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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
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ABSTRAET
ANV

‘'The vapor-phase core binding energies of some tris R-diketonates of
Al1(III), V(III), Cf(III), and Fe(III) and of two B-diketones have been
measured. The rather largé shifts observed for the Al 2p energies are

Beliéved to be caused mainly by changes in the electrostatic potential

.-at the Al atom due to changes iﬁrthe charges of the ligand atoms.

’

' Considerable resonance relaxation energy is associated with the core

ionization of the carbonyl carbon atoms and the CH carbon atoms. The data

for the metal hexafluoroacetylacetonates show that the metal d orbitals

are not significantly involved in the bonding and suggest that there is

. no strong ligand+metal donor bonding.
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INTRODUCTION
ANV

X~-ray phétoelectron spectroscopy has been shown to be a useful
technique for determining atomic charge distiibufions within molecules,
ﬁarticularly when applied to molecules in the gas phasel’z. Wé haﬁe
used this technique to obtain the core electronvbinding energies of a
series of volatile tris deiketonaté complexes iﬁ order to study the
valence(eleqtron distribution and bonding in'tﬁese»compounds. The B-
diketonate_ligénds studied were heXafluoroacetylgcetonate (hfa),
trifluoroacetylacetonate (tfa), aéetylacetonatei(écac), and 2,2,6,6—
tetramethyl—B,theptanedionate (thd). The‘compouﬁdé andﬂmeasﬁ:ed core
- binding energies are listed in Table 1. We shall separ‘a’telyv discuss thrée
asPecté of the data: (1) the trend in the'aluﬁinum binding energies, (2)
the ligand atom biﬁding'eﬁergies'of the aluminum éoﬁpiexes,‘and (3) the

ligand atom Binding energies of all the hfa'compiexes.

DISCUSSION
AANANANAN

The Aluminum Binding FEnergies

A chemical shift in core binding energy can be equated to the sum of

three terms: () a term proporfional to the chanée in thé charge of the
atom that uﬁdergoeé core ionizatiom, (2) the change'in electrostatic
potential aﬁ.the site of the core ionizing atom due to thé charges of the
other éﬁoms in the two molecules, and (3) the change in the relaxation

energy associated with core ionizatioﬁ ’



4

4

,BDB
Apaatt

i)-;"

Table 1. CORE BINDING ENERGIES OF METAL B-DIKETONATES AND B-DIKETONES

™

Compound Binding Energy, eV
Metal 2p 01s F 1s C 15
CF3 co © CH . CHs

Al(thd) 79.03 536- 46 291.0 289.83%
Al(acac) s 79.33 536.70 291.93 - 289.24 290.31
Al(tfa); ~ 80.36 537.75 693.72 298.05 293.00 290.30 291.09
Al(hfa), 81. 44 538.77 694.27 298. 66 293,89 291.2
V(hfa), 522,340 538. 64 694.29 298.64 293,74 290.93
Cr (hfa) 5 584.0 © 538.72  694.33 298,69  293.81 . 290.99
Fe(hfa) ——- 538.75 694.37 298.94 294,14 291.33

539.01° 4.55 298,90 294,22 291.5
H(hfa) {540.30 694. : : .

537.519 Jca
H(acac) {533 o 292.80 . 290.75

?Combination peak due to all non-carbonyl carbon atoms. b2p32 level. cAssuming equal intensities

for the two iines, the FWHM values were 1.4 and 1.2 eV for the lower and higher Ep lines, resp.

d

The line of lower Eg (FWHM = 1.3 eV) was about 0.7 as intense as the other (FWHM = 1.5 eV).
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AEg = kAQ + AV + AR 1

In the case of the tris B-diketonates of aluminum, fhe molecular structure
in the vicinity of the aluminum atoms is unchanged, and we believe it is
a good approximation to assume that changes in the rélakati;n e;ergy are
zero for the aluminum 2p binaing energies. Thus in this éasé wélﬁéy
write AEg = kAQ + AV. |

One methodvfor estimating the atomic charggs in:such ccmplexeé is the
CHELEQ electronegativity equalization methodz.' ' We have used this metﬁod
to calculate the atomic charges in Al(hfa)a and Al(a§a¢)3 by making the
assumptions that the aluminuﬁ atom uses only s.aﬁd,p valence orbitals, that
. the ligand atoms in the rings use sp2 hybrid orbitals in their sigma ‘bonds,
and that the bond order between the ligand atoms in the rings is 1.5.
We found that we could obtain exact agreement between the calculated and
- observed shift (2.11 eV) by assuming that tﬁe CH3,cafbon atomé in Al(acac)s
use sp3 hybrid:orbitals and that fhe CF, carbon.atomé in Al(hfa); use ‘
orbitals with 102 s character in the C-F bonds and'orbitals_with 70% s

character in the C-C bonds. The calCulgted CHELEQ charges are shown in

the following'structurés.

\ %
////Alo.ues+ Al0. 894
0o v ‘00¢.266=- //// T\\\oo 258—
l CO¢ 1394 ‘L o C6.2u3+
H-—/C 0-0:3\-C4022-'C—H Fee(C 0.015+ ¢ 0.3>C_F
[ N 7 | N F
H 0. Baut o.§1e+ ' F 0. ik 3

364 0¢e155=
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The changevin the CHELEQ aluminum atom charge is so small that a reasoneble
‘ Sk . o -

k value of‘lO.4 corresponds to a negligible value (0.03 eV) for kAQ.
(The value of 10.4 is estimated from the flrst ionization potentlal of
aluminum and the second ionization potential of 3111con, using the

' equivalent cores approximation.)

',A'eecondimethod‘uhleh ue have;used for estiuetlng atomic charges ie
tue CNDO/2 method3. ‘. Ou; CNDO/2 eomputer prugram,cannot be used to
make calculations on molecules ﬁaving more than 35 atoms or more than
'HBO valence etomic.orﬁitals; therefore we approkimatee'the desired calcu-
lations by caleulating the atomic charges for the following bis(formato)-
' mouo(B—diketoueto).complexes: (HCOQ)ZAl(acec) and. (HCO;)sA1(tfa).

The calculated CNDO/2 atomic charges in the B-diketonate rings of these

‘hypothetical complexes are shown in the following structures.

\\//

A11°257+ - A1l-275. :
/ \oo 416- 0,403~ 0/, \00'.3au-
l 0325+ 0.331F ¢ ' co- 245+t
o 263~ ///:fo::\\ 0. 073—C o.zza-C///:T;:::\c<:_F
// ‘ , ;w7 T \"F
b ' H H H ‘ F-
0.013+4 0,035% o 061t 0.026+ 0,202~

By assumiug-thét the atomic charges in Al(acac); and Al(tfa); are the same
as those_iudicated in the appropriate structures above (but using three
‘times the indicated chauge in charge for the aluminum atom), and by

estimating_k = 10.4 for aluminum, we calculate

SEe600p e oo
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AEy = kAQ + AV = 0.25 + 0.69 = 0.9 eV

This calculated value is remarkably close ﬁo the dbéerved shift, 1.08 eV.
In this case the change in the aluﬁinum atom charge is not negligible;
nevertheless the AV term is almost three times as 1afge as the kAQ' term.
It is interesting that these two very different methods -can give
atomic charges consistent with the ébserVed chemical shifts, even though
the calculated charge distributions are very different. According to the
CNDO/Z*calculations,.réplécementfof a CHs gfoup by a CF; group causes the
carbon atom to which fhe group is attached.to become less positive and
the other atoms of the ring to becoﬁe more positive‘ér less hegétive.
- Results of this type have_been,ﬁreviously nétéd in CNDO Calculations4;-'

ab initio calculations5

, and XPS-derived charges® On the other
hand, the CHELEQ atomic charges show the élassicél inductiﬁe effect upon
replacement‘of a CH; grodp by a CFs3 group. -Probabiynthe only clear-cut
lesson to be learned fr§m the aluminum binding energy data is that, even
if 1arge'Chemical shifts in the binding energy of a metal are observed
6n going from one compound to another? the change in the metal atom
charge méy be very small. |
| It has been well documented that core elecﬁron‘binding energy shifts

can be closely cofrelated with cﬁemical reaction eﬁérgies7’8, One
might ekpect a good correlation between the aluminum bin&ing energies in
these chelates;énd the aqueous pK valuesvof the corfesponding B-diketonesg‘lz.

hoq{ ‘A plot .of these two quantities against one another is shoﬁn in
Figure'l; 'Thé point for thd lies off the straight line because of what
we believelis an abnormally high aqueous pK value for H(thd).v This

diketone has two bulky t-butyl groups which may hinder hydration of the
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anion. Presumably a correlation of the binding energies with gas-phase
pK values would not show this anomaly.

The Ligand Atoms of the Aluminum Complexes

Among thé aluminum complexes; the binding energies of a ligand atom
of a particular type qualitatively follow the same trend as the binding
energies bf the aluminum aﬁbm, i.e., Al(hfa), >_A1(tfa)3 > Al(acac)s >

Al (thd),. .This trend is that expected when one stepwise replaces the -
| fluorine afoms of the CF3 éroups with the mofe éieétropositiﬁe hydrogen
atoms andvthen with the more polarizable CH3; groups. The decrease in
. binding energy is.undoubtedly due to a reduction of both the absolutg
‘atomic charge and the electrostatic potential term'and,.in some cases,
to increased relaxation (more'negative ER) .

We have used the CHELEQ method (assuming tﬁe boﬁding in the chelate
rings to be as we have described above), and equéiibn 1 (using k and &
values empirically evaluated from data for éompdunds with ﬁnambiguous

13) to calculate the absolute.values of the ligand atom

structures
binding energies for the aluminum complexes. We obtained féirly good
'agreement.fpr the fluorine atoms (deviation ~n 0.14 eV), the oxygen atoms
(déviations.< 0.5 eV), and the CX, carbon atoms (deviations é 1.08 eV),

but the calculated values for the carbonyl and CH;carbon atoms were much‘

too high (by éé much as 3.0 eV in the case of Al(hfa);). We belieﬁe

tﬁe 1attér*discrepancies were due to gnaccounted—for relaxation in the
'core-ioniied molecules. In the case of the core ionization of the‘carbonyl
carbon at§m (in which the core is effecti&ely cqnverted to that of a nitrogen

atom), the resonance structure weighting probably changes in the direction

indicated:.
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. This relaxation process corresponds to a shift of negative formal charge
to the oxygen atom bonded to the core-ionized carbon atom. In the case

of the CH carbqn atom, the.resonance structure weighting probablyvthaﬁges

in the follqwihg direction:

N e

c
| — |
;| B

The latter relaxation process corresponds to putting lone pair electron

density on the core-ionized atom.

"The Ligand Atoms of the hfa Complexes

The binding energies of the carbon, oxygen, and'fluorine atoms in

the several hfa complexes change very little on going from one metal com—

plex to another. Thus there is no evidence for participation of metal
d orbitals in the bonding of the transition metal complexes. The same

' conclusion has been reached by other investigators with respect to

acetylacetonate complexes on the basis of structuralls, magnetic15’16,

15,17

and spectroscopic data. The carbon ls binding energies of the

' hfa complexes are not much shifted from those of H(hfa), which exists

entirely in the enol formlA. " However the fact that the H(hfa) oxygen



-9-

1s binding energies are greater than that of the metal hfa complexes
suggests that there is no strong ligand®metal donor bonding in the hfa

complexes.
EXPERIMENTAL
AN

Spectra were obtained using the Berkeley iron-free double-focusing
18

" magnetic spectfometer . - The B-diketones and the metal hexafluoro-
zacetyiacetonates were placed in a glass vessel connected to the irradiation

" chamber by a short length of stainiess steel tubing. The other metal

| compleXés were placed:in a coﬁper chamber which was héated>just enough to

provide sufficient vapor pressure (ca 2 X 10—2 torr) to obtain a éood
'spectrum. Magnesium K, X-rays (1253.6 eV) wefe usgd. " Either neon or

' argdn ﬁaé.iﬁtroduced with the samples, and the Ne.ls line (Eg = 870.23 eV)

- and the Ar 2p%é line (EB = 248.45 eV) were used as references;- Binding

"energies were determined by a least-squares fitting of the data to

Lorentzian line shapes. The relative accuracies of the peak positions are’

. gemerally about * 0.05 eV, however the data in Table 1 given to only one

decimal place are believed to be accurate to +0.1 éV. The reported binding .
energles are absolute free-molecule ionization potentials, with absolute
unceftainties of + 0.1 eV, or, in a few cases, * 0.2 ev.

V(hfé)a was prepéred by a method analogous to that f;r Al(hfa)s,

1.19, Al (hfa); was prepared. by the reaction

described by Morris, et a
of anhydroﬁs aluminum chloride with H(hfa) in CCl. and was recrystallized
from the same solvent. Fe(hfa); was prepéred by reaction of aqueous iron(II)

éhloride with a hexane solution of H(hfa).A The products were purified by

L8600 PEEDOD
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sublimation. Cr(hfa); was synthesized by the méthod'of Sievers, et a1.20

by heating chromium(III) nitrate nonahydrété‘and H(hfa) in ethanol.
The product was recrystallized.from CCl,. Al(acac), was prepared as
descriﬁed by Young21 _-and- the product was recfystélliZed ffom benzene
by the addition of hexaﬁe.._Al(tfa)3 and Ai(thd)3 were synthesizéd by |
analogous methods gkcept that they wére pﬁrified by fr;ctional sublimation
in vacuo. The H(hfa) and H(acac) were purified by ffadtionél distillation
imhediatgly before‘obtéining their spectra. |

‘The CNDO/2 calculations were made using‘;he parameters for hydrogen
and the firét-row elements given by Pople and Beveridge3. For aluminqm
we used Santry and Segal'522_~_ method of parameterization, Hinze and
Jaffé'323 - orbital ionization energies and elecéfon affinities, and
Cusachs and Corrington'szé :5 vaiencé s orbital wavefunctioné. Structural
data required in the CNDO/Z and CHELEQ claculations were esﬁimated from

the parameters given for Al(acac)als;
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. FIGURE CAPTION

"Fig. 1 - A plot of Al 2p binding energies of tris B-diketonates vs
aqueous pK values of the corresponding B-diketones. Data from

Table 1 and Refs. 9-12.
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