Electronic structure of chalcogenols: photoelectron spectroscopic
and theoretical studies of tris(trimethylsilyl)silyl chalcogenols
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The photoelectron spectra (He I and He II) have been reported for the homologous series of tris(trimethylsilyl)silyl
chalcogenols (Me;Si);SiEH (E = O, S, Se or Te) and assigned on the basis of predictions from density functional
theory (DFT) calculations. The DFT calculations indicated that the chalcogenol HOMO is a nt-type orbital located
essentially on the silicon atoms for the lighter chalcogenols, whilst it is located entirely on the chalcogen for selenol
and tellurol. DFT was used to predict the H-E-Si bond angle in the idealised species HESi(SiH,),. The trends seen,
on descending the group, are broadly similar to those obtained for H,E, but are complicated by mixing of silicon
orbitals with those of E. The results of these studies are used to rationalise the observed behaviour of some transition
metal chalcogenolate complexes, in particular the facile Te—Si bond cleavage reactions which produce terminal

tellurides for the early d-block metals.

Introduction

Compounds containing metal-chalcogenide bonds have
aroused considerable interest in recent years.? The lighter
elements are of interest primarily because of their biological
significance whereas the heavier homologues are important
constituents in thin film semiconducting materials. However, in
contrast to compounds of oxygen and sulfur, which are very
familiar and whose complexes are well documented,®® the
organic compounds of selenium and tellurium are much less
frequently encountered and their metal complexes were, until
the last decade, extremely scarce.*!" Recent studies with the
bulky tris(trimethylsilyl)silyl fragment however have yielded
several interesting main group,>"® transition metal’®* and
lanthanide complexes,®2® and the first example of a tellurol
stable at room temperature, (Me;Si);SiTeH.?”*® Not only does
the bulky silyl fragment engender unprecedented stability to the
heavy chalcogen—heteroatom bond, but it also provides clean
pathways for the subsequent reactivity of the metal chalcogen-
olate complex, including the chalcogenolate to chalcogenide
transformation, eqn. (1).'%%

L,M(TeR),—> L,M=Te + R-Te R (1)

Since molecular species may be used as precursors for techno-
logically important solids such as II/VI materials,***! detailed
knowledge of the factors governing reactions similar to that
shown in eqn. (1) is vitally important for the development of
appropriate reagents. While recent mechanistic studies have
begun to shed light on this chalcogenolate-to-chalcogenide
transformation, there still is much to be learned.?” Since there
have been no systematic electronic investigations on systems
of this kind to date, we thought it timely to investigate the
electronic properties of the homologous series (Me;Si);-
SiEH (E=0 1, S 2, Se 3 or Te 4) to improve our understand-
ing of the reactivity of these species. Herein we report on the
UV-PES of these species combined with a theoretical study
of the idealised species (H;Si);SiEH using density functional
theory (DFT).

Experimental

The compounds 1-4 were synthesized and purified according to
the literature procedure.?”3%33

The He I and He II photoelectron (PE) spectra of com-
pounds 1-4 were obtained using a PES Laboratories 0078 PE
spectrometer interfaced with an Atari microprocessor, and cali-
brated using N,, Xe and He. A sample of 1 was sufficiently
volatile to be held outside the spectrometer and measured at
room temperature. For 2, 3 and 4 the sample was raised to a
temperature of 40 °C inside the spectrometer.

Computational details

All density functional calculations were carried out using
GAUSSIAN 94.3* The basis set employed was LanL2DZ. The
three density functional methods used are defined as follows:
(1) BLYP which combines the 1988 Becke exchange func-
tional** which includes Slater exchange® along with correc-
tions involving the gradient of the density, and the correlation
functional of Lee et al®” which includes both local and non-
local terms; (2) LSDA Local Spin Density Approximation,
which uses the Slater exchange functional *® and the correlation
function of Vosko et al*® and is also known as the SVWN
method; (3) B3LYP Becke’s 3 parameter hybrid * method using
the LYP correlation functional.’” The calculations performed
are summarised in Table 1.

Results and discussion

The He I PE spectra of compounds 1-4 are shown in Fig. 1.
Vertical ionisation energies (IE) are given in Table 2. The He 11
spectra were also recorded. Though the count rates on the low
energy bands were low, no significant intensity changes were
observed so the spectra are not given here.

Each of the four sets of PE spectra shows at least four bands.
Bands C and E remain fairly constant in ionisation energy
throughout the series but other bands change IE significantly
and band region A splits into two as the series is descended. It is
therefore assumed that for compound 1 the first band consists
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Table 1 Calculations performed using GAUSSIAN 94 on compounds

5-8

Molecule

Calculation type

HOSI(SiMe;);, analogue used
HOSI(SiH;); 5

HSSi(SiMe;);, analogue used
HSSIi(SiH;); 6

Full geometry optimisations

LSDA, BLYP, B3LYP

Single point energy calculations
LSDA at 80, 100, 120, 140, 160, 180°
Full geometry optimisations

LSDA, BLYP, B3LYP

Single point energy calculations
LSDA at 80, 100, 120, 140, 160, 180°
Full geometry optimisations

LSDA

Single point energy calculations
LSDA at 80, 100, 120, 140, 160, 180°
Full geometry optimisations

LSDA

Single point energy calculations
LSDA at 80, 100, 120, 140, 160, 180°

HSeSi(SiMe;),, analogue used
HSeSi(SiH;); 7

HTeSi(SiMe;,);, analogue used
HTeSi(SiH,); 8

of two almost coincident bands, A1 and A2. These then separ-
ate in energy as E is varied. Consequently there are at least three
ionisations which vary with the changing identity of the chal-
cogen, E.

For all four spectra a broad band E lies between 12 and 16 eV,
with a maximum around 14 eV. This is analogous to a band
found in the PE spectrum of tetramethylsilane, and may be
assigned to ionisations from the C—H bonds.* Band C, centred
around 10.4 eV, is in the characteristic region for Si-C
ionisations.*

The photoelectron spectra for the simpler H,E series have
been studied by Potts and Price.*' The chalcogenols are analo-
gous to these compounds, where one of the H ligands in H,E
has been replaced by the ligand Si(SiMe;);. In Fig. 2 the vertical
IE found for H,E are mapped together with average ionisation
energies associated with the photoelectron spectra of the tri-
methylsilane ligands, and carbon-silicon and silicon-silicon
bonds, which have been estimated from various existing spectra
of related compounds.*®*5 Examination of Fig. 2 suggests that
bands A,, A, and B and D are likely to be associated with Si-Si
and E ionisations.

Further assignment is possible with the assistance of density
functional calculations. Though there is no exact equivalence
between Kohn—Sham one electron energies (the DFT equiv-
alent of an orbital energy) and the corresponding ionisation
energy, it has been found that the former gave a good represen-
tation of the IE pattern and its variation in a closely related set
of compounds.* Owing to the size of compounds 1-4, density
functional calculations were carried out on analogues of these
compounds, HXSi(SiH;); (X=0 5, S 6, Se 7 or Te 8), which
used a simplified version of the Si(SiMe,); ligand. Occurrence
of Si—Si ionisations in the low IE region meant it was essential
to retain these in the model. As reported for PES of similar
compounds, Si—H ionisations lie just above Si—C ionisations in
IE.**** The distance of the methyl groups in the ligand from
the chalcogens means that there is no direct interaction with the
chalcogen, and the similarity of ionisation energies suggests
that they occur in a similar position in the one electron energy
manifold. Therefore it may be assumed that the model series is
a good approximation of the electronic environment of the
complexes.

As no structural data exist for these compounds, the geom-
etries were optimised by calculation. Orbital energies were also
calculated for a range of geometries for the chalcogenols, by
varying the Si-E-H angle from 180 to 80°. The effect of varying
the angle on these energies can be seen in the Walsh diagrams
in Fig. 3, which show the variation for the first six orbitals
(HOMO uppermost). These are shown as it is the frontier
orbitals that are expected to exhibit the greatest energy diver-
sity. The optimised Si—-E—H angles are given in Table 3. Each of
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Fig.1 Low energy range He I PE spectra of compounds 1-4.

Table 2 Vertical IE (eV) of the compounds 1-4

1 2 3 4
Al + A2 8.138 Al 7914 Al 7795 Al 7.536
A2 8.478 A2 8512 A2 8.5 (sh)
B 9.665 B 9354 B 9.022
C 10367 C 10450 C 10465 C 10.552
D 11.223
E 13340 E 13430 E 13263 E 13.541

the three different methods used to optimise the H-E-Si bond
angle of 5 and 6 gave very similar predictions.

From the optimised structures, oxygen was found to have a
much larger Si-E—H angle than its congeners due to the differ-
ent relative stabilisation of the orbitals caused by bending the



molecule. The stabilisation of the second orbital shown on
the Walsh diagram is much greater on reducing the angle for the
heavier chalcogens than it is for oxygen. The uppermost 7
orbitals, which are degenerate when the structure is linear, are
both stabilised to differing extents by decreasing the angle in
question, partially due to reduced repulsion within the molecule
as electron density is removed from the chalcogen and sup-
ported by the protons, whereas for H,E only the 2a, orbital is
stabilised.

The first ionisation energies seen in the H,E PE spectra vary
widely as the group is descended. This is certainly not true of
the chalcogenol series, as seen in Fig. 1; here the first ionisation
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Fig. 2 Diagram indicating the vertical IE of H,E PE spectra and the
IE range of bands expected for the Si(SiMe;); ligand.
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energies vary only by ca. 0.6 eV, compared to ca. 3.5 eV for the
H,E series. We infer from this that the frontier orbitals of the
silyl series are more complicated than those of the hydrides.

Representations of the two highest occupied orbitals are
shown in Fig. 4. The frontier orbitals of the geometrically
optimised alcohol are indeed different from those of the rest of
the series. The HOMO of compound 8 is a p, orbital almost
entirely localised on Te. The HOMO of 5 involves mainly Si-Si
interactions instead of the mainly chalcogenic interactions seen
in the HOMOs of the heavier congeners. It has an antibonding
interaction with the oxygen p, orbital.

The second occupied molecular orbital (SOMO) of com-
pound 5 is also principally Si-Si localised but changes progres-
sively as the group is descended until at Te it shows Te-Si bond-
ing character. The Walsh diagrams show that the gap between
the HOMO and SOMO increases down the group. This is con-
sistent with the SOMO gaining bonding character, and with the
trends found in bands Al and A2 in the PE spectra. Bands Al
and A2 can be assigned on this basis to the HOMO and SOMO
respectively.

The reason for this change in the character of the frontier
orbitals lies with the electronegativity of the chalcogen. As the
group is descended the chalcogen becomes less electronegative.
As a result the mainly chalcogen character molecular orbitals
are held less tightly in the molecule and steadily increase in
energy. The oxygen character orbitals are more stable than the
silicon molecular orbitals, which lie higher in energy and are,
therefore, more easily ionised; for Te the reverse is true.

For compound 1 the next set of bands, C, are associated with
the Si-C ionisations, as expected from Fig. 2. For 2-4 an
additional band B intervenes. The Walsh diagrams, and exam-
ination of analogous compounds (Fig. 2), suggest that B is
comprised of two ionisations associated primarily with Si-Si
bonding for these three compounds. The third and fourth
orbitals for E=S, Se and Te are shown in Fig. 5(a) and (b)
respectively. For S and Se they show E-Si bonding charac-
teristics. For Te localisation on Si is almost complete.

For compound 1 an extra band, D, appears at higher IE than
the Si—C band C. The model 5 lacks Si—C bonds but lying below
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Fig. 3 Diagrams showing the variation in one electron energy of the top six occupied orbitals as a function of H-E-Si angle for compounds 5-8.

J. Chem. Soc., Dalton Trans., 1998, 4029-4033 4031



Table 3 Optimum H-E-Si angles/° found for compounds 5-8 and
experimental angles for H,X

X HESI(SiH;), H,E™"
Oxygen 124.86 104.5
Sulfur 97.10 92
Selenium 93.81 91
Tellurium 91.04 89

@

TR
e

Te

SOMO

HOMO

Fig. 4 The frontier orbitals of the chalcogenols found for the geo-
metrically optimised structures of compounds 5-8.

the Si—H set of orbitals are two levels that show similar stabilis-
ing O-Si bonding interactions to those discussed above.
They are also shown in Fig. 5(a) and (b). Thus band D in the
spectrum of 1 is assigned to such orbitals, the oxygen character
pulling it below the Si—C manifold.

A comparison may also be made between the energy differ-
ence between the SOMOs and HOMOs of the chalcogenols,
using both the theoretical one electron energy and the differ-
ence between peaks A2 and Al seen experimentally. The results
are in Table 4. Both the IE differences and the one electron
energy differences increase on descending the group, however
the former are somewhat greater than the latter. Though, as
mentioned above, we are not entitled to expect exact agreement
between the differences, it is worth bearing in mind that the
absence of methyl groups in the models used for the calcu-
lations will have more effect on the one electron energies of
the Si-Si bonds than on the chalcogen p orbitals. Thus, if we
were to include methyl groups in the calculations we might
expect a decrease in the separation of the one electron energies
for S, Se and Te.

The change in nature of the HOMO suggests that the site for
electrophilic attack on the chalcogenols may well vary as we
descend the group. In the alcohol the Si-Si bonds are most
vulnerable, but the tellurol, with a completely different type of
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Table4 Comparison of the energy difference found between the IE of
bands A2 and Al and the energy separation of SOMO and HOMO by
DFT

Chalcogen A One electron energy/eV A Tonisation energy/eV
Oxygen 0.395 <0.300

Sulfur 1.416 0.564

Selenium 1.652 0.717

Tellurium 1.827 >1.00

(a) (b)

Fig. 5 Representation of the orbitals in HESi(SiMe,); which lead to
the observed bands B and D in the He I photoelectron spectrum.

frontier orbital, may be vulnerable to attack on the chalcogen
itself and thus cleavage of Te-H or Te-Si is most likely.
Experimental evidence supporting this hypothesis comes from
the observation that the tellurol forms H,Te and the selenol
forms H,Se upon treatment with weak acids but the alcohol is
unaffected even by strong acids.

The calculations described above also quantify the postulate
described by Christou and Arnold® in their studies on the
monomeric terminal selenides and tellurides of early transition
metals from chalcogenate precursors. They ascribed the facile
cleavage of the E-Si bond in the ligand to localisation of the
ligand electron density on the chalcogen. Our calculations
confirm this hypothesis for the heavier chalcogenides and also
provide a possible explanation for the absence of reported
examples of similar reactions for the lighter chalcogenides. For
these ligands the HOMO is located more in the region of the
Si-Si bond.

Conclusion

The photoelectron spectra of a homologous series of chalcog-
enols have been recorded and modelled using DFT calculations.
The unambiguous assignment of the bands in the photo-
electron spectra reveals that the HOMO is a m-type orbital
whose distribution in the molecule changes as the atomic num-



ber, Z, increases. Thus, the HOMO of the silanol is located on
the silicon atoms, and, as Z increases, the HOMO becomes
increasingly centred on the chalcogen, such that the HOMO of
the tellurol is located entirely on the chalcogen atom. Similarly,
as Z increases, the SOMO becomes increasingly centred on
the chalcogen. Ionisation energies decrease monotonically as
Z increases in accordance with the concomitant reduction of
electronegativity and increasingly diffuse orbitals.

The Walsh diagram for HESi(SiH;); (E=0, S, Se or Te) is
more complicated than that for H,E due to mixing of the silicon
orbitals with the important chalcogen bonding orbitals, but the
same general trend of larger H-E—Si bond angle with increasing
Z is observed indicating that the bond angle is dependent on
electronic factors rather than steric constraints.

These results go some way to explaining the chemical
behaviour of the tris(trimethylsilyl)silyl chalcogenolate com-
plexes and in particular the postulated bond polarisation
and location of the HOMO on the tellurium atom partially
explains the propensity of the TeSi(SiMe,), ligand to undergo
facile Te-Si bond cleavage to form stable terminal telluride
complexes.
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