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The ligand to metal charge transfer (LMCT) transitions of racemic siloxy substituted ethylene bridged bis(indenyl)-
type zirconocenes were studied using UV/VIS spectroscopy in combination with ab initio Hartree-Fock and hybrid
density functional B3LYP methods. Clear correlations between the experimental LMCT absorption energies and
theoretical HOMO-LUMO energy gaps were observed. The LMCT absorption energies were analysed as a function
of the ligand structure. Hydrogenation of the indenyl ring and position of the siloxy substituent have strong
influences on HOMO-LUMO energy gaps, and consequently on the observed absorption energies.

Introduction

Ligand to Metal Charge Transfer (LMCT) transitions can
experimentally be detected using UV/VIS spectroscopy.! The
lowest energy absorption band in the UV/VIS spectrum of
a d° metallocene arises from charge transfer between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). The HOMO of a d°
metallocene is mainly Cp’-ligand based (Cp’ = any n’>-Cp type
ligand) while the LUMO is mostly of metal character.* The
energy of this particular absorption is of great importance,
since it can be used to estimate the electron donating character
of the Cp’ ligand as well as the electron deficiency of the metal
center.> Such variations in the electronic structures of metal-
locenes have a significant influence on their most important
industrial application i.e. olefin polymerisation by Group IV
zirconocene catalysts.*

In the present work UV/VIS spectroscopy is utilised to
measure the lowest energy LMCT absorptions for five racemic
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ethylene-bridged bis(indenyl)-type siloxy substituted zircono-
cene dichlorides. The corresponding unsubstituted zirconocene
is included as a reference (Fig. 1). The studied catalyst pre-
cursors represent a uniform group of molecules with high olefin
polymerisation activities. The absorption energies are studied as
a function of the ligand structure with the object of clarifying
the correlations between the electronic and steric structure of
the ligand, and the energy of the lowest energy absorption. As
mentioned, the lowest energy absorption should correlate with
the HOMO-LUMO energy gap. Therefore the experimental
absorption energies are compared with theoretical HOMO—
LUMO energy gaps.

Experimental

Siloxy substituted zirconocenes were synthesized and character-
ised by Leino et al.’ and complex 6 was purchased from Witco.
All measurements were performed in inert conditions. For the
UV/VIS measurements the appropriate concentration of the
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Fig. 1 Schematic structures of the studied zirconocenes.
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Fig. 2 Top view of indenyl-forward (I1) and indenyl-backward (Y)
conformations.

metallocene was found to be 8 x 10~ mol L™! and dry toluene
was used as solvent. One cm path length Suprasil quartz cells
with Teflon stoppers were filled with the sample in inert atmos-
phere. UV/VIS spectra of the complexes were measured with a
Perkin-Elmer Lambda 11 spectrophotometer in the wavelength
range 200-800 nm, scan speed 240 nm min ! and data interval 1
nm.

Computational aspects

The treatment of transition metal complexes by ab initio
molecular orbital methods is generally difficult mainly due
to near-degeneracy and relativistic effects.*” However, because
of the location of zirconium at the beginning of the second
transition row in the Periodic Table, resulting in small near-
degeneracy and relativistic effects, the geometry optimisation
of the zirconocenes is exceptionally feasible. This has been
demonstrated with a set of 62 bridged zirconocenes using
the Hartree-Fock method at the 3-21G* level.® Based on this
finding, the HF/3-21G* method was selected for geometry
optimisations in the present work. All reported calculations
were carried out with the GAUSSIAN 94 program package.’

For studies concerning electronic transitions in molecules
sophisticated methods are generally required. High level
methods are, however, impractical for zirconocenes of this size,
and unnecessary considering the purpose of this work. Instead
of high quantitative accuracy at any cost, the capability of a
lower level method in providing the right trends is often more
beneficial. Succeeding in this would mean the capability of
producing LMCT energies for non-existing zirconocenes of at
least the same type. Orbital energy calculations were per-
formed using HF/3-21G*, HF/6-31G*, and the hybrid density
functional B3LYP/6-31G* method.'®"" The GAUSSIAN 94
program includes standard basis sets up to 3-21G* for zir-
conium. Therefore, when a larger basis set than 3-21G* was
utilised for the rest of the molecule zirconium was described by
Huzinaga’s extra basis (Zr,433321/433/421)."2

The ethylene bridge, as well as any other two-atom
interannular bridge, creates an element of fluxionality in
metallocenes. The bridge combined with bis(indenyl) or bis-
(tetrahydroindenyl) based ligands, results in two limiting
conformations, indenyl-forward (IT) and indenyl-backward (Y)
(Fig. 2)." Inssiloxy substituted zirconocenes these conformations
are separated by a small rotation barrier, and the conform-
ational energy differences are relatively small.'* Hence, the
interconversion between the IT and Y conformations is rapid
and both conformers exist in solution. The consequence of the
facility of this interconversion is that the crystal structure
alone is inadequate to describe the structures of the studied
zirconocene dichlorides. Therefore, geometry optimisation as
well as orbital energy calculations were performed for both IT
and Y conformations. The geometry minima were confirmed by
frequency calculations.

Results and discussion
Correlations between experimental and theoretical results

Frontier orbitals of complex 1 are shown in Fig. 3. As illus-
trated, the HOMOs of the studied zirconocenes are mainly of
Cp’ ligand character whereas the LUMOs are zirconium based.
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These characteristics of the frontier orbitals make comparisons
between the lowest energy LMCT absorptions and HOMO-
LUMO energy gaps viable.

Comparisons between the lowest energy LMCT absorptions
and the HOMO-LUMO energy gaps calculated at the Hartree—
Fock level are presented in Fig. 4. Energies are given for both IT
and Y conformations. Overall, the differences in orbital ener-
gies between the conformations are small. This is in contrast to
the unbridged indenyl ligand for which Hiickel calculations
have demonstrated that the HOMO-LUMO energy gap is
considerably changed if the orientation of the indenyl ligand
is altered.'® It should be noted, however, that the unbridged
ligand has more freedom for movement than its ethylene
bridged congener. Hence, the fluxionality of the indenyl ligand
in ethylene-bridged metallocenes is restricted to a narrower
area, and within this the frontier orbital energy differences are
almost constant.

The calculated HOMO-LUMO energy gaps are practically
independent of the basis set used. They are approximately three
times higher than the experimental LMCT absorption energies,
but the overestimation is very systematic. As a consequence, the
correlations between the HF calculations and the experimental
absorption energies are highly accurate with correlation coef-
ficients of 0.99 for both conformations with both basis sets.
Apparently, the Hartree-Fock method even with small basis
sets can reliably be utilised in qualitative studies at least con-
cerning the electronic transitions in the siloxy substituted
zirconocenes.

The corresponding comparison between experimental lowest
energy LMCT absorptions and HOMO-LUMO energy gaps
calculated at the B3LYP/6-31G* level is presented in Fig. 5. As
with the Hartree-Fock method, the energy gaps between the
IT and Y conformations are small, and the trends in calcu-
lated energy gaps correlate with the experimental absorption
energies. The correlation is slightly worse than at the Hartree—
Fock level, with coefficients of 0.98 and 0.94 for IT and Y con-
formations, respectively. However, the quantitative prediction
is far more accurate. Experimental lowest energy LMCT
absorptions and theoretical HOMO-LUMO energy gaps are
summarised in Table 1.

The influence of molecular structure on the LMCT absorptions

The basic geometry parameters of d° zirconocenes are shown in
Fig. 6 and presented for the studied zirconocene complexes
together with the lowest energy LMCT absorptions and cal-
culated energies of HOMOs and LUMOs in Table 2. In the
following the influence of molecular structure on LMCT
absorption energies will be analysed.

The siloxy group. In order to avoid multiple simultaneous
effects that would complicate the interpretation, the general
influence of a siloxy group should be studied by comparing the
unsubstituted bis(indenyl) zirconocene 6 to the siloxy substi-
tuted bis(indenyl)-type complexes 1, 3 and 5. While the LMCT
absorption energies are influenced only slightly, the changes in
orbital energies are significant. Both HOMO and LUMO
become destabilised by the introduction of siloxy substituent
(Fig. 7a). The destabilisation of the frontier orbitals is depend-
ent on the type of the siloxy substituent, resulting in different
changes in LMCT absorption energies.

The destabilisation of the Cp’-ligand based HOMO is dir-
ectly proportional to a decrease in LMCT absorption energy
because of the lowered LUMO-HOMO energy gap. Hence,
the energy of the HOMO is related to the facility of electron
transfer from the ligand (HOMO) to the metal (LUMO). A
siloxy group destabilises the HOMO by donating electrons
to the Cp’ ligand, which facilitates donation of electrons from it
to the metal. Consequently, the siloxy groups are electron
donors like the similar methoxy group.'’



(@)

Fig.3 HF/3-21G* calculated frontier orbitals for the crystal structure conformation (Y) of complex 1. (a) Four highest occupied molecular orbitals
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and (b) four lowest unoccupied molecular orbitals. Hydrogens are omitted for clarity.'®
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Fig. 4 Comparison of the experimental lowest energy LMCT absorp-
tions and the HOMO-LUMO energy gaps calculated at the Hartree—
Fock level.

The destabilisation of the metal-based LUMO orbital is
directly proportional to an increase in LMCT absorption
energy because of a widened LUMO-HOMO energy gap.
Therefore, the energy of the LUMO is naturally dependent on
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Fig. 5 Comparison of the experimental lowest energy LMCT absorp-
tions and the HOMO-LUMO energy gaps at the B3LYP/6-31G* level.

the electron deficiency of the metal. Also destabilisation of it
occurs because of the presence of the electron donating siloxy
group. The oxygen donor atom of the substituent approaches
the metal center, and the calculated Zr-O distance varies
between 3.45 and 3.62 A. The closeness of oxygen decreases the
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Table 1 Summary of experimental lowest energy LMCT absorptions (eV) and theoretical HOMO-LUMO energy gaps (eV)

Indenyl-forward (IT)

Indenyl-backward (Y)

Complex LMCT HF/3-21G* HF/6-31G* B3LYP/6-31G* HF/3-21G* HF/6-31G* B3LYP/6-31G*
1 2.90 8.94 8.94 3.59 9.03 9.04 3.64
2 3.40 9.88 9.90 3.95 10.04 10.08 4.05
3 2.67 8.45 8.47 3.23 8.30 8.34 3.11
4 3.22 9.71 9.72 3.86 9.57 9.58 3.75
5 2.95 8.93 8.93 3.58 9.01 9.03 3.61
6 2.82 8.81 8.82 3.51 8.74 8.76 3.46

Table 2 LMCT absorptions (¢V), HE/3-21G* optimised geometry parameters (A and °), and B3LYP/6-31G* calculated HOMO and LUMO
energies (eV) for the studied zirconocene dichlorides. Experimental geometry parameters, when available, are given in parentheses

Indenyl-forward (IT)

Indenyl-backward (Y)

Complex  LMCT a a B 0 HOMO LUMO a a B 0 HOMO LUMO
1 2.90 2.27 60 126 3 —5.43 —-1.84 2.27 60 127 3 —5.57 —-1.94
225 (61) (1260 (3)“
2 3.40 2.25 58 124 1 —5.76 —1.81 2.25 58 125 1 —5.84 -1.79
(223)  (58) (125 (2)*
3 2.67 2.28 66 127 7 —5.15 —-1.93 2.28 65 128 7 -5.16 —2.04
4 3.22 2.26 64 126 5 =571 -1.84 2.26 63 126 5 -5.63 —1.88
(224)  (64) (126) (5)¢
5 2.95 2.27 60 126 3 —5.44 -1.86 2.27 61 126 4 —5.58 -1.97
(224)  (58) (126) (2)¢
6 2.82 2.27 62 125 3 —5.64 -2.14 2.27 60 126 3 -5.75 -2.28
(224)  (60) (125) (3)°
“Ref. 5(a). ® Ref. 5(b). © Ref. 5(e). ¢ Ref. 5(c). ¢ Ref. 6.
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\ Fig. 7 Schematic presentation of the relationships between molecular
B \ +Cl structure, frontier orbital energies and LMCT absorption energies. The
:;'f\ i 7" o influences of (a) a siloxy group, (b) indenyl ring hydrogenation, (c)
% 4 \ replacing a 2- with a 1-siloxy substituent and (d) increasing the size of a
/ Cl siloxy substituent.
2 The HOMOs of the genuine bis(indenyl)-based complexes
are higher than those of the bis(tetrahydroindenyl)-based
AN 4 complexes. Destabilisation of the LUMO increases the Cp'—Zr

Fig. 6 Cross section of a zirconocene dichloride. ¢ = Zr—Cp' distance,
a=Cp'-Cp’ plane angle, f#=Cp'-Zr'-Cp’ angle, 0 = displacement of
the ring centroid from the normal to the ring plane = }(a +  — 180).

partial positive charge of zirconium which leads to stabilisation
of the LUMO.

Indenyl ring hydrogenation. The bis(indenyl)-based complexes
1 and 3 have the LMCT absorptions at 2.90 eV and 2.67 eV,
respectively. The absorption energies are clearly higher for the
corresponding bis(tetrahydroindenyl)-based complexes 2 (3.40)
and 4 (3.22 eV). Hydrogenation of the indenyl ring leads
to increased LMCT absorption energies, due to considerable
stabilisation of the HOMO combined with destabilisation
of the LUMO (Fig. 7b). The influences on the structure
parameters of the complexes, which apparently contribute to
the energies of the frontier orbitals, are systematic. Cp'~Zr—Cp’
angles, Cp'-Cp’ plane angles and ring slippage angles some-
what decrease, while Zr-Cp’ distances shorten by 0.02 A.
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charge transfer energy, therefore suggesting decreased electron
deficiency of the metal for the hydrogenated complexes.

Position of the siloxy group. Moving the 2-siloxy group to
position 1 decreases the LMCT absorption energy of complex 1
from 2.90 to 2.67 eV (complex 3). Correspondingly, the LMCT
absorption of bis(tetrahydroindenyl)-based 2 decreases from
3.40 to 3.22 eV (complex 4). Decreased absorption energies are
due to both destabilisation of the HOMO and stabilisation of
the LUMO (Fig. 7¢). The position of the siloxy substituent has
a strong influence on the complex geometry. Zr-Cp’ distances
and Cp-Zr-Cp’' angles are slightly enlargened, whereas in
Cp’-Cp’ angles and in ring slippage angles the increase is
considerable.

Destabilisation of the HOMO, resulting in facilitation of
electron transfer, possibly occurs due to distortion of the
geometry from the optimal bonding orientation between the
metal and Cp’-ligand orbitals. The stabilisation of LUMO
suggests increased electron deficiency of the metal for 1-siloxy
substituted complexes, and can be explained by an interaction
between zirconium and the substituent. The position of the
substituent affects the distance between the metal and the



oxygen donor atom of the siloxy group. The calculated dis-
tances are shorter for 2-siloxy substituted 1 (3.45) and 2 (3.45
A), than for 1-siloxy substituted 3 (3.62) and 4 (3.59 A). Owing
to longer Zr-O distances in 1-siloxy substituted complexes, the
decrease in the charge of Zr is less significant. Consequently,
the LUMO becomes stabilised and the LMCT absorption
energy decreases.

Size of the siloxy group. The influence of the size of the siloxy
group can be studied by comparing 2-tert-butyldimethylsiloxy
substituted 1 with triisopropylsiloxy substituted 5. The changes
in LMCT absorptions, geometry parameters and orbital
energies are only marginal (Fig. 7d). Therefore it can be con-
cluded that small variations in the size of the 2-siloxy substitu-
ents result in neither steric nor electronic changes in the
molecule.

Conclusions

Theoretical methods can be used to estimate the LMCT
absorption energies of siloxy substituted zirconocenes. The
lowest energy LMCT absorptions correlate very well with the
HOMO-LUMO energy gaps calculated with Hartree—Fock and
B3LYP methods. The numerical agreement is better for B3LYP,
while qualitative trends are more accurately produced by the
less expensive Hartree—Fock method.

The introduction of a siloxy group has no or marginal effects
on LMCT absorptions as long as the structure of the complex
is not significantly changed. This is due to equal destabilisation
of both HOMO and LUMO. Hydrogenation of the indenyl
ring stabilises the HOMO and destabilises the LUMO, hence
increasing the HOMO-LUMO energy gap as well as LMCT
absorption energies. Furthermore, the energies of the frontier
orbitals are dependent on the position of the siloxy substituent,
whereas the size of the substituent has no significant influence.
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