found in the complexes of these ions, the
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higher covalency in the Be(II) conplex being due to
more covalento=bonding, and the higher covalency in the
transition netal complexes being due to =w-bonding. Thé
latter observation is in complete agreenent with the
greater degree of wn-bonding character predicted for
the complexes of these ions by their UV and IR spectra.
The frecuency data for the diamagnetic beta-diketonates

is as in Table 11 below.
Table 11
NMR of diamagnetic acetylacetonatesflbenzoylacetdnates,

and trifluoroacetylacetonates. In CDClq, shifts in

CeDeSe at 60 Mcopes. ( shifts for CH3 and ring protons

only.)
Acac Zn(II) AL(ITI) Co(III) &c(ZII) Rh(III)
CH, ~120 ~117 -133 ~130 -128
H -328 -327 ~331 ~330 -328
Bzac~ AL(III) Co(III) TFA™ A1(ITI) Ru(IIT)
CH, ~130 w144 CHE -137 ~151
H =372 ~-372 H -355 -357

%Data on the dianagnetic acetylacetonates of Be(II),
Zn(II), AL(III), Ga(III), In{III), Sc(III), Y(III),
Zr(IV), Ta(IV), and Co(III) are reported in ref. 40.
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The NMR spectra of paranagnetic acetylacetonates
have been studied in detail by Eaton (48), and the para-
nagnetic shifté recorded for the acetylacetonates of
Ti(II1), V(III), Cr(III), Mn(III), Fe(III), Mo(III),
Eu(III), Mn(III), Fe(III) and Co(III). The observed

large shifts of the -CH, and -H protons were explained

3

in terms of the contact mechanism, in which electron

spin is delocalised from the metal ion ento the ligands,

-For netal to ligand charge transfer, a large
positive spin—density is exvnected to result on the
C-aton bearing the methyl group, resulting in large
downfield shifts of these protons. TFor ligand to netal
charge transfer, two differing effects may result. If
ligand amelecfrons ( ise.those having spins parallel to
the inpaired d-orbital electrons of the metal ion ) er
transferred to the metal, a large downfield shift is
expecfed, If 1igand.B—electrons,( i.e.those of opposite
spin to the d-orbital electrons ) are transferred, an
npfield shift of the ring »roton is expected. The abrupt
change from low downfield s ift to high upfield shift oﬁ
passing fron Mn(III) to Fe(III) is explained in terms of

a crossover from a-electron donation to g-electron don-
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ation to the metal d-orbitals.

Apart rrom this feature, the increasing downfield
paranagnetic shifts obtained for the CH3 protons along
the series indicated (48) a steady drop in M ¢ x-—bond-
ing with increasing at. no. from Ti(III) down to Fe(III).
Unfortunately, the data on the shifts of the ring proton
is not complete, but suggets strongnéﬂﬂﬂFhonding for
V(III) and Fe(III), with the gx~bonding of the =®*M type
being very weak for Mn(III). The important feature of
these results in the paramagnetic forms is the weak
T ~bonding indicated for Mn(III), and the strong m—bond-
ing indicated Tor the Sc(III), Co(III) and RW(III)
diemagnetic formg, supvorting our interpretations of

the UV and IR spectra of these conpounds,
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3» The beta~diketonate IR spectrum.

A. The region 2000 = 1350 em™+

As was previously mentioned, most earlier work
on the IR spectra of these complexes has centred around
the C=0 gtr. and C=C str. vibrations. Further, the
assignment of the highest frequency band below 2000 cm"l
in the IR spectra of acetylacetonates to the C=0 str..
and the second highest to the (=C str. by Nakamoto (53)
and the ccnfirmation of his assignment by Pinchas et. al.

in their studies: of the IR spectra of 180~ substituted

acetylacetonates was discussed ( page 11 ).

In phenyl-substituted beta-diketonates (Bzac and
DBM ) another difficulty of band assignment Las arisen.
Some aromatic C~Cstr. vibfations are expected to occur
in the region 1500 - 1600 cm"l, making distinction between
@-C str.(phenyl), C=Cstr. (ring) and C=0 str. difficult.
Nakamoto (55) performed pertubstion calculations for
the DBM complexes of Cu(IT) and Ni(II), based on his
previous NCT for Cu(II) azetylacetonate. He concluded

that the first band below 1600 cm“'l in tie DBM and in
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the Bzac complexes was the ring C=C str., and that the

second was (C=0 str.

This result is not, however, consistent with our
own findings (56). The C=0 str. in the IR spectra
of the series M(Acac)3§ M = Se¢, Ti, V, Cr, Mn, Fe, Co,
Gé, has been found to be fairly sensitivve to change of
metal. The variation of the (=0 str. with at. no,
across this series is seen in:Fig. 23. The C=C str.
exhibits an inverse relationship to the frequency trend
observed for the C=0 band. In the analogous phenyl-

substituted series ( M(DBM)s, M (Bzac M = Se¢, V, Cr,

)3
Mn, Fe, Co.) the first band below 1600 cm™ T ( assigned
to.ring C=C str. by Nakamoto ) is almost insensitive to
change of matal, while the seccond ( assigned to C=0 str.
by Nakamoto ) and third ( assigned to C=0 str. + C-H
bend ) exzhibit the Aegree of sensitivity to change of
metal dispiayed by the C=0 str. and C=C syr. of the
acetylacetonate series. Furthermore, the frequency
trends in C=0 str. and C=C str. of the acetylacetonate

series or change of metal with increasing at. no. across

the series are reproduced almost exactly by the second
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and third bands below 2000 cm-'l of the Bzac and DBM
series ( Pig. 23 ). It was therefore concluded that the
correct assignments for these bands was that, in phenyl-
substituted ligands, the highest band below 1600 cm™+

was the aromatic C-C str., while the second and third of

these bands were the C=0 str., and C=C str., respectively.

These assignmeuts are consistent with other obser—
vations on the effect of phenyl conjugation on the
spectra of ketonic compounds. Phenyl conjugation is
found (58) to lower the C=0 str. to lower wavenumber
than found in aliphatic ketonic compounds. If the
0=0 str., as assigned by Nakamoto in DBM, is compared
with that aésigned by him to the C=0 str. in the corres-
ponding Acac compiexes (57), it is found to be at higher
wovenumber than the latter. ( e.,g. C=0 str. in Cr(DBM)3

1

= 1540 em™', ©=0 str. in Or(Bzac), = 1555 em™t, 0=0 str.

S in Cr(Acac)3 = 1524 cm“l.) Using the smmended assignments
however, the C=0 gstr. in phenyl substituted forms now
occur at much lower wavenumber than in corresponding

aliphatic complexes. ( e,g. the C=0 str. in Cr(DBM)3 =
1 1 )

1549 cm™ -, Cr_(B.zac)3 = 1555 cm , Cr(Acac)3 = 1574 cm“l)o
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Further, in Bzac and DBM complexes, the first

1 in 211 transition metal

band occurs at 1591 + 2 cm
complexes, whereas the second band in Bzac complexes

( with one phenyl group on exch chelate ring ) occurs
at frequencies intermediate to that of the second band
in DBM complexes ( with two phenyl groups on each
chelate ring ), and the first band in Acac complexes

( with no phenyl groups on the chelate ring ). If we
suppose the effects on the C=0 str. of successive
substitution of phenyl groups for methyl groups te

be additive, as is found in substitution of trifluoro-
methyl groups for methyl groups ( the C=0 str, in

Fe(Acac)s = 1575 cm"l, in Fe(TFA)3 = 1616 cm"l, and in

Fe(HFA)3 = 1647 cm"l), this assignment is more logical
than the earlier assignment of Nakamoto, where the
effect of succemsive substitution o7 phenyl groups is

not additive.

In trifluoromethyl- substituted beta-diketonates
( TFA and HFA ) both C=0 str. and C=C str. are raised
to higher wavenuamber on suwostitution of trifluoromethyl

for methyl grouns, The frequency trends in these across



208

the series do not parallel those obs=rved in the spectra
of the analougous acac complexes, and do not exhiﬁit an
sn inverse relationship with.each other. However, if
we examine the effects on these of change of metal in
non~transition metal series, it is seen that the trends
parallel those in similar Acac series, so that we are
able to assign the higher band to the C=0 str. and the
second band to the C=C str. in TPA and HFA complexzes,.
( the difference observed between the trends in Acac,
Bzac and DBM complexes on the cne hand, and the trends
of C=0 str.,.and C=C str. in TFA complexes on the other
hend will be discussed in relation to the= -bonding
properties of TM complexes at a later stage.)

B. The beta~dikectonate IR spectrum 1350 - 800 em™ L,

The assignment of>bands'in this regior is substan—
tially the same as given in the literature (55) for
{he IR spectra of the complexes of Acac, Bzac, DBM, TFA
and HFA. { these are seen in Tables I -~ XX, pages 46 ~

65.) A band of particular interest in terms of its
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metal sensiiivity is that occurring in the region 1320 -
1230 cm"l in the spectra of beta-diketonate complexes,
which has been assigned as the coupled vibration C=C +
C~R str. ( where R = substituents at the 1,3— positions
of the chelate ring ). Its shifts parallel those of

the C=C str. cn change of metal but if is, however, more
xmetal sensitive than the latter, and has thus been used
extensively in interpreting the effects of change of

- metal,

It has been possible to check the assignment of
bands to this vibration in differenily substituted beta-
diketonate complexes by the fact that the frequency
trends on change of metal displayed by the bmnd so assign-—
ed is the same for the series HL,, (M = Se, V, Cr, Mn, Fe,
Co) irrespective of whether I = Acac, Bzac, DBM, DPM or
TFA. In a similar fashion, we have been able to check _
that the bands assigned tc C=0 + C-R str..and CkH .outeof-
plane bend, in differently substituted complexes are

correctly assignedGo.
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C. The beta—diketonate.IR spectrum 8CO - 200 cm—l,

So fev we have used band assignments of M-O str.
in the IR spectra cf the beta~diketonates, without dis-
cussing the reasons for the assignments themselves. The
guestion of M-0 band assignments in the spectra of fhe
beta~diketonates has no bearing on the question of the
validity of the CFT interpretation of IR frequency trends
on change of metal across series of TM complexes, since
all reasonably metal-sensitive vibrations below 800 cm"l
in these series exhibit at least reasonable gualitative
agreement with CFT predictions. This is illustrated by
the six metsi-sengitive bands ohserved in the 800 ~ 300
em™t region of the spectrum of the firet trensition
period trivaleni acetylacetonates ( Figs. 2, j, T, 24)
which all exhibit frequency trends across the series

which are consistent with the CFT interpretation.

It seems improbable that any one of the bnands in
the 800 - 200 cm—l region of the beta-diketonate spectrum
can alone e assigned to the pure M-0 str. vibration.

Firstly, any vibration will contain at least a fair per—



211

centage of ligand vibration ccupled to it, and secondly,
the complexiiy of the M-0 octahedra, tetrahedra, etc.

is such that MfO vibrations of different symmetries are
expected to ocour. ( e,g, in octahedral tris(acetylacet-
onates, three infrared-acsive M-0 str. vibrations are
expected to océur (52), one belonging to the A2 species,

and two belonging to the E species.)
in this regon

Three bands only are observed in the spectrum of
K(4cac) (H,0), , at 655, 522 end 412 cu™'. In octa-
hedrally coordinated acetyldoetonates, two groups of
bands are observed which, from the ranges over which
their fregquencies vary on change of metal, ( 520 -700
and 410 —~ 520 cm L) appear to be derived from the bands

1

occurring at 522 and 412 cm — in potassium acetylaceton-~

ate.

The €55 em™t hand of potassium acetylacetonate
( assigned by Nakemotc (55) %o M-O +-C~CH3 str.) is
one of the most insensitive tc change of metal in the
whole acetylacetornate spectrum, and occurs in the fange

1

654 ~ 663 ecm — { in most cases it occurs at, or close to

655 cm'l) in the spectra of all sixty-nine of the diff-
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erent acetylacetonate complexes examined ( including
polymeric foxms, hydrates, amine and pyridine adducts,
and mixed complexes such as EPb(CHé)Z(Acac)é] ). In
the 180~ studies of Pinchas et.al.(54) this bend was
also found to be insensitive to increase in mass cf the
ox&gen atoms of the chelate ring, and was thus assigned
to the out-of-plane ring deformation vibration. We
have thus adopted this assignment, since it is consis-
vtont with the insensitivity of the band to change of
metal.

The number of bands in the two groups correspond—

ing to the 412 and 520 cm™*

bands of potassium acetyl-
acetonate is characteristic of the metal. In beta-dik-
etonates of octahedrally coordinated ( symmetry = Ds)
trivalent metals of the first transition period, there
are tkree metal sensitive bands in both the 500 ~

700 cm-l region ( corresponding to the 520 bend of
potassium acetylacetonate ) and 410 - 520 cm"l ( corr—
esponding to the 412 cm"l band ¢f potasscium acetylacet-
onate ) region of the specirum, irrespective of the

nature of the 1.3~ or 2- suhstituents.
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Fyrther, in complexes of C2Vvand D2h symmetry,
for example, the number of bands in each of these reg— -
ions is lowared in many cases. ( €. in Cu(Acac),,
Pd(Acac), and Pt(Acac), one of the bands in the 500 -
700 om™t region is lost, while in Ca(Acac),, Sr(Acac),,
vBa(Acac)z, two bands in both the upper and lower region

are lost.)

The phenomenon of reduction in the number of
bands does not, however, seem to be related to change
of symmetry so much aé to the covalence of the M-C bond.
In group IA and 2A acetylacetonates, for example, three
bands ( corresponding to,those observed in octahedral
comphexes ) are observed in the upper group 500 - 700
em™t in the spectra of the Li, Be and lMg complexes.

In members of higher atomic number in the series, how-
ever, *there is a lowering of intensity and eventual
compiete disappearance ( at Kt in group IA, and st in
group TIA) of the two bands of higher frequency in the
500 - 700 em™L group of bands. This reduction of the
number of bands with increasing at. ro. is accompanied

by an increase in ionic cheracter of the IM-0 bond, so
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that it is possibly related ‘o this phenomenon. It
might also be supposed that this was an effect of in~
creasing muss with increase of at. no. The increasing
mass of the central cation on descending & non-TM group
should cause a lowering of the M;O str. frequency, and
hence g lowering in freguency and convergence of the
higher with the lower vibrations. That this is not so,
however, is illustrated by the fact that in the corres-
ponding TFA and HFA series, it is the lower frequency
band in each group which disappears with increasing

at. no., which is contrary to the expectations of the

effects of increasing mass of the central cation.

Further, in the spectra of the octahedrally co~
ordinated K[{M(Acac)é], compiexes of first transition
period M(II) ions, a reduction in the number of bands
in the 500 - 700 em™t region occurs, in spite of the
fact that there is ns change in the mass of the central
cation compared with their trivalent M(Acac)3 count-
erparts. Moreover, although the numbér of bands in this
region is reduced in the octahedrally cuordinated

trivalent rare-ecarth tris(acelylacetonates), it is not
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reduced in complexes such as U02(A0a0)2 , MOOZ(AcaC)2
or Th(Acac)4, where the high oxidation state of the
central cation leads to greater polarising power, and
hence greatgr covalency, even though the masses of the

central cations are large.

Nakamoto, in‘his NCT of Cu(fcac), (51), and of

Al(Acaclg, Fe(Acac)3 , Cr(Acac)3 and Co(Acac)3 (57);

assigned the bands at 455, 495, 437, and 466 cm"l res—

pectively in these complexes to a nearly puré M=-0 str.

The bands of the upper group were either agsigned to

a coupled M-O0 str. + ring def., vibration, or else were

not assigned at all ( the lower two bands, in the range
520 - 675 cm™L.))

- 18

As was mentioned earlier, ~°0 isotope studies (54)

1

indicated that the bands at 595 and 570 cm — in the

spectra of Cr(Aeac)é and Mn(Acac), respectively

1

had more M~O charagtsr than those at 462 cm — in these

complexes ( assigned by Nakamoto (51, 57) to M~O str.).
This agreéd’with the greater sensitivity of the 520 ~

1

650 cm ~ bands to change of metal, so that this assign--

ment was adopted for the purposes of our CFT study.
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We shall in future refer to the three metal-sens—
itive bands in the 5C0 - 700 em™t region as bands 1, 2
and 3, in ovder of Cecreaing frequency. The bands in

1 will be referred to as bands

the region 300 -~ 500 cm~
4, 5 and 6, in order of decreasing frequency. This
corresponds with the labelling of bands in the 20C ~
700 em“l region of the spectra of beta—diketonate‘comm

plexes reproduced in this study.

It does not seem that the corresponding bands in
this sequence of six a2ll have the same assignments for
all the differently substituted beta-diketonates. The
phenomenon of disappearance of bands in the 300 - 700
cm"l region on change of metal from covalently to
ionically bound types is encountered generally with all
the differehtly subétifuted beta-diketonetes. However,
it is not always the same band in the series of six
which remains in the potassium compnlex, suggesting that
the assignments for bands which correspond in position
in the sequence is different with different beta-diket-
onates. : |

Thus, while in Acac complexes, it is band 3 which

persists in the pobassium complex, in TFA complexes it



217

is band 2, and in HFA ecomplexes it -is band 1 which remains.
In phenyl-supstituted ligands, the picture is confused

by the occurrence of several ligand vibrations in the

500 — 700 cm™+ region, but it would appear that band

2 persists in potassium benzoylucetonate, and band 1l in
potassium dibenzoylmethanate. In all cases, band 4

persists in the potassium salt. ( Fig. 25 )

The nature of the two bands which remain ( one
corresponding to bands 1,2 and 3, and one corresponding
to band 4, of octahedral complexes ) in the spectra of
the potassium complexes is uncertain. A clue as to
their nature may be found in the fact that they exhibit
an inverse relaticnship with each other on change of
1,3~ substituent. ( Fig. 26 ) This is ccnsistent with
the assignment of Pinchas gh.al. of the Ligher bands
to li~0 str. + ring def., and band 4 to M-O + C~R str.,
The ring def, vibratien may be thought of as a C=0 +
C=C deformation vibration, and since C=0 and C=C incre~
ase simultaneously on change of l,3~ substituent, we
should expect the order of increase of the C=0 str. and
C=C. str. to be the same as the order of increase of the

ring def. vibration. We thus find that for both the
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C=0 str. and C=C str,, and the ring cdef. vibrations,

( i,e, the pand observed in the 500 - 700 em™ region
of the spectrum of the potassium salt ) the order of
increase in fréquency is DPIK Azac< TFA<HFA, ( The phenyl
substituted ligands do nov follcow thisvtrend, as will

be discussed in the section on substituent effects.)

On the other hand, the order of increase of the
frequency of the C-R str. vibration should be the
reverse of the order of increase of the C=0 str. vib-
ration, if we suppose that electron shifts occur zs

fcllows on change of 1,3- substituent

which would account for fhe inverse relationship
exhibited by the M~0 + ring def. ( since ring def. =
C=0 def. + C=C def. ) with the M-0 + C-CH3 str. ( since

C—CH3 exnibits an inverse relationship with C=0 str.)
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This may be summarised in the form of a Table:

M-0 str + M-0 stra +

Compound C=0 str. mning def. C~R agtr. C—~R str.
(cm”l) (em™ ) (cmﬂl)

K(HFA) 16777 580 364 should .

K(TFA) 1661 550 387 decrease

K (Acac), 1619 522 412  as €=0 str.

K (DPM) 1581 474 474 increase§:°

“ e

These frequency shifts thus support the assignmehts of
Pinchas et.al. (54).0f bard@ 4 to M~0 + C-R str., and

the higher bands to M~-O0 str., + ring def..

A. further point of interest is that the relative
metal-sensitivity of bands 1,2 and 3 alters on change
of 1,3— substituent. Thus, for example, in Bzac
complexes, it is band 2 which exhibits the greatest
sensitivity to change of metal, while in DBM it is band
1, and in TFA complexes it is band 3, This is illustr-
ated in Table.lQ below, in which the sensitivity to
change of metal of aﬁy particular.band is represented
by ﬁhe'raﬁge over which it varies in the first transit-

ion period trivalent beta-diketonate in question.

" The first point which is noticed about Table 12
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is that the frequency range of the band of greatest
metal~sensitivity in the spectra of each differently
substituted beta-diketonate series rises in the order
TFA ¢ Acac«~3—MeAa~3~EtA.<Bzac< DBM~ DPM., This may be
interpreted as a raiging of the M-0 str. frequency, and
hence the occurrence of the band containing the most
M~0 character in the spectra of the complexes of each

ligand type at successively higher frequencies.

The second peint which may be raised is that ih
band 4 ( M~0 + C~R str. ), the range df variation of
frequency on change of 1,3~ substituent is virtually the
same in all cases, so that it is posgsible that in this
bénd, which contains less M~0 str. character ( as indic-
ated by 18O studies (54), and its low meial~sensitivity)

the amount of M-0 str., character is the same for all the

differently substituted beta-diketonates.

Further, band 4 increases in frequency.in the
order HFA < TFA < Acac < Bzac < DBl < DPM, which is the order
of increase of M-C str. indicated by the shifts in
greatest metal sensitivity from band 1 So 2, and from

2 to 3., This is as would be expected from the fact that
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Table 12

in em™ ) over which bands 1, 2, 3 and 4 vary
ge of metal in the differently Subsy;tuted beta~

diketonate series of complexes with first transition

period trivalent metal ions,

Range of variation (cmfl)

Complexes Band 1 Band 2  Band 3  Band 4

1 (TFA) 7% 24 50° 19
M(Acac) 30 110 95 217
M(3~MeA)§ 8 - 62 67 22
W(3-EtA)5 11 67 54 24
M(Bzac)3 10 106 22 33
M(DBM)3 43 36 15 36
I (DEPM) 44 16 - 29

@his range 18 unrepresentative or the sensitiv-

b

ity of this band to change of metal, since the
Co(III) complex, for which M-~O0 str. is the high-
est in each range, had an exceptionally high
frequency. Neglecting the frequency for the
Co(III) complex, the order cf metal sensitivity
indicated for TFA complexes by the wvariations

of these bands is seen in the ranges over which
they vary in the remaining complexes; Band 1 =
16 cm™*, Band 2 = 18 cm~l, Band 3 = 38 cm—1l,

Underlined rahnges indicate the most metal- sens-

itive band, or bands, in the spectra of each
of the series of differently substituted beta-
diketonates,

CThese ranges are unrepresentatively small, since

the points for the Co(III) complexes are unknown.
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the M=0 str. remains couplied to band 4 throughout all
the series of 1,3- substituted ligands, instead of there
being an ircrease of M~O cheracter in successively
higher bands, as in bands 1,2 and 3, on increase of the

M~0 str. frequency.

The extent to which band 4 reflects the electron

shift ( band 4 = -0 + C-R str. )

R
N

C===0_,
TNy
H-—-~~C/ o’
\ . "i’
Cmimm
J/
R

cn change of substituent is seen in Fig., 27, in which
the C=0 str. is sesn to exhiwit an inverse relafidn-
ship with'band 4 oh change of 1,3-substituent in series
of beta~diketonate complexes with any one metal. The
M~0 str. ( the most metali-sensitive of bands 1,2 cr 3
for any particular beta-diketone ligend ) yields a

similar inverse relationship. ( Fig, 28 ).

In studying the effect of change of metal, it is
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-convenient to use M-O str., this being adsigned as the
most metal sensitive of bands 1,2 or 3. This is a valid
procedure, since the trends displayed by Bands 1,2 and
3 are essentially the same fbr all the differently

substituted beta-diketonates on change of metal,

Howaver, uneing banda 1,2 or 5 in studying effects
of chemge of 1,3 substituent presents various difficult~
ies. In many cases, there are two bands of similar
metal-sensitivity, in which case it is difficult to
decide which band to use, or_ else involves the unrel-—
iable procedure of attempting to estimate intermediate
frequencies which will be representative of the stabil-
ity of the complex. TFurther, the actual strength of
the M~0 bond may be greater, or smaller than, is repre-
sented by the frequencies at the extremes of each
range, ( géé& HFA complexes'at one extreme may be rel-
atively less stable than indicated by the lowest band
in the series of three in the upper region, and DPM at
the other extreme may be relatively more stable than

indicated by the highest bands in the uoper region, )

On the other hand, band 4, assigned to the M-O0 +
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C~R str., should yield a reliable estimate of M-O band
shifts, since, as seen froum the electron shifts which
occur on clLange of 1,3- substituent ( page 225 ), both
the M-0 str., and C;R str. should increase simultaneou.s—
ly. Therefore, keeping in mind that band 4 represents
change in the C~R bond strength as well as of the -0
bond strength, we shall use this band in interpreting
the effects of change of 1,3- substituent at a later

stage.

In addition to bands 1,2,3 and 4 ( and a low in-—
tensity band about 30 cm"l‘below band 4, further ref-

erred to as band 5 ), low intensity bands may be obser-

1

ved in the region 400 - 200 cm — of the beta—diketonate

spectrum. The nature of these is uncerfain, but it has
been reported (59) on the tvasis of a NCT that the high-
est of these is a M=0 Str. vibration., This is reason-

abtle in that this band is highly sensitive to change of

metal, The range over which it varies is 93 cm"'1 on

change of metal in the first transition period trivalent

1

tris(acetylacetonates), as compared with 95 em — for

1

band 3, and 110 cm — for band 2.
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Moreover, if we examine structurally simpler
complexes, such as the [M(CN)6]n~ and _[M(NH3)6ln+
ions, we find that the ranges over which the M~L str.
freouencies very where M are also first transition

1 ona 300 -

period ions is approximately 340 — 420 cm™
400 cm"l respectively. By compafison then, we might
also expect the M-0 str. frequencies in oxygen -~ donor
complexes to occur in similar ranges ( i.e. 290 -~ 400
cm"l), since the masses of the C, N and O atoms which

are coordinated to the metal in each particular case

are similar.

However, this is not necessarily so, in that force
constants are not reliably known for any of these mole-
cules; and further, the beta-diketonates are chelate
complexes, and 80 may not he directly comparable with
monodentate forms. In addition, the range over which
band 6 varies is no larger than the ranges over which
“bands 2 and 3 vary in the acetylacetonate spectrum, so
hat there is no rasis for assigning a greater -0
character tc this vibration on the grounds of metal

sensitivity.
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The variations of band 4, 5 and 6 with ate. no.
in the first transition period trivalent tris(acetyl-—
acetonates ) are seen in Fig. 24 ( page 218 ). It is
observed that in passing ffom bands 4 to 5, and from
bands 5 to 6, a large increase in the freguencies for
he Sc(III) and Ga(III) complexes is observed, relative
to fhose of the complexes of the other ions in the

series,

Four bands instead of three are present in this
region in the Mn(III) complex, presumably due to Jahn-—
Teller distortion. A mean freguency between each of
these may be estimated which roughly corresponds to the
four short, and two long, M-0 bonds. ( These are points
A, B and C in Fig} 24,) This must be higher than the
lower of two successive bands by two thirds of the dif-
ference between them, since each higher band corresponds
to four short bonds, and each lower band corresponds to
two 1lorg bonds. These rough estimates indicate that
the frequency of band 6 for the Mn(III) complex, as
with the Sc(III) and Ga(III) complexes, is higher than
would be predicted by CFT, It may be observed ( Fig 23 ).
that the C=0 str. for the same three ions, Sc(III),
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Mn(III) and Ga(III) ocdurs at significantly higher
wavenumber than for the other ions in the series. If
we sumpose that band 6 contains a high percentage of

C=0 character, this would then acccunt for the observat-
ion that band 6 for Sc(III), Mn(III) and Ga(III) is sig-

nificantly higher than would be predicted by CFT.

On the basis of these arguments, we therefore
suggest the following assignments for the more metal-
sensitive bands observed in the spectra of beta-diketon-

ate complexes in the region 200 - 800 cm_l.

Band Assignment
Uppor 1 M~0 str. + ring def, \I‘ The most
2 M=0 str. + ring def. metal—
region : J' s;n:itlve
o o ~ o] ese
3 MO str. + ring def. = M=0 stn.
4 -0 str. + C=R str,
Lower
5 M-0 str. + C-R str.
region

6 M-C str. + ring def.
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4. The nmon~transition metal acetylacetonates

There is an extensive literature on the interpret—
ation of frequency frends in the IR spectra of acetyle.
acetonates on change of‘central éation, but in these'
studies distinction between the'complexes of TM and
non~-TM metal has not usually been made. Earlier studies
have been concentrated on the C=0 str. and C=C str.
vibraticns, becausé of limitations in relation to instr-
umentation in the far IR ( the range of.many of the
instruments used was only 4000 -~ 625 cm"l, which does

not extend far enough into the far IR to detect M-O str.

vibrations in most compounds.).

In diecussing the C=0 str. and C=C str. vibrations,
band assignments used by other authcrs will be altered
to agree with those uéed by ourselves, so as to avoid
confusion, Correlations oi frequency trends on changé
of central cation have been found with parameters such
as stability constants for the complexes themselves,
and with ionisation potentials and ionic radii of the

central cations of the complexes.
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A, Correlations of freguency trends with stability con—

stant data

Holtzclaw and Collman (59) found an inverss relat-
ionship between the C=0 sir., and stability constants
of the series of acetylacetcnates MCAcac)z(Hzo)n,

where M = Mn, Co, Ni, Ou, Pd, Mg, and Cd, and M(Acac)(H,0),

where M = Na, This is as would be expected if we sup-
pose that strengthening of the -0 bond causes a weak-

ening of the C=0 tond.

However, the reliability of such correlations is
dubicus, in that change of structure in the Ni (II) |
complex above fromn = 2 ton = O cauées an increase
in the freguency of the C=0 str, of 22 e, Thus,
depending on which ccmplex was used, the position of
the ion in the series varies, This makes comparison
with data derived from stability constant studiea diff-
icult, since the identity of the species in solution is

unkrown,

Further, in complexes such as the trivalent beta-

diketonates of first transition period ions, the C=0
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str. does nct exhibit an inverse relastionship with the
M~0 str. on change of metal, so that it would not be
possi?le to infer the relative strengths of the M-O0
bondsifrOm the variation of the C=0 str. The fireguency
of the M--0 str. does, howecver, appear to reflect the
relative stability of the complex, as indicatgd by
3tability constant data for bofh divalent and trivalent
ions (66). This is as seen in Table 13 below, The

gtability constant data are from the literature (66)
Table 13

Stability constant and IR data for acetylacetonate

complexes. Frequencies are in em™ Y,

M(Acac), ~ M(Acac),(H 0),
Metal log K1K2 -0 str. C~0 str. M-0 str. C-~0 str.
Mn 7225 : 545 1611 551 1616
Fe ’ 8667 , 558 1581 - - -
Co 9e51 581 1591 568 1612
Ni 10=38 593 1620 571 1598
Cu 14-95 612 1580 - -
Zn : - - 565 1586 559 1604
log KlK'ZK3 M(Acac)3
La 11i+9 527 1594
Ce 12+6 529 1608
Na 13-1 531 1605
Al 22+3 560 1597

Ga 23°6 584 1586
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B, Tonisation potentials and ionic radii

‘West and Riley (60) observed a relationship bet-
ween the C=0 str. and ionisation potential I, ) for
éighteen metal derivitives of acetylacetone. The C=0 str.
was found to decrease with increasing IZ of the central
cation, ( For comparison with the C=0 str., 1st ionis=
ation potentials for the complexes of monovalent metals,
2nd ionisation potentials for the ccmplexes of divalent
metals, and third ionisation potentials for the complexes

of trivalent metals were used.)

This work was supported by Lawson (1); who also
observed a similar relationship for the C=C str.. This
moved to higher wavenumber with increasing IZ of the
central cation, exhibiting an inversge relationship‘with
the C=0 str.. Lawson also observed aon inverse relation-
ship between the M~0 str. and the icnic radius (r") of
the central cation on chonge of metal in acetylacetonate

complexes,

The significance of these correlations of IR fre-
quencies witn IZ and r' values is to be found in the

relationship between the covalent ( as opposed to ionic )
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nature of any particular bond and the ionic radii of
the atoms forming the bond.  Covalency arises out of
the ability of the ability of the cation to attract
electrons ( of lose electrons to the cation in the
case of the anidn ) from the anion with which it is
forming the bond, so that the two atoms forming the
bond are held together by electron-sharing, rather than
electrostatic. forces alone, as in the case of ionic
bonding. The ability of the cation to attract electrons
from the anion to which it is bonded is dependent on
the charge density on the cation, which is in turn
dependent on two factors;  first, . the charge on the
cation ( the greater the charge, the greater the attract-
ing power, so that attracting power should increase
‘M+< M2+<M3t:M4+ etc.) , and second,. . the radius of the
cation ( the smaller r+, the greater the charge density
on the cation ) {62), Other factors which also (62) -
play a part'in determining the covalent nature of the
bond are the existence of d~orbitals energetically
available for n~bonding, and the size of the anion
( the larger the anion, the more easgsily is it polarised

by the cation ).
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The effect of increasing ionic charge on the
frequencies ~f the M--O0 str., the C=0 str., and the
C=C + C-CH, str. for complexes of ions from the same
period ( the ions are therefore of comparable mass ) of
the periodic system is sesn in Pigs. 30, 31 and 32
respectively ( pages 239 -~ 241 ). The typical and A
subgroup elements arevclassified'separately from the
B subgroup elements from the same group . e,g. AL(III)
is classified with Sc(IIl), Y(IIL) and La(III), rather
than with Ga(III) and In(II1)), since B subgroup elem-
ents have vndergone the d-orbital contraction which
resuits in smaller ionic radii than found in A subgroup
elements from the same period. This accounts for the
greater resemblance of the properties of the typical
elements of group III and IV'totheir-B rather than their
A subgroups. Thus we find that the M-O0 str. Ga(III)
énd {n(III) is very much closer to that for AL(III),
whereas the M~0 str. for Sc(III), Y(III) and L .{III)

is very much lower than observed in the AL(III) ccmplex.

The effects of change of ionic radius are illus—

trated by trends observed within a single group Bf the

periodic table where ionic charge remains constant, ¢.g.
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1i*, Na*, ¥, mp" ana cst. |, where tae M-Ostr. ana

C=C + C-CH

str, decrease, and the C=C str. increases,

. . . . s + .
with increasing inereesins r , as seen in the Table

below

IR frequency data (cm™t) and r¥( A ) for the acetylacet-

Table 14

onates of various non-TM ions.

Ion

n——

Li
Na
x*
Rb
Cs
Be
M .0‘+ +
catt
Sttt
Batt
++
§1+++
- §+++
'La+++

.+
;i++++
gttt

T
ettt

mp

aFrom

4

)

0«6

0+98
1+33
149
1-658
(L 3\’)
065
0-99

-
°

N

WO

HHEFPOO RPOOO
APPSOV ND\OJ>
U000 Co v o

~

r’ & -0 str. C=0 str. C=C str. C=C + C=CH

557

534
522
520

-—

748

563
535
528
524

530
542
536
527

628
596
545
542
524

1609
1617
1619
1620

15838
1615
1606
1611
1610

1597
1580
1592
1594

1575
1544
1591
1593
1590

references 62 and 67,

1523
1515

1511

1510
1506

1535
1528
1522

1522

1514

1535
1529
153C

1527

1555
1527
1540
1539
1538

1266
1245

1237

1232
1230

1300
1265
1256
1251
1247

1290
1276
1265
1257
1320
1284
1281
1279
1270

3
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The polarising power of cations ( which we shall
call C ) is related to the square of the ionic radius

of the ion (62). Taking into account the ionic charge

( I ) we arrive at the expression

- A
(x+)?

;

In previous work on ‘the correlation of IR freg-
uency trends with ionic radii, correlations wifh.r+
itself were sought. However, as can be seen in Fig. 33;
linear relationships with M-O str., €=0 sgtr., C=C 4 C~R
and C=C str. are nct observed with r+, but rather with
C on chang= of certral cation in group IA acetylaceton~
ates, benzoylacelonates and dipivaloylmethanates.,

In both the group IA and IIA series, the values for

the lightest elements, Li and Be, in each series are
too high in the case of the M~0 str., C=C str., and
C=C + C=Ek str., and too low in the case of the €=0 str.,
to yield linear correlations with rt. ( Fig. 33 )

This might be explained in terms of a mass effect,
since r' and the mass of the central cation both

increase on descending these groups, and both effects
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are expected to lower the M~0 atr. Thus, a relationship
of the M-=0 sir. with both mass and ionic radius would
result, which could be expressed as

M0 str. o E%: ( vhere m = the mass of
the ion of radius rt+.)

However, the C=0 str., for the it and Be++cnmplexés,
as pfeviously mentioned, are lower than would be expec-
ted from interpolaﬁion of the best straight line through
the frequencies for the complexes of the other ions in
the series, as plotted against rf and a mass effect
wonld be expected to have the opposite effeét, since
1i* and Be'™ are the lightest members of each of their

respective series.,

C. The effect of mass of the: cetion on IR frequencies

in beta-diketondte complexes

‘The actual part played by mass effects in the
spectra of these complexes does not appear to be very
large. If we compare the N-0 str. for the tetrakis-
(acetylacetonates) of the two ions Zr(IV) and Hf(IV),

where the ionic radii are identical, we see that a lower-
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ing of the M~C str. of only 3 em™t is produced by an
incrzase in mass of 97%., Other examples of this effect

are seen below

Ton rt 1-0 str. At. W,
T " (cm—1)
AT 665 580 26497
Ga 062 584 69+ 72
+++
% 0+87 545 91622
ettt o.87 542 17896
ij 1449 520 85448
1 1+49 526 20439
Ca:: 1-06 535 . 40-08
ca 1.03 556 , 11241
++ : : >/ ¢ *
Mg 078 563 24¢52
7n’ T 0+ 83 565 6538
CQI:I 0465 637 58464
Rh 069 650 102491

Djordjevié (63) has calculated the relative bond
strengths of AL(III), Ga(III) and Ia(IIf) tris(acetyl-

acetonates) using the equation for the isolated oscill~

1 K 3
v = Ba( 7S >

A Y 4%-&&

I3

ating dipolie

where v is the frequency of the vibration in cm"l,

c. is the velocity'of light, and u the reduced mass of
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of the two atoms, A and B; forming the dipole, such

that

B
+ MB

MA x W

MA

| where M is the mass of each of the atoms A and
B constituting the dipole, and,is expressed in C.g.S.
units. K is the force constant of the bond, and is the
force tending to restore the atoms when-displaced to

their equilibrium positions.

Use of this model, however, disregards the fact
that the change cf mass of the central cafion is very
- small when one considers the mass of the beta-diketonate
molecule as a whole, The application of the simple
diatomic model is particularly erroneous when one con-
siders that the metal atom may be joined to as many as
eight oxygen atoms,; instead of one as implied by use of

the diztomic model.

We may construct a simple model for the octzhedral
case to illiuvstrate this point, in which it is assumed

that a single oxygen atom constitutes one of the atoms
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'in a diatomic molecule, while a metal atom and the other
five oxygen 2toms of the octahedron, held together by
infinitely strong bonds, constitute the other atom.

( In other words, we suppose that each oxygen atom
vibrates against the mass of the metal atom plus the
mass of the other five oxygen atoms.) This then skould
take into account the fact that the metal atom is joined
to mere than one oxygen atom, although of course, we do
not suppose thet if predicts accurately the shifts

which would be observed in real beta-diketonates, rather
illustratirg only cualitatively the point that mass

éffects are probably smaller than indicated by the dia-

tomic model.

Thus, for example, the effect of change of metal
from Al(III) to Ga(III) in the diatomic molegulé model
should be accompanied'by a decrease of 12+6%, with un-—
changed M~0 force constants, while the model in which
a single oxygen atom vibrates against the mass of the
metal atom plus the other five predicts a dropr due to
the inéreased mass of the metal atom of only 1+8%. From
the table on page 245, it is seen that the effect of in-

crease of mass ~ probably ceuses a décrease in the M-0
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str. frequency of pairs of ions of similar radius of
less than 1%.

On th~ other hand, the effect of increase of mass

180 s{:udies

of the oxygen atoms is much larger. In the
of Pinchas et. al. (54), a decrease in the fregquency of
the M—O str. of 3+2% was observed on substitutionxofr

the heavier oxygen afoms ( mass 18 ) for the lighter

( mass 16 ) atoms., We find that our crude model correct-
ly predicts that the change of mass of the oxygen atoms
should have a greater effect than the effect of change

of mass of the centeal cation, while tﬁe diatomic mole~-
cule predicts that the effect of change of mass of the

metal atom should have a greater effect. This may be

summarised in the form of a table

% decrease in the M-0 svr.

predicted | observed
M--0 0-.(M05)
A. On change 12¢6% 1.8% less than 1%
from Al to Ga , . 3
B. On change 4+3% 5 5% 3e2%

from 16-0 to
18-0
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It therefore seems probanle that we may ignore the

; effects of increases of mass of the central cation, since
it appears that even in cases vhere the change in mass
of the central cation is large, the effect on the -0

str. frequency is small.

D, The effect of d-orbital participation in bonding on

IR freauencies

It was previously mentioned that an important
factor governing the polarising power of cations was
the possession of d-orbitals energetically suitable for
r—-bonding. This phenomenon causes considerable reduction
in the sizes of cations, and a disruption in the regular
monotonic. change of proprties of properties with increas-

ing at. no. down groups in the periodic table (22).

This is illustrated by the variations of the C=0
str. with increasing valency for thevacetylacetonates
acruss periods in the periodic table. ( Fig. 31 ) In
group IA metals the C=0 str. is seen to increase regul--
arly with increasing at. no., but in group IIIA metals

a crossover 1s observed, such that the C=0 str. for
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Se(III) is lower than for AL(III). This same phenomenon
is observed iu group IVA, where the C=0 str. for Ti(IV)
acetylacetonate is lower than for 5i(IV) acetylacetonate.
It would appear that in the second and third periods,
‘however, the effcts of mbonding are considerably smaller
than in the first transition period, since C=0 str. for
the acetylacztonates of the ions in these periods is,

as would be expected, higher than for the second short
period ions. ( g.g. C=0 str. for Zr(IV), Hf(IV) and
Th(IV) acetylacetonates is higher than»fbr Si(IV) acetyl-
acetonate, while G=0 str, for Ti(IV) acetylacetonate is

lower *han for Si(IV) acetylacetonate.)

However, the order of decrease of the M-0 str. and
C=C + C--CH3 str. with increasing at. nc. down these
periods is regular, suggesting that = and crnbonding_
have different effects on the IR spectré of these com-
plexes. Increcaced M-0 "-bonding involves a great dec—~
rease in the C=0 str, without greatly increasing the
M=0 str, while increased o-bonding causes a greater
increaée in MaQ str., without causing so great a decrease

in the C=0 str,
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A further difference whicn is noticeable is that
C=C strs is not raiséd mich by n~interaction, as compar-
ed with the lowering in C=0 str, which is produced, 6.g.

C=0 str. in A1(IIL) is lowered to 1597 cm™*, while in

Sc(III) acetylacetonate, it &g lowered to 1580 em™L,

On the other hand the C=C str., is raised to 1535 cm"l,

while Sc(III) it is raised to only 1529 em™ L, In group

IVA, C=0 str. in Ti(IV) is lowered to 1545 cm~T, and in

$i(IV) to 1575 cu™+

; while C=C str., is raised to only
1527 cr™! in the former, but 1555 in the latter. In

the second and third transition periods, however, where
x~interaction is small, Zr(IV) and HE{IV) have C=C str.
raised to 1540 and 1539 em™t respectively, while C=0 str.

is lowered to only 1591 and 1593 em L,

These eifects may be illustrated by the following
table (cm"l) |

Ion Group IITA Ion Group IVA
C=0str. C=Cstr, C=0str. C=Cstr., -
bt . bt .
AL 1597 1540 Si, . 1575 1555
ScitT 1580 15294y  TilTTY 1543 15274
YITT 1592 1530 | ZriiT 1591 1540
La 1594 1527 | HE" 1593 1539

The anamolous behaviour of Sc(III) and Ti(IV) i
attributed to n ~bonding effects in ions of the
first transition period.
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The interpretation of this is that in predominantly
n-bonding complexes, the polarisation of the ligand is of

the classic type, which may be represented as

R
C—«-O

H....../

g

while in complexes where strong n-~bonding occurs, the
effect is rather oneof equalisatidn of bond order due to

a pseudo-benzenoid +type resonance

] | .
\%—-—-o ™ -—0
) RIS Y
N

H// RV

This equalisation of bond order accounts for the
similtaneous lowering of both the C=C str., and €=0 str,

observed with the introduction of n—bdnding into the ring.
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This phenomenon of low C=0 str, and C=C str, is observed

alsc in the transition metal acetylacetonates, where

f-bonding is strong.

5. A. m~bonding and the carbonyl frequency in transition

metal acetylacetonates.

In the divalent TM acetylacetonate series g~bonding
effects do not appear to be Large from the evidence of
their electronic spectra. ( The energy of the ﬂsf-xz
transition is nct muich raised, as compared with non-TM
beta—~diketonates in which no n~bonding effects are
possible, such as in the K" salts. ) Accordingly, we do
not find any marked lowering of C=0 str. in beta-diket
onate series cf complexes of divalent TM's, éompared
with the acetylaceionates cf divalent metals in which
n~bonding effectsyare expected to be smell ( eeg. Ba,
Cca, gﬁg.)

M(Acac)?,;Mitha Cr Mnr PFe Coo Ni Cu 2Zn Cd

LY ———— gty —a— e et e oy vz e 2 Loty

=0 str.(cm:)l609 1569 1611 1581 1588 1598 1580 1586 1609
C=C str. 1522 1518 1520 1520 1521 1525 1536 1530 1522
M-0 gtr. 535 590 545 _558 581 593 615 564 556
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We thus find that the variations of C=0 str.
yield an inverse rélationship with M~0 str. on change
of central cation. TFurther, C=C str. is raised above
the frequencie s observed for the non-TM divalent com-

plexes.

However, in the acetylacétonate complexes of the
trivalent TM ions, we find that the C=0Q str. for the
ions which have partially filled d-orbitals ( Ti(III) -
Co(III) ) is much lower than in the ions which do not
( Sc¢(I1I) end Ga(III) ), whereas C=C str. is gemerally
lower, suggesting that x-bonding in these ions is even

greater than in Sc(III) =and Ga(III).

The variation of the C=0 str. and the C=C str.
for the trivalent tris(acetylacetonates) across the
series is seen in Fig. 33. Below this is seen the
variation of the ionic radii of these ions with at. no.
across the series, It is noticed that the C=0 str. and
C=C str. do not wary much across the series, except for
‘the high C=0 str., and the low C=C str. frequencies of
the Mn(III) complex, The ionic radius of the Mn(III)

~ion is exceptionally large, as seen in Fig.33, which is
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in keepingwith it having a low polarising power.

In the DBM and Bzac compiexes ( Fig, 23 ) C=0 str.
and C=C str. show the same tfends across this series of
ions, with C=0 str., beirg exceptionally high, and C=C str.
being exceptionally low for the In(III) complex. In
TFA complexes, however, this same frequency trend is not
observed, C=0 str. for the Sc(III) and Ga(HI) complexes
is, as in the other beta-diketonate series, higher than
for other ions in the series, but C=0 str. for Mn(III) is
not higher than for the other ions in *the series. However,
C=0 str. for the Co(III) ion is considerably lowered as

compared with the other ions in the series.

This may be interpreted in terms of the sfrong
electron-withdrawing powers of the triflubromethyl Eroup.
In most of the ions, fi=bonding is of the T—>M type, which

is weakened by electron-withdrawing 1,3-substituents.
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Therefore, a~bonding is wveakened in 2ll cases to the
level of x~tunding cbserved in the Mu(III) complex, so
that the C=0 str. for all of them occurs at nearly the

same frequency.

However, in the Co(III) complex, m-bonding is of
the M-n* +type, which is enhanced by electron withdraw-

ing groups

This accounts for the lowervfrequency of the C=0 str.
in the Co(III) complex. We thus find simiiarly that
the C=0 str, for the Rh(III) trifluoroacetylacetonate
is very low, which is in agrecment with its haviné an

electronic structure analogous to that of Co(III).

It is thus seen that the idea of weak n~bonding

in Mn(III) acetylacetonate is supported by evidence from
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the carbonyl region of the spectrum, as is also the
strong M- 7* hending character of the Co(III) complexes.
Further evidence for this is to be found in the veriation

of the C=C + C-R str. across the series.

As was seen earlier ( Fig. 32 ), the fregquency of
this vibration increases sharply with increasing polare
ising power of the central cation in beta-diketonates.
It is thus found that in all of the series of beta-
diketonates studied, this vibration occurs at much lower
- freguencies in the Mn(III) complexes, and at higher fre-

quencies for the Cc(III) complexes.

This is seen in the Table below, in which the
variation of the C=C + C~R str. in series of variously

substituted beta-diketonates with first transition period
1)

trivalent ions is shown (cm )3

Complex M = Sc¢ Ti V Cr IMn Fe Co

ara -— el g i o Nt L e

M(Acac)3 1276 1275 1276 1279 1256 1276 1280
M (DBM ) 1318 - 1317 1319 1304 1309 1320

M(Bzac§3 1294 -~ 1297 1299 1283 1294 1297
M(TFA)3 1300 ° - 1299 13G0 1290 1294 1302

M(DPM)3 1297 - 1297 1297 1288 1294 1310
M =Y Mo Ru Rh

M(Acac) 1265 1273 1273 1272
~ 1303

M(TFA)33 1297 1302
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Similar freguency trends may be observed for the
vibration C=0 + C-R str., as is seen below, although
these are not so well marked due to the much lower metal

sensitivity of this band,

vC=0 +C-R (cm"lb for beta~diketonate complexes of first

transition period trivalent icns.

V Cr Mn Fs Co Y Rh Ru Mo

mh«wh‘_-— — s

Complex M = Sc

e [

| 5

M(Acac)3 929 930 932 933 925 929 936 935 935 340 932
M(Bzac)3 961 ~ 959 961 956 960 965 ~ -
W(DBM) 941 -~ 941 945 939 940 950 = @~ -
M(TFA) 954 ~ 947 950 948 94S 954 943 947 - 947
M(DPM) 965 ~ 065 965 960 962 969 ~ — - -—

We find in the variation of the C-H bend of the
ring proton across these series ecvidence for electronic

shifts of the type

R
\\b~_-0

xU\k)

C-—O

/

R
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in that the C-H bend for the Cr(III),and particularly
the Co(III) complexes is extrerely low, while in the

other ions it is high.

C-H in-plane bend'(cm—l) in series of differently subs-

tituted beta-diketonate complexes,

Complex M=2_S Ti V Cr Mn Fe Co Rh Ru Y
M(Acac), 802 801 803 791 802 802 782 792 782 -
M (Bzac)2 806 -~ 804 792 804 806 790 - = -
M(DBM;‘J 817 - 81481 813 813 807 - -~ -
M (TFA)S 805 - 803 799 802 802 793 795 - 807
M(DPM)3 799 - - -

3 796 792 793 795 785 -~

There is thus ample evidence from ligand vibrations
that m—bonding in the Mn{(III) complexes ig weak, and
strong in those of the Co{III), Ra(III) sad Ru(III)
complexes, withq:~boﬁding of intermediate strength being
found in the Cr(III) complexes. This is thierefore in
agreement with evidence from the UV and NME spectra of
these complexes, and also with the degree of m~bonding
suggested by the variation of the M-O str. across these

series.
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B. Ionic radii, and the CF interpretation of the stability

of TM complexes

In both the trivalent M(Acac)3 and divalent
[M(Acac)zjhseries of acetylacetonates with tronsition
metals, we have seen that €-0 str. and C=C str. wvary
as would be expected from the conoomitant.variation
of r' aorose the series (i.e. C=0 str. exhibits an
inverse relationship with both C=C str, and ¥  on
change of cation across the series). In the divalent
series, M-0 str. also varies as wduid be expected
from the accompanying variation of r+m(i.e. The order
of stobility indicated by H-0 str. is the Irving~
Williams stability oxrder.)

When correlaiing stabilities of complexes with
the ionic radii of their central cations it should be
remembered that decreasing ionic radius, as determined
from M-L bond lengths in the crystal lattice, is the
result and not the cause of increasing M-I bond
strength. In the divalent B-diketounates evidence

from the UV and Ingaég;sﬁs that x~bonding is weak..
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It may therefore be expected that thé variation iﬁ |
M~0 bond strength { and hence r+ } will be a funectionm
of the o<bording alone;vand hence.df ~sH (as was: dise—
‘cussed previously, in the absence of strong n~bonding
effects, -61 is a measure of the M-L U-bondipg‘strength
of the complex). We thefefore find‘an agreement
between stability orders for complexes of divalent

ions predicted both by the variation of rt

and -5 H
across the‘series, in that r+lmust be a function of
~5H. | | |

Howevér;vin the trivalent‘acetyiacetonates it
is seen that the.vériation of r* in no way reflects
the variation of M-0 sﬁr. across the seriés (Figs 3,33)
which followsfinstead the oider suggestad by CFT.
Howaver, the variation of O=O's{n» follows the order
_ predicted by the concomitant variation of r¥. This
suggestslthat the effécts governing the frequency
of M-0 str. and C=0 str;.in the ﬁrivalent.series
afe.fundamentaily diffefentg

The wvariation of the 27 values acrose the tri-

‘valent ‘series which we have used, is derived Ffrcm




262

he variation of M-0 bond distances in more ionic
complexes such as oxidés. In these it is probable
that -8H is very smalllso that in the variation of
‘M—0 bond strength across the series n ~bonding effects

will overshadow variations in -~O8H. The poor =~bonding

ability of the Mn (111) ion therefore accounts for
the relatively large radius réponted for this ion
in these environments.

In trivalent acetylacetonates however, where
rt=bonding does not affect the M~0 bond order to such
8 great extent as do CF effecfs, we find that Mn-0
bond distances (68) are simila» to those of other first
transition: period trivalent ioms and that the variation

of M~0 bond distances is consistert with CFT.

However, even in the Acac complexes, where ©-~bonding
effects are not as large as CF effects, the poor wn~bonding
ability of the Mn(III) ion is evidenced by an M-0 str.
(570cm"l) which is lower than the theoretical value (590
cm"l) calculated using eq. 4 and 10Dg estimated from £
and g values,

Non-TM acetylacetonate M-0 bond distances yield a
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good linear relationship with ionic radii derived from:
-0 distances in the metal oxides ( Pauling crystal
radii), but in transition metal acetylacetonates, the
M-0 bond distances are shorter than estimated graphical~
ly using their ionic radii and the linear relationship
between M~C bond length and r* for non-TH acetylaceton~
ates. This shortening of M~0 bond lengths is taken (68)
"to indicate an increased covalency in TM acetylacetonat-
' eqbompared with the oxides used in the establishment of
Pauling's radii. Since the -0 bond distance in Zn(II)
acetylacetonate is also shortened, the increased coval-
ency cannot only be an effect of increased ~ 8H in pass-
ing from tlie oxide to the acetylacetonate gsystem , but
mist also be partially due to n~bonding effects { - §H

for Zn(II) = 0.)

Purther, the relative order of stabilities indic-
ated by ionic radii and by the actual M-0 bond lengths
for TM.acetylacetonates are not the same, suggesting
that chénge from Oné system to another alters the rel-
ative importance of o~ and ﬂ~~bondiﬁg 4 Cefo Mn=0 in

MnQOS is longer than in other first transition period
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oxides, but in Ma(Acac)., it is of a similar length to
: 3 .

It is therefore seen that, sinée rt for a series
of ions in one particular system is a result of their
bond bewd stabilisation in that system, these M-L bond
lengths cammot be reliably used to'predict:bond stabilit-
ies in other systems, where the relative importance of
different stabilising frctors such as -~ 6H, or n-~bonding
may not be the éame. However, the LFT appfoach méy be
used, since it takes into account both the effects of
stabilisation by CF effects ( =8 H ), and also T~-bondinge.
This is amply illustrated by the failure of the ionic
radius model to predict correctly the order of stability
of trivalent traunsition metal acetylacetonates as indicw-
ated by their M-0 str. frequencies, which the LF model

was able to do.
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6. The trivalent rare-earth acetylacetonates.

It is not at present possible to demonstrate CF
ef%ects in rare—-earth compounds, since there are insuf-
ficient available data for the calculation of energies
of lattice formation from a common valence state of
i ffge metal ions. Because of the small interaction
of the f-orbitals with the ligands, these are, however,
likely to be small., TFor example, a CF stabilisation of
1e¢5 kcal/mole has been estimated for Nd(BrO3)é ;9H20
(10).

More important than CF effects, howeﬁer, in det-
ermining the chemical and physical properties of these
ions, is the lanthanide contraction, which is the reg-—
u ar decrease in ionic radius from La(ITL) to Lu(ZIIL).
Properties such as stability constants, Tor example,
Iincrease regularly with concomitant decreases in ionic
radius.

In Figs. 34 and 35 the variation of the M-0 str.,
C=0 str., C=C str. and C=C + C—CHé str. with increasing

at. no. across the lanthanide series is shown. The
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variations in these vibrations are consistent with

electron shifts of the type below

However, it is observed that although the ¥-0 str.
Iincreases from La(III) across the series to Er(III)
( the last three members of *the series, Tm(Acac)B;
Y%(Acac)j and Lu(Acac)S were not prepared ), the increase
is not regular, there being a rise to the f7 configurat—
ion complex, and a slight decrease after it ( see Fig.
34 )« This is in agreement with the fact that: the g7
configuration, which is the "half-filled shell" config-
uration, has been quoted (62) as being of exceptional
stability, in that all variations from the trivalent:
oxidation state in lanthanide compounds appear to: be

directed towards attainment of this, or e2lse the a° or
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14 configurations. ( oo Em (£7s?) forms a stable

divalent oxidation state, since this then has the stable

g7 2

configuration, Ce ( f s2 ) forms a stable tetravalent

state with the £° configuration, e%c.)

However,'a flaw in the argument of the stability
of the f7 configuration per se has been pointed out
(22) in that oxidation states higher or lower than the.
trivalent state also occur which producé f6 ¢ valency"
2 ) or £t ( valency 4 ) configurations, as though even

O ana £ configurations results in

approach to the f
extra stability. ( Because f7 configurations are extra
stable because they have half-filled shell configurat-
ions, there is no apparent reason why the f6 configu~—

ration should be more stable than the f£° configuration,)

If we turn, howaver, to the variation of the M~O
str. with at. no., it is seen that an extré stability
is associated with the f6 configuration, as is élso
evidenced by the low C=0 str. frequency for the azetyl-—
acetonate of the a°: configuration ion. The origin of
this stabiiisation pfobably lies in the exchange energ-

ies which are associated with electrons of parallel
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spin (19). The &.change energy is given by (19) the

expression

R = NK

where E is the exchange energy. K is a constant, and n
is the number of distinct pairs of electrons having
parallel spins. In configurations in which the number
of f-electrons is less than, or egqual to 7, the numbef
of pairs of electrons having parallel spins is given by
(n - 1)¥ ( where n = the nmumber of f-electrons ), while
with more than 7 f~electrons, the number of pairs having

parallel spins is given by

= (o~ 814+ 21

. . i
so that the exchaage energy of the various corfigurations

are given by NK where N for the M3 lanthanides is as below

Ia Ce Pr Nd Pn Sm Eu Gd Tb Dy Ho Er Tm Yb Iu
0 1 2 3 4 5 6 7 8 ¢ 10 311 12 13 14
0 0 1 3 6 10 1§ 21 21 22 24 27 31 36 42

It is therefore seen that a node results at the
f7 configuration, which possibly accounts for the node
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observed in the variation of thne Mx0 str. with at. mo.
ot the f7‘configuration in}ﬁhe trivalent. rare-earth
tris(acetylacetonates), Similarly, the stability of

the £° configuration is accounted for by this idea.

The generally high C=0 str.‘and T9% M=0O str. fre-
.quenCies observed for-fargeéarfh acetylacetonates are
éonsistent,with tHe small 7 and O interactions expec—
ted for these complekes, as e#idehced also by the
close resemblance of their UV spectra to those of the

-free ions..

7. The effect of change of 1,3~substituent on the beta~

- dikevonate IR spectrum

As was discussed in sectiom. 3.C., the band at 455
cm"l,vand the corresponding bands in other betawdiket-
onates ( band 4, assigned to B=0 + C-R str. ). appears
to be the most reliabie for the purposes of ekamining
‘the effects of change of l,3—lsubstiﬁuent'on the beta-
diketbnate SPeCﬁnﬂﬁ, fof the reason that the M=0 str.
is'coupled to the C-R str., which both should exhibit

parallel shifts on change of 1,3~ substituent, as indic-
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by the eleciron shifts

R

while the M~O0 wstr, itself Was inconvenient for use in
studying the effect of change of l,j~‘substituent,
because of the coupling of this band to ring def. vib-
rations which also occur in the same region as the

-0 str. fregquency.

In the Tuble below we see M=O + C~CH, str., the

3
M~0 str., and stability constant data for the complexes
NiL2 and Cul,, where L = DBM, Bzac, Acac, TFA and HFA,
(em™L), -0, str. is the M~0 + C-R str.

Complex  log KjF,™ M-0 str. M-0, str. C=0 str.

Cu(DBM)2 24294 658 465 1549

Cungac )2 2301 629 459 1562

Cu Acac)2 23466 615 455 1580

Cu(TFA;Q 17020 534 445 1616

Cu (HFA) 2 - - 520 415 1655
o N S - S
Ni(Acag), 17408 593 437 1598

Ni(TFAg2 1402 497 431 1637,
Ni (HPA)S - = 397%  1644°

2ref. 55,
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It is seen that the %ariation of both the M~0 str.
and M~0 + C-R str. ( which we shall refer to in future
as the M-0,str. ) indicates the same order of inprease
of stability for these complexes on change of 1,3~
substituent as is indicated by stability constant data
for these complexes ( viz. HFA{ TFA { Acac { Bzac { DBM).,
The reason for this variation is most® likely to: be
found in the electron shifts indicated on page 272 for

beta~Ciketonate complexes on change of 1,3- Substituent.

Recently Swain and ILupton (69) have shown that a

substituent effect (v) may be expressed in the form
o = fF 4+ R

where ¥ and R are field and resonance parameters, and
f and r are coeeficients which determine the relative
weightings of the field and resonance effects approp~

riate to tne system being examined.

The weighting factors appropriaté to the beta~
diketonate system are not known, buft it is seeun in the

Table below that for the complexes of the K& and A1THH
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ions the order of increase of the M~04str.-is approx—
imately the came as the order of decrease of both F and

R for the different substituents.

Table 16

Pield and resonance contributions of 1,3 substituents
of beta-diketonates of A1(III) and K(IS compared with
M~0,str. (ecm~l) for these complexes.

Substituents ' M~O4str.
E; Eﬁ -FRl + Fﬂg_ RRl + Rpo At Ei
CHy CH, ~0<10 ~0+28 493 412
011'13 Ph 009 -0.23 472 404
Ph  Ph 028 -0+18 = 455 355
CH3 CF'3 _ 0+58 0+05 464 387
CP, CF, 1.26 © 038 424 364

However, if we examine the order of decrease of
the M—O4str. in complexes of these ligands with TM's,
the complexes of the phenyl-substituted ligands appear
to be stabilised relative to those of acetylacetone,
rather than destabilised, as in non-TM complexeé. We

may interpret this as the weighting of the F and R
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components of o being altered to favour the resonance
( R ) component, since the d~orbitals present the poss—
ibility of the additional canonical structures below,
which are not possible with non-~Tli*s where no d—orbit-—

als are energetically available for = ~bonding

9-—C 4 C
Ho /‘) \C-—-H Hoe \\c-—
‘{{c_...c-/ ‘\\c---c/
/ V4
i \"“\c._—:o . >-—--0
Ha-e;C/ %;M Hee \\M
N Lf \;cmo/
R R

We thus find that in TM beta-diketonates, the
order of increase of the M—OAStr. Is HFA <TFA <Acac <
Bzac< DBM, compared to the order DBM <HFA <TFA < Bzac<

Acac. in non- TM's,

We may rationalise this data in terms of the

welightings of ¥ and R as follows} We suppose that in
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non-TM beta-diketonates, the resonance contributior

to stabilisation (r) is always less than 25%, with the
field contribution {f) being more than 75%. In TH
complexes, however, a high degree of resonance is poss—
ible in phenyl-substituted forms, so that £ and r
should have values of about 25% and 75% respectively in
the Bzac complexes, and Q% and 100% in the DBM complex-—
es respectively, Usihg these f and r values, o for
thesevvarious types of complex shows an inverse relat-

ionship with the concomitant M—O4str. fregquencies.

_Table 17

Field and resonance contributioms, ¢ and the Ma04str;

bt

(cm—l) in a non-TI (Al ) compared with a TH (Cu++).

Complex | £ (%) r(%)_ o Mfoqstr.
Al (Acac). 100 0 ~0¢10 493
Al(Bzac)% 100 0 009 472
A2 (DBM) 100 0 0+28 455
AT (TFA)3 100 0 058 464
Al(HFA)3 100 0 1.26 424
Cu (DBM),, 0 100 ~0+18 465
Cu(Bzac )2 25 75 ~Q0e15 459
Culhcac),” 75 25 -0+10 455
cu (TFA), 75 25 0+45 445

Cu"(HFA)2 4] 25 104 415
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It 39 possible to adjust the £ and r coefficients
for the TFA and HFA complexes of AL(III) and K(I) so
as to lower o to a lower value than in the DBM com-
plexes of these two ions, This would then fit the
observation that the M-O4str. is higher in the TFA
complexes of AL(III) and K(I) than in the DBM complex—
es. However, it would involve raising the resonance
contributions to o in the TPA and HFA complexes to
75% and 100% respectively, which seems extremely un-—
likely. (There is no reason why trifluoromethyl groups
should be able to enhance resonance in non-TI complex-
es, as compared with resonance in phenyl substituted
forms.) It ié more probable that the magnitude of F

for the phenyl group has been underestimated,)

The effect on the M—O4str. of change of 1,3-
substituent is illustrated in Fig. 39, where the effect
of change of retal type from TM to non-Tk is also seen.
There is a marked change—~over from upward to downward
slope in the series Acaé, Bzac, DBM on change of cen-
tral cation from TM to non-TM. The greater the upward

slope, the greatér is the stabilisation of the complex
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resulting from phenyl substitution,

It is noticed that the upward slope in the series
Acac { Bzac ( DBM is steepest in the Co(III) ion, indic-
atinmg the greatest x~-interactiom between this ion and
the beta~diketonate ring, which is in agreement with
previous observations on the extent of x~bonding in
the beta~diketonate complexes of this ion, Further,
it is noticed that the upward slope Acac { Bzac <DBM is
least steep in the Mn(III) complexes, which agrees
Turther with our observations on the poor =~bonding

ability of this ion.

Similarly, in the sceries Acac » TFA> HFA, it is
noticed that the destabilisation of 1bhc. complex is
least with the TM ions. Moreover, in Mn(III), the
downward trend indicated (the HFA complex of Mn(III)
was unfortunately not prepared ) appear to be as‘steep
as those observed in non-TM's, supporting once more

the idea of weak n~bonding in this ion.

It is noticed that reasonably good linear relat-
ionshinps are observed between M-O4str, and C=0 str. on

change of 1,3~ substituent.( Fig. 27 ). This linearity



284

is however, broken by a change in structure along the
series. Thus we observe that, whereas the relation~
ship of 1-0,str. with C=0 str. is linear for the com-
plexes Pe(DEl),, Pe(Bzac)s, Fe(Acac)3, Fe(TFA), and
Fe(HFA)3, with the analogous Cu(II) series Cu(DBM),,
Cu(Bzac)Q,_Cu(Acac)z, Cu(TFA)2 and Cu(HFA)Z(HQO), the
M—O4str. for the latter complex is much lower than
would be expected from interpolation of the best str-

aight line through the points for the other complexes.

Purther, we see that the point for the complex

Cu(TFA)z(HZO), is lowered relative to M-0, str, for

4
the anhydrous complex. However, the lowering is not
as large as woulad be expected by compariSon with the
extremely low M—O4str, observed for Cu(HFA)Z(HQO).
This may be explained in terms of the relative polar-

isability of the oxygen atom in the HFA complex, and

in other complexes,

In most beta-diketonate anions, the polarisabil-
ity of the oxygen atoms coordinated to the metal is
greater than the polarisability of the oxygen atom of

the water molecules, so that the water molecules are
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less firmly bound. However, the polarisability of the
oxygen atom of the water molecule is greater than yhusé
on the HFA™ anion, as is evidenced by the fact that
hexafluoror.cetylacetona complexes (107 ) may be hydro-
lysed by water, as is found in the Mn(III) complex,

which may be hydrolysed by water from the atmosphere

MII(HFA)3 + 121‘120 — Mn(Hzo)g'*"*'.;. 3(HFA.2H20)%7;

This suggests that the electron shift below

R
N,
- H
77 N\ s
~ /p===o' H
R
wnich is not very large in Cu(TFA)z(Hzo), is of para-
mount importance in Cu(HFA)z(HZO), accounting for the
extremeky low M-O4str.. By comparison, we see that the

water in Cu(TFA)z(HZO) is lost on standing at room

temperature, while Cu(HFA), (H,0) may be sublimed in
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vacuo without loss of coordinated water.

CONCLUSIONS

We have come to the conclusion that the variation
of M-L_frequencies in the IR spéctra of TM complexes
may be rationalised in terms of the CFIT. Where variat-
ions from CFT predictions are observed, these may be

attributed to two main effectsy

(1) » -hornding. Strong n-bonding encountered in low-
spin ions, as in Co(Acac)S,and Rh(Acac)S, or
[Mn(CN) 1" and [Fe(CN) 1P, causes M-L str.
freguencies higher than predicted by the CFL,
while very weak n-bonding, as encountered in
Mn(IIT) beta—diketonates, may cause lower M-L

str., frequencies than expected from CFT.

(2). Differences in structure across a series of TM
complexes, as was seen in the square-planar or
tetragonally distorted complexes of Mn{III) and
Cu(II). |
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Purther, it was found that the effects on change
of 1,3-~- subgtituent could be rationalised in terms of
the electron-withdrawing powers of Fhe 1,3~ substit-~
uent. The phenyl group was found to vary in its effect
on the stability of the complex, having a ‘destabilising
effect on the complexes of metals in which x ~bonding
was not possible, but having é stabilising effect on .

the complexes of metals in which = -bonding was strong.

It was further found possible to rationalise the
variation of M~L frequencies of non-TM complexes in
terms of their ionic radii, and the charge on the
central cation., The variation of the M~L frequencies
in the tris(acetylacetonates) of rare-earth trivalent
ions were rationalised in terms of the concomitant

variations of the exchange energy across the series,
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