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The photoelectron spectra of trans-bis(trimethyl-
silyl)ethylene, trans-bis(trimethylsilyl)dichloroethyle-
ne and trans-bis{ trimethylsilyl )Jdibromoethylene have
been measured. The vertical ionization energies are
assigned to valence orbital energies obtained from
semiempirical methods using Koopmans’ theorem.
Among these methods the symmetry adapted group
orbital procedure proves to be most useful.
Accordingly, d orbital participation may be
neglected. Satisfactory assignments to o, w and lone
pair ionizations are obtained by comparing band
structures and band shifts in the spectra of
homologous compounds. In particular the symmetry
of the two lowest levels of the molecular cations has
been definitely determined which was known until
now only tentatively.

Introduction

The effect of silyl substituents on the electronic
structure of unsaturated hydrocarbons was investigat-
ed already by Seidl and Bock [1, 2]. They measured
the ionization energies of silyl substituted ethylenes
by identifying corresponding cations from mass
spectrometry and discussed the d orbital participation
and inductive effects of silyl groups on the m-electron
system. In all cases ionization from 7 molecular
orbital has been assumed, although intensity relations
of ultraviclet spectra [3, 4] and electron spin
resonance [5] measurements of corresponding nega-
tive ions rather support ¢ bond properties for the
highest occupied orbital and # bond characteristics
for the lowest unoccupied molecular orbital. Semi-
empirical calculations performed for molecules like
trimethylsilylethylene and trimethylallylsilanes also
attributed o symmetry to the highest orbital [6, 7].
Nevertheless, also these authors in their interpreta-
tion of photoelectron spectra assigned m symmetry

to the lowest cation states and therefore when
applying Koopmans’ theorem [8] (although it is
strictly valid only for accurate Hartree—Fock cal-
culations) 7 bond characteristic to the highest
occupied orbitals in these molecules.

In the present paper we would like to contribute
to this discussion by investigating the photoelectron
spectra of a series of homologous compounds of high
symmetry for which theory allows a simple interpre-
tation of the measured bands. It is believed that the
shifts of corresponding photoelectron bands of trans-
bis(trimethylsilyl)-, frans-bis(trimethylsilyl)dichloro-,
and trans-bis(trimethylsilyl)dibromoethylene together
with semiempirical calculations of different approxi-
mation will solve some of the questions concerning
the assignment of bands and the electronic structure
of the molecular cations. Since these molecules are
planar except for the methyl groups one is able to
distinguish well between o and 7 energy levels.

Experimental

Synthesis of compounds

The mono- and di-Grignard compound of acetyle-
ne was reacted with chlorotrimethylsilane [9, 10].
Direct halogen addition to bis(trimethylsilyl)acetyle-
ne leading to trams-dihalogeno-bis(trimethylsilyl)-
ethylene gave much better yields than procedures
described earlier in the literature [10, 11]. Also the
original synthesis [2, 12] of the trans-bis(trimethyl-
silyl)ethylene has been improved by applying the
addition reaction of trimethylsilylacetylene with
chlorodimethylsilane which is followed by a methyl
substitution of the last chlorine by Grignard reagent.
For details it is referred to a forthcoming paper [13].
All compounds were checked to be sufficiently pure
by elemental analysis, i.r. and u.v. spectroscopic
data and gas chromatography.
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Figure !. Photoelectron spectra of bis(trimethylsilyl)-, bis-
(trimethylsilyl)dichloro-, and bis(trimethylsilyl)dibromoethy-
lene.

Spectra

Photoelectron spectra were recorded on a Perkin—
Elmer PS 16 spectrometer using a He I (584A) sour-
ce. The instrument was calibrated with argon and the
resolution obtained was 35-40meV.

Calculations

CNDO and extended Hiickel calculations were per-
formed on the Cyber 76 computer at the University
of Cologne using the remote job entry facilities at
the University of Diisseldorf.

Results and Discussion

In Figure 1 the photoelectron spectra of the three
investigated compounds arc presented. The low
energy bands of the simplest compound (Me;Si—
CH=CH-SiMe3) clearly shows two ionizations
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almost superimposed which are well separated in the
spectra of the halogen homologues. This is confirmed
by measuring the integral intensities of these bands if
roughly equal transition probabilities for all one-elec-
tron ionizations are assumed [14-17].

We have performed a series of semiempirical
molecular orbital calculations for neutral molecules
using different procedures such as extended Hiickel
theory (EHMO), CNDO/2 [18], modified CNDO/2
according to Jaffé et al [19] and Fuss [20, 21]
including and not including d atomic orbital partici-
pation at Si and Cl. In all cases the highest occupied
molecular orbital has ¢ bond character and is
localized predominantly at the ethylene carbon—
silicon bond moiety (oc_s;). A modified CNDO/2
calculation with more reduced m overlap parameters
leads to almost equal o and 7 energies for the two
highest occupied orbitals (i.e. 10a, and 6a, in Fig. 2).
A reversed orbital sequence is obtained from a
modified CNDQ/2 calculation with the original over-
lap parametrization except for reducing the Coulomb
integral for the 3p orbital of silicon to the value of
A3p(Si) = —6eV.

From a comparison of the three spectra (Figure 1)
it is concluded that the first ionization must have 7
symmetry. This is evident from the steep ascent at
the low energy side of the first bands in all spectra
which is characteristic for all # ionizations due to the
fact that the electrons originate from a more weakly
bonded orbital relative to others. Clearly, the first
ionization shifts to lower energy on substitution with
chlorine and bromine, while the second one stays
more or less constant. This indicates an increased
mesomeric 7 electron effect on the first band due to
mixing of halogen orbitals into the carbon m electron
system [22, 23]. On the other hand the inductive
effect of the halogens which should stabilize the
oc-si bond orbitals is rather small. Furthermore the
first band in the spectrum of the bromo compound
exhibits a vibrational structure which is similar to
that of ethylene. A four term progression with a fun-
damental vibration v4 = 1075 cm™ can be detected
which compares well with the stretching frequency
obtained for the ethylene cation v¥§==C = 1230 cm™!
[24]. The observed decrease of 155 cm™ is explained
by the change in the reduced masses which are appre-
ciably increased by the trimethylsilyl and bromo
substituents. All these findings strongly support
assignment of w-symmetry to the ground states of
these cations.

If the molecular cation ground state is determined
to be 9.2eV higher than the ground state of the
neutral molecule, the other = states of the ionized
species can be identified by applying theoretical
methods which use molecular orbital parameters of
other molecules. The first ionizations of tetramethyl-
silane and ethylene which are considered as molecular
fragments of bis(trimethylsilyl)ethylene are 10.5eV
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Figure 2. Orbital encrgies and C,y, group notations of the highest occupied molecular orbitals of neutral molecules as obtained
from a modified CNDOQ/2 calculation using the usual parametrization [19-21].

TABLE 1. Vertical Ionization Energies (¢V) and Relative
Integral Intensities (in brackets) in the Photoelectron Spec-
trum of Trans-disubstituted Silylethylenes Me3 SiCX=CXSi-
Mes.

Peak No. X=H Cl Br

1 9.19(1) 8.96(1) 8.83(1)

2 9.45(0.9) 9.75(0.8) 9.75(0.7)
3 10.0 (~1)
4 10.5 (3.5) 11.2 (~5) 10.9 (~5)
5 11.7 (0.8)

6 . 11.8 (~2)

7 12.45(1) 12.3 (~2)
8 13.6 (~14) 13.55(~15) 13.75(~15)

and 10.51 eV, respectively [24, 25]. In the symmetry
adapted group orbital method [26] these energy
values are transferred to the more complex molecule

and are taken as orbital energies for the non-interact-
ing system. From a combination of molecular bond
orbitals of three of these fragments building up the
larger molecule, m molecular orbital energies of —9.2,
—10.5 and—11.8eV are calculated if no interaction is
assumed between the two trimethylsilyl groups being
4.5A apart [27]. The resonance energy representing
the hyperconjugative effect of the trimethylsilyl
groups on the 7 electron system of ethylene becomes
(neglecting differential overlap) —10.5 + 9.2 =
—1.3eV [28]. The relevant resonance integral in the
Hiickel type calculation is —1.3/7/2 eV. If we assume
that Koopmans’® theorem is valid although the
calculated orbitals do not arrive at Hartree Fock qua-
lity, the corresponding ionizations in the photoelec-
tron spectrum are expected at positions given by the
molecular orbital energies. Indeed, three peaks are
found in the spectrum of the disilylethylene
compound which are denoted in Table I by peak no.
1, 4 and S. The band at 10.5eV is very broad with a
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TABLE II. Coulomb Integrals «, Resonance Integrals 8, and
Inductive Shift Parameters Aa of 7 Ethylene in eV Obtained
from Relevant Photoelectron Spectra Which Are Used for
the Group Orbital Calculation (taken partly from ref. 23).

Y ay By.c—=c Acg=c
SiMe, -10.5 -0.92 0

Cl -~12.6 -1.27 -0.22%
Br -11.6 -1.13 —0.19%
Cc=C -10.5

BParameter per halogen atom.

relative intensity of 3.5 indicating a superposition of
about 4 ionizations. However, the band at 11.7 (peak
no. 5) is isolated and rather sharp which is a good evi-
dence for an ionization originating from a 7 orbital.

The satisfactory agreement between the
theoretical model considering only 7 orbitals and the
experiment allows for a criticism of the modified
CNDO/2 calculations which may give an indication
in which way the calculations must be corrected in
order to give better results also for other types of
ionizations as those from o bonds and lone pair elec-
trons nx. As pointed out by Mollére [29]  the
calculated (by modified CNDO/2 [19-21]) and
measured o and 7 cation states of methyl- and silyl-
ethylenes correlate almost linearly to each other. This
relation is, however, different for o- and n-orbitals
reflecting correct orbital energy sequences within o¢-
and m-series, respectively. The corresponding energy
intervals differ between theory and experiment only
by different scaling factors. For the modified
CNDO/2 calculation these linear dependencies for
the o and 7 orbital series are very similar which also
is an improvement over calculations performed by the
original CNDO/2 method [18]. Therefore, the
comparison with experimental results indicates that
the order of the highest occupied o(10ag) and m(6a,,)
orbitals as calculated from semiempirical methods
with usual parametrization may be reversed compared
to that in the experiment. For the same reason the
order of the two calculated orbitals 5a,(m) and 8b (o)
at about 10.7eV may be changed as is suggested also
by relative intensity arguments: the calculated inten-
sities as obtained from the number of orbitals within
various regions in the orbital scheme give intensity
ratios of 2:3:2:15 (Figure 2) which are compared
with the experimentally measured relative intensities
of about 1.9:3.5:0.8:14 (see Table I). A smaller o
orbital splitting of 10a, and 8b, may correct the
calculated relations in the second and third orbital
energy region yielding the experimental relation as
given in the peaks no. 4 and S of Table I. A decreased
m overlap integral between the two ethylene carbon
atoms which is smaller than the corresponding para-
meter in the modified CNDO/2 is not able to
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TABLE III. Theoretical and Experimentally Found Ioniza-
tions (in eV) for Me3Si-CX=CX-SiMe3 Omitting All ¢
Ionizations Which Belong to Me; Si-CH=CH-SiMe;

Theoretical Experimental
" nx 9c—X
(Calculated) (Obtained from XCH=CHX)
X=Cl 9.0 8.96
10.5 10.5
11.2 11.2
11.8
12.0 11.9
12.6 12.5
139 145 ~14
X =Br 8.9 8.83
10.5
10.9 11.0 (2X) 10.7 (2x)
11.6 11.9 (2X)
13.1 13.3 ~13

reproduce the correct grouping of the orbitals.
However, if the Coulomb integral of the silicon p
orbital is allowed to accept values of around azp(sj) =
—6eV the modified CNDO/2 procedure with its
original parametrization is able to reduce the o orbital
splitting so much that it explains the experimentally
found intensity relation 2:4:1 for the first three
orbital regions. This parameter choice shows a better
general agreement of calculated and experimental
data.

For a band assignment of the halogen derivatives
we use the results obtained for the unsubstituted
silylethylene. In particular the resonance integral
BsiMe,, c=C = 1.3/a/2 = —0.92eV between the sym-
metric group orbitals of the Me;Si radical and the n
orbital of ethylene is assumed to be transferable to
the halogen compounds. The other parameters which
are necessary for a calculation by the group overlap
method are taken from the photoelectron spectrum
of the dihalogenoethylenes [23]. The parameter set
is compiled in Table Il. The expected photoelectron
bands obtained from the orbital energies using Koop-
mans’ theorem are listed in Table III. A comparison
with the experiment shows that the 9.0, 11.2 and
12.6eV bands for the chloro compound and the
bands at 8.9 and 10.9¢V for the bromo compound
can be easily assigned to corresponding bands in the
experimental spectra since these regions are not
superimposed by other ionizations. In order to detect
the 7 bands hidden under the ¢ bands we may deduct
these ¢ bands which we may construct from the
spectrum of the unsubstituted compound as
described below. This procedure assumes, of course,
that the ¢ framework of Me3Si—-C=C-SiMej; is not
changed appreciably on halogen substitution. The
results from a modified CNDO/2 calculation justify
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TABLE IV. Assignment of All Vertical lonization Energies i.e,. in the Photoelectron Spectrum of Me3Si-CX=CX-SiMe; to
Bond Orbitals of Point Symmetry C,y, and Main o and » Bond Characteristics as well as Lone Pair Electrons ny .

X=H Br
Le,. Orbital Bond Le,. Orbital Bond Ley,. Orbital Bond
€V) Symmetry Charact. (eV) Symmetry Charact. V) Symmetry Charact.
9.19 6a, m 8.96 Tay, m 8.83 Tay, my
9.45 loag 08+ C= 9.75 12ag 0§i—C= 8.75 12ag ISi—C=
10.0 11b, ngy
104 9b, e 10.4 11b,, o 104 10b,, o
10.4 9ag } Si—CH, 10.4 11ag Si-CH, 104 11a, } Si~CH,
10.5 Sbg my 10.5 6bg m 10.5 6bg my
10.8 8bu 0Gi—-C= 10.8 9bu 0gj—~C= 10.8 9bu 0§i—C=
11.69 Say, n3 11.2 6ay, ™3 10.8 6a, 3
11.8 10b,, n 11.7 Sbg ma
12.0 10ag C1 12.1 10a npr
12.5 Sby ma
14.0 Say, s 13.2 Say, ms
14.5 9ag oc—Cl1 13.3 9ag 9C—Br
12-15 gc—H 12-15 OC—H 12-15 0C—H

)3 ie. [271

Figure 3. Difference spectra, (A) The measured spectrum of Me;SiCH=CHSiMe, minus three = ionizations (see text), (B) the
measured spectrum of Me3SiCCI=CCISiMe; minus spectrum A, (C) the measured spectrum of Me3SiCBr=CBrSiMe3 minus

spectrum A.

this assumption to a great extent. The deduction pro-
ceeds as follows. From the measured spectrum of
the unsubstituted compound (Figure 1) the positions
and shapes (calculated Lorentz curves [30] from
experimental integral intensities) of the m ionizations
at 9.2, 10.5 and 11.7eV are deducted yielding the
spectrum for the ¢ framework Me;Si—C=C-SiMe,
(spectrum A of Figure 3). The resulting spectrum is
subsequently deducted from the experimental spectra
of the chloro and bromo compounds leading to the
spectra B and C in Figure 3. These spectra should
contain all 7 ionizations, the lone pair ionizations ny
of the halogens and those ¢ ionizations which are
localized predominantly in the carbon—halogen bond.
One should keep in mind that on halogen substitution
there will be one carbon—hydrogen bond removed

which is observed, however, only at higher energy in
the spectrum [23]. The difference spectra confirm
the peaks of calculated 7 ionizations and the
expected halogen lone pair bands in a satisfactory
way. The lone pair ionizations for the chlorine
derivative compare well with those obtained for
dichloroethylene [23]. The assignment of the very
steep 10.0 and 12.2eV band of the bromine com-
pound to lone pair ionization is derived from the
structure of these bands; this is also suggested by the
fact that no other transitions are available from
theory. These bands have, however, no correlates in
dibromoethylene. The ionizations of the carbon
halogen o-bond orbital which are expected at 14.5¢V
for the chlorine and at 13.3eV for the bromine
derivative [23] cannot be determined accurately
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since in this region the deductive procedure does not
work properly any more due to the necessary
omissions to be made.

The results of the present discussion are summariz-
ed in Table IV where all assignments and bonding
characteristics for the three compounds investigated
are compiled. The low ionization energy of the oc_g;
bond is an indication for the small bond strength
which is manifested by the high mobility of
methylsilyl groups in larger molecules such as pyra-
zolines, which is comparable to the migration rate of
hydrogen [13].

Conclusions

A satisfactory assignement of photoelectron bands
to valence bond orbitals can be obtained by compar-
ing the spectra of homologous compounds. Band
shapes, vibrational structures and band shifts in the
spectra of similar compounds are relevant guides for
determining corresponding oribtal energy schemes
by the use of Koopmans’ theorem. The most useful
assistance for this attempt, however, is provided by
symmetry adapted group orbital calculations [26]
which prove to be superior to other semiempirical
theories although they do not obtain the Hartree—
Fock quality. Only the modified CNDQ/2 procedure
[19-21] with a parametrization partially different
from the usual one is able to reproduce the actual
orbital sequences characterized by o and 7 symmetry.
From the apparent success of the group orbital
method when applied to a series of molecular
homologues it is concluded that certain Coulomb and
resonance energy parameters can be transferred
without changes from one molecule to another. The
fact that Koopmans’ theorem obviously can be
applied if only very approximate orbital energies are
calculated shows that the accurate Hartree—Fock
orbitals are determined mainly by symmetry proper-
ties which they have in common with semiempirical
(self consistent) orbitals. Higher orbitals, e.g.
unoccupied d orbitals at Si or Cl, do not seem to con-
tribute very much to the stability of cationic states.

W. Ensslin, H-H. Schmidtke and Th. Kiihn
References

1 H. Bock and H. Seidl, Angew. Chem., 79, 934 (1967);
Int. Ed., 6, 1085 (1967).

2 H. Bock and H. Seidl, J. Organomet. Chem., 13, 87
(1968).

3 M. B. Robin, R. R, Hart and N. A. Kuebler, J. Chem.
Phys., 44, 1803 (1966).

4 R.S. Berry,J. Chem. Phys., 38, 1934 (1963).

S F. Gerson, J. Heinzcr, H. Bock, H. Alt and H. Seidl,
Helv. Chim, Acta, 51, 707 (1968).

6 U. Weidner and A. Schweig, Angew. Chem., 84, 167
(1972).

7 U. Weidner and A. Schweig, J. Organomet. Chem., 39,
261 (1972).

8 T. Koopmans, Physica (Utrecht}, 1, 104 (1934).

9 U. Krierke, J. Organomet. Chem., 21, 83 (1970).

10 K. C. Frisch and R. B. Young, J. Am. Chem. Soc., 74,
4853 (1952).

11 D. Seyferth and E. M, Hanson, J. Organomet. Chem., 27,
19 (1971).

12 V. F. Mironov, V. G. Glukhovtsev and A. D. Petrov,
Dokl. Akad. Nauk. SSSR, 104, 865 (1955).

13 L. Birkofer and Th. Kiihn, to be published.

14 J. H. D. Eland, “Photoelectron Spectroscopy’’, Butter-
worths, London (1974).

15 P. Dechant, A. Schweig and W. Thiel, Angew. Chem., 85,
359 (1973).

16 W. Thiel and A. Schweig, Chem. Phys. Lett., 12, 49
(1971).

17 W. Thiel and A. Schweig, Chem. Phys. Lett., 16, 409
(1972).

18 J. A. Pople and D. L. Beveridge, “Approximate Molecular
Orbital Theory”, McGraw--Hill, New York (1970).

19 J. DelBene and H. H. Jaffé, J. Chem. Phys., 48, 1807,
4050 (1968).

20 J. Kroner, D. Proch, W. Fuss and H. Bock, Tetrahedron,
28, 1585 (1972).

21 W. Fuss, private communication.

22 H. Bock and K. Wittel, Chem. Commun., 430, 602
(1972).

23 K. Wittel and H. Bock, Chem. Ber., 107, 317 (1974).

24 D. W. Turner, C. Baker, A. D. Baker and C. R. Brundle,
“Molecular Photoelectron Spectroscopy’, Wiley—Inter-
science, New York (1970).

25 H. Bock and W. Lnsslin, Angew. Chem., 83, 435 (1971);
Int. Ed., 10, 404 (1971).

26 E. Heilbronner, Pure Appl. Chem., 40 (4}, 549 (1974).

27 J. Nagy and M. T. Vindorffy, J. Organomet. Chem., 31,
217 (1971).

28 W. Ensslin, H. Bock and G. Becker, J. Am. Chem. Soc.,
96, 2757 (1974).

29 P, Mollere, H, Bock, G, Becker and G. Fritz, J.
Organomet. Chem., 46, 89 (1972).

30 W. Ensslin, H. Bergmann and S. Elbel, J. Chem. Soc.
Faraday 11, 71, 913 (1975).



