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Summary

The photoelectron He(I) spectra of methyl-, dimethyl-, trimethyl- and ethyl-
silane are reported and assigned with the help of CNDO/2 calculations.

For each silane the ordering of the valence MO’s obtained from calculations is,
very close to that of the corresponding alkane, and is in agreement with spectral
evidence. Participation of silicon d orbitals in bonding is not substantial but is
more important in the outermost Si—C and Si—H MO?’s than in the # MO’s main-
1y localized on the alkyl groups.

Introduction

The He(I) photoelectron (pe) spectra of small alkanes have been reported by
several authors [1] and the ionization energy (IE) values have been related to
the corresponding MO’s on the basis of theoretical approaches at various levels.
More recently, Murrell and Schimdt [2] have reported the pe spectra of the

"series CH,_,,(CH;),, and have discussed their energy level trends in terms of
ab initio SCF calculations and an ““equivalent orbital® treatment. By contrast,
few simple silanes such as SiH, and SiMe,4 have been examined untill now by
photoelectron spectroscopy.
_In this note we present the pe spectra and CNDO/2 calculations of methyl-,
dimethyl-, trimethyl- and ethyl-silane in order to compare the energy level
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patterns w1th those of the con'espondmg alka.nes and to analyse the mvolve- S
: ment of smcon d orbitals in bonding in this class of compounda. L -
- Four papers [3—6] have recently been pubhshed in which the electron spec-

trum (He(I) or X-ray) of SiMe; is reported and assigned on the basis of semiem-
pirical calculations or in terms of localized bond orbltals Although thereis
general agreement regarding the ordering and the energy of the various valence

- MO?s, the problem of the involvement of the silicon d orbltals in bonding is
‘still open: aCcord.mg to Jonas et al. [3] this involvement is lmportant Perry and
Jolly [4] say that it is not substantial, Boschi et al [5] claim that it is absent
while Evans et al. [6] do not mention it.

.Experimental

The compounds were prepared by standard mehtods [7,8] and purified by
vacuum distillation. The pe spectra were recorded on a Perkin—Elmer PS 18
photoelectron spectrometer and calibrated against argon and xenon lines. The
accuracy of the experimental IE values is estimated to be +0.05 or +0.1 ¢V as
indicated by the number of decimals quoted in the tables.

Results and discussion

Fig. 1 shows the pe spectra of the studied compounds. The experimental and
theoretical (CNDO/2) [9] IE values are listed in Tables 1—3 together with those
of the related hydrocarbons. The experimental data for alkanes are taken from

literature [1a, 1d, 2].
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) Fig. 1. Photoelectron He(I) spectra of small silanes.
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TABLE1

EXPERIMENTAL AND THEORETICAL IONIZATION ENERGIES (eV) FOR ETHANE AND METHYL~
. SILANE.

Ethane (D34) Methylsilane (C3y)

" Species Exp. CNDO/2 Species Exp. CNDO/2 Exp. ¢

: sp spd

3ayg 12.1; 16.5 4ay 11.61 14.4 “15.2 11.03
leg, 13.0 18.2 2e 12.2° 14.5 15.4 12.1
le,, 15.4 23.4 le 14.4 b 20.5 21.1 13.1
2azy 29.2 3a; 16.4 21.2 21.0¢  17.49
2a3g 40.0 2ay 34.5 35.3 22.8

@ Valence bands from the ESCA spectrum {3]. ® Mean of the Jahn—Teller split band. € Incorrect order,
see text. .

The assignment of the spectra on the basis of spectral features is hampered by
the absence of vibrational structure and by the presence of overlapped bands. On
the other hand, it as been found that in XH, [10], XMe,[[3—6] and CH,=CHXR,
[11] (X = C or Si) a close correspondence exists between the MO energies of
silanes and hydrocarbons and that the orbital energies of corresponding MO’s
lie highest in silanes than in hydrocarbons. These findings are useful for assign-
ment purposes.

To make the assignment of the pe spectra easier, CNDO/2 quantum chemical
calculations with standard molecular geometries [ 12] were performed with both
an sp and an spd basis set. It is known that even if this method does not give
reasonable values for the orbital energies and tends to overestimate d orbital
participation in bonding [13], it can, nevertheless be useful when series of related
compounds are analyzed [1c, 14].

The computed IE values (in the Koopmans approximation [15]) are higher
(3—9 eV) than the experimental data and the two sets of figures are related by

TABLE 2

EXPERIMENTAL AND THEORETICAL IONIZATION ENERGIES (eV) FOR PROPANE, DIMETHY L~
SILANE AND ETHYLSILANE

Propane (Ca,) Dimethylsilane (C2,) Ethylsilane (Cg)
Species Exp. CNDO/2 Exp. CNDO/2 Species Exp. CNDO/2

sp spd sp spd
4b; 11.5 15.7 11.2 13.8 14.5 10a’ 10.95 12.9 - 13.6
6ajy 12.1 " 15.9 - 11.5 13.9 14.8 9a' 119 . 146 15.5
2by 12.7 1564  11.8 14.0 15.0 3a" 12.2 14.42 1540
las 13.5 18.9 13.7 19.2 20.0 2q" 12.9 16.9 17.2
3b; 14.1 20.5 14.2 19.5 19.4¢ 8a' 13.4 18.0 18.3
Say 15.3 23.2 14.8 20.3 20.1 7a’ 13.8 19.9 20.0
1bsy 16.0 25.6 16.1 21.5 21.4 1a” 14.6 24.0 24.6
4a; - 28.4 21.4¢ 21.9 Ga’ 15.4 23.8¢ 24.1 ¢
2by 33.8 33.1 34.0 5q' 19.5 29.0 29.7
3ay 43.6 35.6 35.7 aqg’ 40.6 41.5

@ Incorrect order, see text
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TABLE 3 ) :

- EXPERIMENTAL AND THEORETICAL IONIZATION ENERGIES (eV) FOR ISOBUTANE AND -
- TRIMETHYLSILANE -

Isobutane (C3,) : : Trimethylsilane (C3,)’
Species Exp. CNDO/2 - Exp. CNDO/2 -

. sp spd .
Se 11.4 15.0 10.7¢ 13.4 14.1
6ay 12.1 14.9 11.0 13.6 14.4
1a, 12.8 17.0 12.8 18.4 17.8
4e 13.4 19.7 13.1 19.4 i5.3
3e 14.9 22.8 13.6 20.9 219 %
5a, 16.0 - 24.6 19.80 19.4
4a; 28.5 16.1 22.3 21.6
2¢ ) . 34.8 334 33.7
3ay 46.5 37.0 36.5

2 Mean of a Jahn—Teller split band. ¥ Incorrect order, see text.

a satisfactory linear correlation (fox, = 0.49 Icypo + 4.38, correlation coefficient
= (0.94; for alkanes and silanes; sp basis set calculations).

The ordering of the MO’s of silanes obtained by CNDO/2 calculations is, for
each of the derivatives, very close to that of the corresponding hydrocarbons
(where the silicon atom has been substituted by a carbon atom) obtained by
the same method. Furthermore, the CNDO/2 MO orderings for alkanes closely
correspond to those obtained by Murell and Schimdt [2] on the basis of abinitio
calculations and an ‘“‘equivalent orbital” treatment. Few exceptions to these
parallelisms have been observed and these are marked as footnotes in the tables.
The inversions generally occur between nearly degenerate orbitals. Also in the
present case, the orbital energies belonging to the same species lie higher in
silanes than in alkanes. The orbital shapes, as obtained from the sp basis set cal-
culations, are shown in Fig. 2 where partial energy level diagrams, obtained from
pes measurements, are also presented. Using these, comparisons among related
compounds can be made easily. A general feature of the orbital of the silanes
-considered is that the hydrogens attached to the silicon atom in most cases take
little part in bonding (compared to the corresponding hydrocarbons). This is
probably due to the longer Si—H bond length [12] (1.48 &) as compared to
C—H (1.0¢ A).

Qualitative agreement has been found between computations and experimen-
tal evidence for silanes. In particular the following observations can be made:

(2) The first band in the spectrum of Me;SiH peaks at 11.0 eV and shows two
poorly resolved shoulders at 10.7 and 11.3 eV. According to calculations this
band corresponds to the doubly degenerate 5¢ MO’s and to the 6a; MO localized
on the C—5i bonds. The appearance of three components suggests that the 5¢
MO’s undergo Jahn—Teller splitting. The similarity of the shape of this band
with the first part of the spectrum of isobutane [2] confirms this hypothesis. In
the latter compound the Jahn—Teller splitting is about 0.45 eV; in the related
series XMe, (X = C, Si, Ge, Sn and Pb) the Jahn—Teller splitting decreases by
increasing the size of the central atom [3,5]: in particular it is 0.4 eV in neopen-
tane and 0.3 eV in tetramethylsilane. So that, assuming a splitting of 0.3 also in
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Me3SLH it is p0551b1e to assign the 10.7 and 11.0 eV values to the spht 5e MO’s
and the 11.3 eV value to the 6a, MO. At higher IEs the pe spectrum shows an
intense and broad band between 12.5 and 15.5 €V and a small peak at 16.1 eV.
The broad band exhibits badly resolved fine structure (12.8, 13.1, 13.7 and
14.8 eV) and can be related to ionization from 1la,, 4e, 3¢ and 5a; MO’s, the
small band at 16.1 eV is assigned to the 4a, MO.

(b) The spectrum of Me,SiH shows two broad bands centred at about 11.5 and
14.5 eV. The first band has two shoulders at 11.2 and 11.8 eV; the second one,
more intense and broad, shows structures at 13.7, 14.2, 14.8 and probably
16.1 eV. The computed eigenvalues can also be divided into groups: 4b,, 64,
and 2b, MO’s are nearly degenerate at 13.8—14.0 eV (sp basis set): 1a,, 3b,,
5a,, 1b, and 4a, MO’s have energy values between 19.2 and 21.5 eV; while
2b, and 3ag; MO’s results to be at 33.1 and 35.6 eV respectively. It is then pos-
sible to relate the two bands of the spectrum to the first two groups of eigen-
values.

(¢) The spectrum of EtSiH; shows eight peaks or shoulder between 10.95 and
15.4 eV and a small inflexion of the base line at about 19.5 eV. These features
correspond to the first nine valence MO’s (see Table 2) the tenth (4a’) being out-
side the He(I) range.

(d) The spectrum of MeSiH; looks very similar to that of ethane [1a]: the
first band is partially split into three components (peaking at 11.61, 12.0 and
12.4 eV) and the second one into two (14.2 and 14.7 eV). Both of the two
degenerate orbitals 2e and 1le should be susceptible to splitting by Jahn—Teller
forces in the ion so that the spectrum can be easily rationalized. Calculations
indicate that the 4a, and 2e MO’s are the uppermost levels and are close in
enrgy. They are therefore related to hte first band. The Jahn—Teller splitting,
=(.4 eV, is smaller than in ethane, 0.6—0.7, (inferred from Fig. 6.2 of Ref.
[1al). The second band (1e) shows a 0.5 eV splitting as in the 1e, band of ethane
in agreement with the mainly carbon character fo the orbital. The small
shoulder on the high IE sidefor the second band (~16.4 eV)could correspond
to the 3a; MO. Its low cross section is in agrrement with the low intensity re-
ported [3,6] for other MO’s mainly formed from Si 3s orbitals. The MO order-
ing obtained for this compound from CNDOQ/2 computations in the same as
those previously obtained from EHT [4] and abinitio [16] calculations. How-
ever, some discrepancies exist exist between the present set of experimental
IE values and those obtained from X-ray pe spectroscopy by Perry and Jolly
[4] (see Table 1).

Silicon d orbitals

Two types of information about the silicon d orbital can be obtained from
CNDO calculations: (i) atomic orbital coefficients and (ii) d orbital effect on
the MO energies.

(i) The orbital percentages of the various MO’s are generally small except
for one or two of the outermost MO’s which have 10—12 percent of d orbital
character;

(i) Using an spd basis set a slight lowering of the MO energies is generally
boserved (see tables) and this lowering is greater for the MO’s which have the
largest d orbital character.
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' In view of the low d orbital percentage and the small effect on the orbital
energies, it is possible to conclude, in agreement with Perry and Jolly [4], htat
d orbital participation in bonding is not substantial in alkylsilanes.

- Lastly we note that p,—d,, interaction between empty d orbitals of silicon
and adjacent orbitals (mainly localized an halogens [17], heteroatoms [18,19],

benzene ring [20] or ethylenic double bond [11,21,22]) has been often invoked

to

explain features of the spectra such as IE values and the shape of photoelec-

tron bands. In the present case, the MO’s which have the highest d orbital
percentages are localized on the Si—C and Si—H bonds while d orbitals are nearly
absent in the MO of 7 symmetry mainly localized on the alkyl groups. '
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