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Abstract

The electronic structures of yttrium(III), gadolinium(III) and ytterbium(III) tris-2,2,6,6-tetramethyl-3,5-heptanedione (tmhd) com-
plexes have been investigated by HeI and HeII photoelectron spectroscopy (UPS), UDFT and OVGF calculations. We discuss
metal–ligand bonding in the series of metal b-diketonato complexes on the basis of empirical arguments. The photoionization cross-sec-
tions and orbital energies of metal atoms must both be taken into account in order to rationalize changes in relative band intensities of
the HeI/HeII spectra.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Coordination complexes between metals and organic
chelating ligands (e.g. acetylacetone; acac) are interesting
because they provide models for chemical processes like
adsorptions on the surfaces of metal catalysts or for bioin-
organic molecules like metalloenzymes. The complexes
between metals and acetylacetone derivatives were investi-
gated by UV photoelectron spectroscopy (UPS) and quan-
tum chemical calculations [1–5]. The UPS spectra of
complexes between metals (e.g. Al3+, Mg2+, Ni2+, V3+,
Cr3+, Cu2+, Zn2+, Ga3+, In3+, Pd2+, Pt2+, rare-earths)
and acac type ligands have complex appearances due to
the high density of ionic states. The main interest in these
studies was the nature of metal–ligand bonding and in par-
ticular the identification of orbitals with metal character.
Quantum chemical calculations were used to analyze bond-
ing, but due to the sizes of molecules the computational
results were of limited accuracy. The use of CI method
was recommended for the interpretation of UPS spectra
[6] especially in view of the large reorganization effects tak-
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ing place upon ionization [4c]. The magnetic moment mea-
surements of rare-earth tmhd complexes (in solution/solid
using NMR or Gouy balance) have indicated that Gd
and Yb complexes are paramagnetic and have open shell
electron configurations in the ground state [7]. Paramagne-
ticity, together with large molecular size increases compu-
tational demands, increases the density of ionic states
present (and hence spectral bandwidth) and reduces the
reliability of calculated results [3,4a,4b]. Additional exper-
imental information therefore becomes essential in order to
get reliable understanding of metal–ligand bonding. This
information may be obtained when UPS spectra are mea-
sured at several photon energies [3,4a,4c], because the
changes in relative band intensities provide reliable insight
into the nature of valence orbital ionizations. The reported
UPS studies of rare-earth b-diketonato complexes [5b,8]
suggested only a weak involvement of metal 4f orbitals in
bonding. However, poor spectral resolution and absence
of studies at variable photon energies make the suggestion
tentative. The UPS study of b-diketonato transition metal
complexes e.g. Co(acac)3, V(acac)3 and Cr(acac)3 showed
pronounced changes in HeI and HeII relative band intensi-
ties [3]. Each complex shows different HeI/HeII intensity
changes which were (incompletely) rationalized by claiming
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2300 I. Novak, B. Kovač / Journal of Organometallic Chemistry 692 (2007) 2299–2305
that this was due to certain orbitals in the complex having
metal 3d character. We decided to reinvestigate the UPS
work on metal b-diketonato complexes and provide a uni-
form explanatory framework regarding metal–ligand
bonding and concomitant intensity changes.

We use experimentally derived metal orbital energies
and calculated atomic orbital photoionization cross-sec-
tions in order to interpret the spectra and deduce the prop-
erties of metal–ligand bonding. The combined effect of
these two factors on the spectral band intensities has not
been considered previously.

2. Experimental and computational methods

The sample compounds: Y(tmhd)3, Gd(tmhd)3 and
Yb(tmhd)3 whose structural formulas are shown in Scheme
1, were purchased from Acros Organics and used without
further purification after checking their identity and purity
by MS and CH analysis.

The HeI/HeII photoelectron spectra were recorded on
the Vacuum Generators UV-G3 spectrometer and cali-
brated with small amounts of Xe or Ar gas which was
added to the sample flow. The spectral resolution in HeI
and HeII spectra was 25 meV and 70 meV, respectively
when measured as FWHM of the 3p�1 2P3/2 Ar+ Ar
(1S0) line. The samples were recorded at temperatures
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140–160 �C. The measured spectra were reproducible and
showed no signs of decomposition.

The quantum chemical calculations were performed
with GAUSSIAN 03 program [9a] including full geometry
optimization of the neutral molecule at UB3LYP level as
the first step. (The basis functions for all atoms were effec-
tive core potentials of SDD type [9b]). The eigenfunctions
obtained via UDFT calculations were tested for stability
in view of the paramagnetic nature of Gd and Yb com-
plexes. KS orbital energies are known to be lower than
the experimental vertical ionization energies, but their
ordering provides correct sequence of ionic states for spec-
tral assignment. This notion is confirmed in Table 1 where
KS energies are in only a fair agreement with experimental
values. The deficiency of such Koopmans type approxima-
tion can be circumvented by performing single point calcu-
lation with OVGF method [10]. The method obviates the
need for Koopmans approximation and provides vertical
ionization energies with typical deviation of 0.2–0.4 eV
from the experimental value.

However, due to the size of our complexes we could not
perform this calculation for the original complex species.
We have instead performed OVGF calculations for the
ligands themselves (acac, tmhd) (Table 1). We have also
performed the OVGF calculation for tmhd negative anion,
because tmhd ligands coordinating the metal atom have
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Table 1
Experimental (Ei/eV) and calculated (DFT–OVGF/eV) vertical ionization energies, assignments and relative band intensities of rare-earth b-diketonato
complexes, their acetylacetone analogues, tmhd ligand and its anion

Complex Ei MO Assignment Rel. intensity Acac analoguesa

Y(tmhd)3 DFT Y(acac)3

X 7.95 6.0 Y5s + ptmhd 1 (HeI) 7.92
1 (HeII)

A–C 8.55 6.15, 6.45 ptmhd 1.63 (HeI) 8.20, 8.98
6.61 n� 1.7 (HeII)

D–E 9.55 7.56, 7.70 n� 1.24 (HeI) 9.14
1.10 (HeII)

(10.8) 9.94, 10.26

Yb(tmhd)3 DFT Yb(acac)3

X 8.05 6.0 Yb4f + ptmhd 1 (HeI) 8.2
1 (HeII)

A–C 8.70 6.20, 6.42 ptmhd 1.9 (HeI) 8.2, 9.0
6.64 n� 0.64 (HeII)

D–E 9.55 7.59, 7.73 n� 1.34 (HeI) 9.0
0.55 (HeII)

(10.05) 10.06, 10.3

Gd(tmhd)3 DFT Gd(acac)3

X 7.8 6.12 Gd4f + ptmhd 1 (HeI) 8.1
1 (HeII)

A–C 8.4 6.15, 6.42 ptmhd 2.0 (HeI) 8.1, 9.0
6.64 n� 0.83 (HeII)

D–E 9.45 7.46, 7.64 n� 1.6 (HeI) 9.0
0.63 (HeII)

10.7 –

acac OVGF

X 9.18 9.07 (keto) n�
8.35 (enol) p

A 9.74 9.62 (keto) n+

8.62 (enol) n

tmhd OVGF

X 8.65 8.47 (keto) n� 1 (HeI)
7.92 (enol) p 1 (HeII)

A 9.1 9.07 (keto) n+ 1.4 (HeI)
8.87 (enol) n 1.3 (HeII)

tmhd1� OVGF

7.30 p
9.3 n�
9.95 n+

a Experimental data for acetylacetonates are from [5b].
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negative charges. From such calculations we can establish
the total number of ionizations below 10 eV, because the
replacement of t-Bu with methyl groups in the ligand leads
to only a small inductive shift in ionization energy. OVGF
results indicate that one can expect six ionizations below
10 eV (Table 1).

The molecular structures of Y(tmhd)3 and Gd(tmhd)3

were determined by gas-phase electron diffraction and
shown to have C3 symmetry with the coordination sphere
of metal resembling a distorted trigonal prism [11]. The cal-
culated and experimental geometries are in good agreement
with each other (Table 2). The complex molecule consists
of three six member rings with each ring containing a metal
atom and a bidentate tmhd ligand (Scheme 1). The rings
are nonplanar with dihedral angles of 17� and 28� in
Y(tmhd)3 and Gd(tmhd)3, respectively.
The nonplanarity suggests that steric crowding due to
bulky t-Bu groups has important influence on the molecu-
lar structure and that the metal–ligand binding does not
involve significant p-delocalization along the chelating
ring. A further indication of relative weakness of the
metal–ligand bond comes from the observed Y–O bond
length of 2.23 Å which is very similar to Gd–O distance
of 2.258 Å, even though the Y atom is much smaller than
Gd. The bite angles in Y and Gd complexes are also similar
at 75� and 72.8�, respectively.

3. Results and discussion

The HeI and HeII photoelectron spectra of rare-earth
complexes and of the tmhd ligand are shown in Figs. 1–4.
The spectral assignments are summarized in Table 1



Table 2
Estimated atomic valence orbital energies ei [13], photoionization cross-sections r for atoms [12], calculated and observed geometrical parameters for Y
and Gd complexes [11]a

Atom Orbital ei (eV) r/Mb HeI/HeII Geometrical parameters Calc. (Å, �) Obs. (Å, �)

Y 4d 6.22 4.8/0.51 Y–O 2.260 2.230
5s 7.98 0.11/0.09 C–O 1.305 1.283

Gd 6s 6.15 0.09/0.075 C–C 1.408 1.411
5d 7.37 4.71/0.80 �OYO 73.7 75.0
4f 9.29 0.5/1.287 �CCC 124.3 123.7

Yb 6s 6.25 0.063/0.055
4f 7.77 1.19/2.42 Gd–O 2.254 2.258

Pd 4d 8.33 25.9/32.9 C–O 1.300 1.269
Pt 6s 8.96 0.02/0.03 C–C 1.410 1.391

5d 9.72 29.4/31.3 �OGdO 76 72.8
Co 4s 7.88 0.11/0.13 �CCC 125 122.4

3d 8.83 4.36/8.74
V 4s 6.75 0.18/0.14

3d 7.35 5.80/5.93
Cr 4s 6.76 0.06/0.05

3d 8.28 9.24/8.52
Ni 4s 7.64 0.10/0.13

3d 7.81 3.97/8.42
Cu 4s 7.73 0.04/0.04

3d 9.22 7.28/9.94
Fe 4s 7.90 0.13/0.14

3d 9.29 4.83/8.75

a The ground state electron configurations are: Y = [. . .]4d5s2; Gd = [. . .]4f75d6s2; Yb = [. . .]4f146s2.

Fig. 1. HeI and HeII photoelectron spectra of the tmhd ligand.

Fig. 2. HeI and HeII photoelectron spectra of the Y(tmhd)3 complex.
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together with UPS data on their acetylacetone analogues.
Vovna et al. [5b] have performed measurements at single
photon energy and used semi-empirical MO calculations
for spectral analysis [5b]. Spectral measurements at more
than one photon energy and higher level calculations are
desirable to probe more reliably the details of ligand–metal
bonding which was the purpose of this work. Comparison
of ionization energies measured in [5b] and in this work



Fig. 3. HeI and HeII photoelectron spectra of the Gd(tmhd)3 complex.

Fig. 4. HeI and HeII photoelectron spectra of the Yb(tmhd)3 complex.
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shows that rare-earth tmhd complexes have ionization
energies which differ by 0.2–0.6 eV from their acac counter-
parts (Table 1). This shift in ionization energies can be
attributed to the inductive effect of additional methyl
groups present in tmhd complexes.

Due to the high density of ionic states above 10 eV, we
confine our analysis to the bands whose ionization energies
are below this value. The low molecular symmetry (C3)
allows many metal–ligand interactions to take place and
lifts orbital degeneracies. This explains why even below
10 eV, the spectra contain three broad, partially resolved
manifolds with relative intensity ratio 1:3:2. This high den-
sity of ionic states precludes accurate assignment of indi-
vidual ionizations within the manifolds. We begin by
recalling that acac and tmhd exist predominantly in enol
form at the room temperature, while at higher tempera-
tures (175 �C) the amounts of the two tautomers become
nearly equal [1b]. UPS studies of acac ligand [1,4b] together
with our OVGF calculations (Table 1) show that there are
only two orbital ionizations below 10 eV (p and n�). p is
the antibonding orbital formed from the linear combina-
tion of two pCO orbitals and the C2p orbital of central car-
bon [1]. n+ and n� designate symmetric and antisymmetric
combinations of oxygen lone pairs, respectively. We have
also measured the UPS of tmhd ligand (Fig. 1) which
resembles the acac spectrum. The only difference between
the spectra of the two ligands is the shift towards lower ion-
ization energies in tmhd due to the inductive effect of t-Bu
groups. The tmhd ligands in our complexes are in anionic
form so we have performed the appropriate OVGF calcu-
lation for tmhd1� anion (Table 1). We obtained two ioniza-
tions for the anion which are significantly smaller than
10 eV and whose pole strengths are >0.92.

Since there are three tmhd ligands in each complex mol-
ecule, a total of six ligand orbital ionizations can be
expected below 10 eV. However, some ligand orbitals
may have metal character. UDFT results for the tmhd
complexes and UPS spectra of rare-earth acac complexes
[5b], also predict the total of six ionizations below 10 eV.
The three partially resolved manifolds therefore corre-
spond to ionizations from ligand (ptmhd, n�) and metal
based orbitals (Y5s/4d, Gd6s/5d/4f, Yb6s/4f) (Fig. 5). In
order to unravel the role of metal orbitals in bonding we
measured the spectra at HeI and HeII photon energies.
The HeI/HeII spectra of tmhd and acac ligands do not
show changes in relative band intensities [4b, this work
Fig. 1], so the HeI/HeII intensity changes observed in
our spectra can be attributed to ionizations from the orbi-
tals with metal character.

In the UPS of Y(tmhd)3, Gd(tmhd)3 and Yb(tmhd)3we
observed changes in relative HeI/HeII intensities of the first
manifolds. This suggests that the first manifold contains
ionizations from orbitals with metal character. In the spec-
tra of Y(tmhd)3 the change in the first manifold was less
pronounced than in the other two complexes (Figs. 2–4).
In order to understand this difference we consider the mag-
nitudes of metal orbital photoionization cross-sections [12]
and metal orbital energies. The latter values were estimated
from atomic spectroscopy data [13]. The metal orbital
energy was assumed to be equal to the average energy of
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spectroscopic terms which are associated with the ground
state electron configuration and weighted by the term
degeneracies. We illustrate our procedure for deducing
atomic orbital energies on the example of yttrium. The
ground state electronic configuration of yttrium is
[. . .]4d15s2 and of Y+ ion [. . .]5s2. Measured first ionization
energy of yttrium is 6.22 eV so this value can be taken as an
estimate of Y4d energy. Next we consider all spectroscopic
terms with configuration [. . .]4d25s1 and average their ener-
gies (weighted by respective angular momentum J multi-
plicities). The averaged energy, when added to 6.22 eV
gives 7.98 eV which can be taken as an estimate of Y5s
energy.

The metal photoionization cross-sections and orbital
energies are given in Table 2. The photoionization cross-
sections of Y5s, Gd6s, Yb6s orbitals vary little with photon
energy, while Y4d and Gd5d cross-sections fall strongly on
Fig. 5. Typical p and n� orbitals in b-diketonato complexes.
going from HeI to HeII. On the other hand, the cross-sec-
tions for Gd4f and Yb4f orbitals increase on going from
HeI to HeII radiation (Table 2). The energy separations
between ligand and metal orbitals are also important,
because such separations (based on perturbation theory
arguments) are a qualitative measure of orbital mixing/
interactions; the smaller the separation, the better the mix-
ing. In Y(tmhd)3, Gd(tmhd)3 and Yb(tmhd)3 the energy
separations between tmhd orbitals (8.65 eV) and Y5s,
Gd4f and Yb4f orbitals are of similar magnitude and con-
ducive to the metal–ligand interaction (Table 2). Y4d,
Gd(5d+6s), Yb6s orbitals on the other hand, are further
separated in energy from tmhd ligand orbitals and can be
expected to make insignificant contribution to metal–
ligand bonding. These arguments explain why is the inten-
sity change in the first manifold of Y(tmhd)3 smaller than
in the other two rare-earth complexes. Taking into consid-
eration the HeI/HeII intensity variations, relative band
intensities of the three manifolds and the results of calcula-
tions, we arrived at the assignments given in Table 1.

Our conclusion is that metal orbitals play a significant
role in metal–ligand bonding of all three complexes. How-
ever, this conclusion does not follow directly from the cor-
responding HeI/HeII intensity variations. Indeed, the
intensity changes alone would suggest that in Gd(tmhd)3

and Yb(tmhd)3, metal orbitals participate more in the
metal–ligand bonding than they do in Y(tmhd)3. However,
after photoionization cross-sections are included in the
analysis we suggest that all three metals have comparable
metal–ligand interactions.

We extend our analysis to the previously reported HeI/
HeII spectra of three sets of metal b-diketonato complexes.
The first set comprises UPS of Pd and Pt complexes [4c].
The 4th and 3rd bands in the UPS of Pd and Pt complexes,
respectively show considerable intensity enhancement on
going from HeI to HeII. The enhancements can be attrib-
uted to Pd4d and Pt5d characters of the respective orbitals.
The intensity change is more pronounced in the Pd
complex than in its Pt analogue [4c] even though the
Pt5d energy is closer to acac orbital energies than is Pd4d
(Table 2). This can be rationalized by noting that Pd4d
cross-section varies more than Pt5d on going from HeI to
HeII radiation. We thus suggest that Pd participates more
strongly in metal–ligand bonding than Pt. This conclusion
was derived on the basis of empirical arguments rather
than via quantum chemical calculations.

The second set comprises the HeI/HeII spectra of Co(a-
cac)3, V(acac)3 and Cr(acac)3. The first band in each spec-
trum shows an enhancement in relative intensity (on going
from HeI to HeII) and was therefore attributed to orbital
with metal 3d character [3]. However, the intensity
enhancement is strongest in Co and weakest in V complex.
We suggest that this is due to Co3d energy being closest to
the energy of acac orbitals and also because Co3d photo-
ionization cross-section increases on going from HeI to
HeII radiation. On the other hand, V3d energy is not well
matched to acac orbitals and V3d cross-section does not
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vary much at HeI/HeII energies (Table 2). Cr3d orbital is
an intermediate case: good energy match to ligand orbitals,
but slight decrease in photoionization cross-section. The
first UPS band of Cr(acac)3 thus exhibits only a small
intensity change.

The third set of HeI/HeII spectra consists of Ni(acac)2

and Cu(acac)2 complexes. Modest intensity enhancements
of the 3rd and the 4th band were detected in Ni and Cu
complexes [4b]. Inspection of Table 2 suggests the explana-
tion for this observation. Ni3d energy does not match
ligand orbital energies well, but its cross-section is
enhanced twofold on going from HeI to HeII. On the other
hand, Cu3d matches ligand energy levels well, but its cross-
section increases by only 25% in the same photon energy
range.

4. Conclusion

We reinvestigated the role of metal orbitals in metal–
ligand bonding of b-diketonato complexes. The extent of
metal participation in bonding cannot be reliably ascer-
tained through quantum chemical calculations or relative
band intensity changes (at various photon energies) alone.
The rationalization of metal–ligand bonding requires con-
sideration of metal orbital energies as well as their photo-
ionization cross-sections. This had so far been done in
only a few instances and we provide a cautionary example
which illustrates various factors influencing UPS band
intensities of the title complexes.
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