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The electronic structure of the octahedral octasilasesquioxanes X,Si,O,, (X = H, CI or CH,) has been 
analysed in detail and the Si-X stretching mode investigated. It is amazing that among the many 
orbitals of H,Si,O,, there is exactly one of A,, symmetry. This pure oxygen lone-pair orbital turns out 
to be the highest occupied, followed by a number of oxygen lone pairs which interact very slightly 
with the Si and X atoms. The calculated first ionization energy of 10.7 eV is low but is in good 
agreement with experimental observations. Analysis of the reaction path of the few experimentally 
observed substitution reactions, Si-X + Y --+ Si-Y + X (X = H or CI; Y = D, CI, OCH,, or OSiMe,), on 
X,Si,O,,, leads t o  the result that a five-co-ordinate silicon intermediate is involved, followed by 
concerted rearrangement of angles and bond distances. The reaction mechanism is dictated by the 
rigid structure of the Si,O,, framework. This does not al low pseudo-rotation or an attack from the 
back, thus leading t o  a new reaction path for four-co-ordinate silicon chemistry. Protonation of a 
bridging oxygen causes a small weakening of the Si-0 bond only, in agreement wi th the stability of 
these molecules t o  acids. It is interesting that no  adiabatic ground-state path exists t o  dissociate 
(HO),Si-X into (HO),Si + X for X = H, while one is expected t o  exist for X = CI or CH,. Such a 
dissociative path is costly in energy in all cases, hence intermediates such as X,Si,O,, can be 
excluded for reactions of these molecules. 

The stereochemistry of nucleophilic substitution at four-co- 
ordinated silicon has been discussed in a recent review article by 
Holmes.' One of the conclusions reached is that when the 
leaving group at a chiral centre is chlorine, inversion of 
configuration invariably occurs, while substitution of H 
happens primarily with retention of the configuration. The 
observation that much of the reaction chemistry of four-co- 
ordinated silicon is interpretable in terms of reaction 
mechanisms involving five-co-ordinated species has given rise 
to some proposed pathways for nucleophilic displacement that 
complement those in phosphorus chemistry2"< and very 
recently the first stable representative of an incipient proton- 
assisted equatorial bond-cleavage intermediate has been 
characterized. 2d In view of these results it is remarkable that the 
first Si-H substitution reaction in octasilasesquioxane H,Si,O 
(Scheme 1) was reported by Klemperer and co-workers as late 
as 1985. The first synthesis of H8Si8012 was described more 
than forty years ago and the X-ray structure of the molecule has 
been known since 1960.5 A number of X,Si,012 molecules have 
been synthesised4y6 but only very recently by substitution of H 
in H,Si,0,2.3~7~8 Is there a reason behind this large gap in time 
between the first synthesis of H8Si,012 and the first observed 
substitution reaction on this molecule? 

The molecule H8Si8OI2 is fairly stable and can be prepared 
from dilute-solution hydrolysis of SiH(OCH3)3 with concen- 
trated hydrochloric acid in a cyclohexane-acetic acid medium, 
followed by crystallization from cyclohexane as colourless 
needles or cubes.6 It melts at 250 "C and can be sublimed at 
temperatures below 100 "C. While unstable under basic 
conditions, it is not affected by dilute acids. Its proton NMR 
and its silicon NMR spectrum each consist of a single line.6S To 
carry out detailed IR and Raman spectroscopic studies on this 
molecule is very attractive because of the high symmetry.' If H is 
substituted for methyl, the molecule becomes thermally very 

t Non-SZ unit employed: eV x 1.60 x 1O-l' J. 

Scheme 1 

stable and is not affected by moderate acidic or basic treat- 
ments. Substitution of H for C1 results in a molecule which is 
sensitive towards moisture; Cl8Si8O1 is, however, less reactive 
and therefore easier to handle than many other chloro- 
silanes. 37 O 

No Si-X + Y + Si-Y + X substitution reactions have 
been reported up to now on (CH,),Si,Ol2 and its alkyl and aryl 
analogues, but there is clear evidence that the substitution 
reactions X,Si,012 + 8 Y- - Y,Si,O,, + 8 X-, summar- 
ized in Scheme 2 , can be carried out with good or even with 
very good yield and it seems likely that C1,Si,Ol, can be bound 
covalently without skeleton rupture on a semiconductor surface 
such as Si, Ge, ZnSe, and others." 

Two basically different paths can be imagined by which a 
substitution reaction with retention of configuration might 
occur (Scheme 3). The more attractive one (A) keeps the cage 
intact, while in the second (B) skeleton rupture occurs, which, 
however, must be fully reversible. Under the reaction conditions 
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Scheme 2 
(iu) D,(Pd/C)8 

(i) Cl,(CCl,, light);3 (ii) CH30N0;3  (iii) Me3NOSiMe,C1;7 

(A) xm X 

(B) "m 2 L y m  
Scheme 3 

symmetry arguments. It turns out that helpful insight into the 
electronic structure and reactivity of X8si8012 can be gained by 
studying the much simpler model compounds SiX(OH),. We 
therefore discuss the electronic structure of these molecules and 
their Si-X stretching reaction coordinate first. After this we will 
be well prepared to understand the electronic structure of 
X8si8012 and we shall see to what extent SiX(OH), can be 
used as a model for understanding X8Si8OI2 + Y --+ 
YX,Si8012 + X substitution reactions. 

If not otherwise stated, calculations have been carried out by 
assuming the experimental bond lengths and bond angles in 
Table l.59'6 Details of the extended-Huckel MO calculation 
procedure are described in the Appendix. 

SiX(OH), as a Model for the Si-X Bond 
We choose the atomic positions and the coordinate system of 
this model as shown in Scheme 4. The numbering of the atoms is 
as follows: 1 = Si; 2,3,4 = 0; 5 = X; 6,7,8 = H. The three OH 
groups are arranged in such a way that C,, symmetry is fully 
maintained. This allows a most transparent analysis of the 
orbitals and of the reaction paths to be discussed. As we shall 
see, it also represents the best possible model for describing the 
Si-X bond in X,Si,O,,. Bond lengths and bond angles as 
reported in Table 1 will be used for the calculations on SiX(OH),. 

Z 
c 

I 
I I X 

l 5  t 

at which the so far clearly identified reactions occur, skeleton 
rupture is improbable. Skeleton rupture can happen after 
interaction of a bridging oxygen with a Lewis acid. We do not 
intend to discuss it here. It will, however, be interesting to study 
the influence of protonation of the bridging oxygen on the Si-0 
bond strength. Protonation of bridging oxygen plays an 
important role in zeolites. It leads to Bronsted acid sites which 
are responsible for some of the catalytic properties of zeolites. l1  

In previous studies of the electronic structure of the 4-4 and 
6-6 secondary building units, and the p cage, which are typical 
structures observed in zeolites, high-lying non-bonding oxygen 
orbitals have been found and some of their consequences have 
been discussed.12 This theoretical finding is supported by the 
valence-band photoelectron spectra of silicon dioxide. Since 
interaction with Lewis acids and with metal cations depends on 
the energy of these non-bonding oxygen lone pairs in the highest 
occupied molecular orbital (HOMO) region, it is interesting to 
observe that the Si8ol2 framework of H8Si8012 has close 
resemblance to the double four-ring D4R found in Linde type 
A and in CoAPO-50 type zeolites14 and can therefore be 
regarded as a test case for calculations on zeolites. This means 
that detailed insight into the electronic structure of this 
molecule will also help to improve the understanding of the 
more complicated zeolites and complement recent theoretical 
studies on similar systems." 

To obtain a transparent description of X8si8012, X = H, C1, 
or CH,, of larger spherosiloxanes, and probably of zeolites, the 
molecular orbitals (MOs) are built as far as possible from 

I 

Scheme 4 

It is easy to prepare the symmetry-adapted atomic orbitals 
(AOs) from which we then build the MOs of SiX(OH),, all of 
them belonging either to A, or the E species with the exception 
of the p,, oxygen orbitals which belong to A2 and to E; see Table 2. 

The irreducible representations of the MOs of SiX(OH), are 
in equations (lk(3). The resulting MOs are quite simple 

enough, so that we may write them explicitly. We proceed in 
three steps, starting with the construction of the MOs of the 
SiO, fragment, then studying what happens if the free oxygen 
valences are saturated by three H atoms, and finally exploring 
the reaction path (HO),Si + H - (HO),Si-H. 

We build the molecular orbitals of 0,Si-X as a linear 
combination of the two fragments 0, and Si, neglecting in a first 
step the three H atoms co-ordinated to the three oxygen atoms. 
In a ZDO approach, the symmetry-adapted MOs of O3 can be 
written as l 7  in equations (4)-(6). It is easy to see that the A2, the 
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five A,, and the four E orbitals of Si03 can be written as in 
equations (7)-(10) where N is a mixing and normalization 
coefficient . 

(7) 

Table 1 Bond lengths (A) and angles (") of HESiE0125'16 

Coordinate Coordinate 
R(Si-H) 1.45 a(0-Si-H) 109.5 
r(Si-0) 1.62 p(0-Si-0) 109.5 

cD(Si-0-Si) 147.7 

Table 2 AOs to build the SiX(OH), MOs; C,, symmetry 

2P 

n 0 

Fig. 1 
two-fold degenerate 3E plus 4 E  orbitals are occupied by six electrons 

Correlation diagram for 3 0  + Si + SiO,; C,, symmetry. The 

Obviously, A, is a pure oxygen lone-pair orbital and the A, 
orbitals are fully responsible for the interaction of the hydrogen 
atom with the silicon. The large energy difference between the 
oxygen 2p and 2s orbitals and between the silicon 3s and 3p 
orbitals leads to well distinguished energy levels even if they 
belong to the same irreducible representation. This can be 
understood from second-order perturbation theory which leads 
to the general result that the magnitude of interaction between 
two levels is inversely proportional to the energy difference 
between them. l8 As a consequence of the local D3,, symmetry of 
the O3 fragment, the E(2p,) orbitals form a set of lone pairs, 
disturbed only by oxygen E(2px) and oxygen E(2pz) orbitals. 
This is clearly reflected in the results collected in Table 3, where 
the calculated coefficients and the corresponding energies are 
gathered. 

The 1 A, and the ( lEa,lEb) orbitals correspond to nearly pure 
a(2s + 3s) bonds while the (4Ea,4Eb) and (3E,,3Eb) orbitals are 
due to oxygen lone pairs. This finding, which is based on the 
symmetry of the system and on the energy differenoe between 
the s and the p orbitals, is illustrated in Fig. 1, where we show on 
the left side the symmetry-adapted linear combination of the 
oxygen AOs, on the right side the Si AOs, and in the middle the 
MOs of Si03. 

To develop a more realistic model for describing the 03Si-H 
fragment in H8Si8OI2, the free oxygen valences of the 03Si 
model compound must be saturated by binding H atoms to 
them. This means that the A, and the E combination of three 
ls(H) orbitals will interact with the appropriate MOs of Si03. 
From the data in Table 3 it is obvious that the bonding 
interaction will take place with the 2A, and the 2E orbitals. It is 
not astonishing that the 4A1 orbital is also stabilized; see Fig. 2. 
We notice that the 3E and the 4E orbitals are slightly stabilized 
and move below the A, oxygen lone pair. This is interesting 
because we shall encounter the same situation in the H,Si,O,, 
molecule. Such an orbital should easily be detectable in a 
photoelectron spectrum because, as a consequence of its pure 
lone-pair character, Koopmans' theorem is expected to be well 
~atisfied. '~.~'  We shall come back to this in the next section. 
Note that at this point we have reached a molecular structure, 
(HO),Si, which a chemist would write as a simple radical, 
placing the odd electron in an orbital directed away from the Si 
(Scheme 5) .  The MO corresponding to that radical lobe is 4A1. 

We are now ready to investigate what happens if H and 
(HO),Si are brought together along the reaction coordinate 
illustrated in Scheme 6. The only orbitals involved in such a 
reaction are those of A,, symmetry, which makes the discussion 

: :  : :  . .  
j j  

Scheme 5 

Si 

/ 
Scheme 6 
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Table 3 Calculated coefficients and energies of the orbitals given in equations (7)-(10) 

r MO N Z s l f i  N Z P , l d  N 2 P d d  N 2 P J d  

A2 0.58 
0.50 
0.50 
.0.17 
0.20 
0.40 

0.54 

0.59 
-0.42 

- 0.42 

- 0.42 
0.59 

4 3 p z )  43s) Ei/eV 
- 10.75 

-0.59 -1.02 13.95 
-0.54 0.22 -9.00 

0.42 0.09 - 12.67 
0.59 -0.49 -15.36 

0.45 -30.88 

r M O  N 2 J 3  N 2 J d  N2pZI$ NzpzI$ N2J& NzP,/$ NZPJ$ N2,,iJ5 b(3pJ c(3p,) Ei/eV 
6.60 1.14 1.14 5Ea5Eb 0.30 0.51 0.21 - 0.28 - 0.28 0.25 0.12 - 0.2 

- 10.74 
-0.34 - 10.81 

4E, 4Eb -0.25 0.26 0.18 - 0.3 
0.56 - 0.34 3Ea 3Eb 0.24 

2Ea2E, -0.11 -0.18 - 0.27 0.38 0.38 0.16 -0.15 0.16 
lEa 1Eb 0.34 0.6 

0.29 0.29 -12.03 
0.29 -0.29 -27.82 

4A 1 

A2 

I - ,  
3E 4E - -..____ A .... ..__ .... .._. -.__ 

/- - - 
3E 4E A2 

.. ...... -- .. .._____.____. 

// 
// 2E 

3H(ls)  

Fig. 2 
orbital of (HO),Si is occupied by one electron 

Correlation diagram for 3H + O,Si --f (HO),Si. The 4A, 

simple. It can be further simplified by dropping the very low and 
the very high lying orbitals, which are not much involved in the 
bonding. This leads to the correlation diagram presented in 
Fig. 3. The four-orbital interaction between 1s on H and 2A1, 
3A1, and 4A1 on (HO),Si sorts itself out in such a way that most 
of the Si-H bonding is in ‘2A1’, the antibonding in ‘4A1’. The 
hydrogen character is distributed over all the A orbitals. The 
interaction with the 3A1 level leads to an orbital we call 
A,@-H) for reasons easily understood by inspection of the 
right-hand side of Fig. 3. Stabilization and destabilization of 
3A1 are approximately equal. As a consequence, this interaction 
does not contribute much to the Si-H bond strength. 

If, however, we would like to understand what happens along 
the reaction path in Scheme 6, the behaviour of the Al(ls-H) 
orbital must be investigated. In Fig.4 we show the calculated 
potential-energy curve for SiH(OH), from which it follows that 
a dissociative pathway would cost far too much energy to 
explain reaction (1 1). The experimental Si-H bond strength is of 

the order of 4 eV. An intermediate such as H,Si8012 cannot 
therefore be investigated to explain the deuterium-exchange 
reaction and we have to search for an alternative. 

The energy needed to break the Si-H bond is due to the 
increase of the 2A1 orbital energy. A correct description of the 
reaction path is, however, more involved. We will come back to 
this soon. First Fig. 4 must be explained in more detail. The 
dotted curve represents the extended-Huckel binding energy 
AEEHMO(R) as function of the bond distance R. The ‘repulsive’ 

dashed curve is the electrostatic two-body correction E,,!R) 
and the solid curve E ( R )  is the sum in equation (12). It describes 

the potential of the Si-H stretching mode, see also Appendix. 
We are using a slight modification of Anderson’s ASED-MO 
method.2 1*22 The procedure is designed to repair the deficiencies 
of the extended-Huckel method in calculating bond distances; 
note for instance the lack of a minimum in the extended-Huckel 
energy (dotted line) in Fig. 4. 

Let us look at the correlation diagram in Fig. 5, to explain 
what happens. Stretching the Si-H bond causes an increase in 
energy of the 2A1 and of the A,(ls-H) orbitals, while the 3A1 and 
especially the 4A1 orbitals are stabilized. This simple descrip- 
tion is reasonable until we reach a certain bond distance, 
somewhere between 2.5 and 3.5 A, indicated by a vertical arrow 
in Fig. 5, where a dramatic event will occur, unless provisions 
are taken. In this region the Al(ls-H) level is gradually growing 
into a nearly pure ls(H) orbital filled by two electrons. This 
corresponds to the situation of weakly interacting (HO),Sif + 
H- ions. Such an ion pair would, however, have much higher 
energy than the neutral fragments (HO),Si + H. The ionization 
energy of H- is approximately 0.75 eV. This means that the 
energy of the ion pair is - (&[4A1,d(Si-H) = 031 -0.75) - 9.5 
eV larger than that of the radical pair. We conclude that no 
adiabatic ground-state path exists to dissociate SiH(OH), into 
(HO),Si + H. 

We describe the same reaction path again, now by 
approaching H towards (HO),Si from infinity. In this initial 
state, the 4A1 orbital of (HO),Si is occupied by one electron 
(right-hand side of Fig. 5) and the Al(ls-H) orbital is also 
occupied by one electron. If we approach the two mole- 
cular pieces slowly, the excited-state electron configuration 
[Al(ls-H)] ‘(4A1)l will result. To stabilize the situation, 
a spontaneous Al(ls-H) + (4AJ transition must occur. This 
electronic transition is allowed. Depending on the conditions, a 
reaction of this kind could be accompanied by intense 
luminescence. The situation we observe here is reminiscent of 
the well understood reactions of ionic dimers and the so-called 
harpoon mechanism observed in reactions as e.g Br, + 
K -+ KBr2* --+ KBr + Br.’, The first stage in this reaction is 
envisaged as the transfer of the valence electron of the alkali- 
metal atom to the halogen molecule. Such a transfer is possible 
even when reactants are quite a few angstroms apart. Basically 
one has a composite molecular ground state that correlates to 
an ionic excited state of separated atoms (Fig. 6, left). This leads 
to a problem for the calculation of the potential-energy curve of 
SiH(OH), for larger Si-H distances than shown in Fig. 4. 
Crossing between the two curves corresponding to electron 
configurations {[Al(ls-H)] 2(4A1)0 ] and {[A,(ls-H)] ‘(4A1)’] 
will occur somewhere along the reaction coordinate. 
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A, (1 s-H) 

3E 

A1 (1 s-H) 

( HO)3Si-H (H0)$3i + H 

Fig. 3 
(HO),Si + H 

Orbital energies along the path in Scheme 6. On the right-hand side are shown the wave-functions of A, symmetry: left (HO),Si-H and right 

251 \\, 

\ 

2 --. 
x 
F 
2 -14 
w 

-1 9 

_.--I _ _ _ - - -  t - -  1 
“V 

0.5 1.0 1.5 2.0 2.5 
d (Si-H)/A 

Fig. 4 
interaction E,,(R), (* 0 )  A E E H M O ( R ) ,  (-1 A & H M o ( R )  + E,,(R) 

The Si-H stretching mode of SiH(OH),. (------) Two-body 

What changes for SiCl(OH),? We are not astonished to find 
that the Si-Cl interaction is dominated by orbitals of A, 
symmetry which describe the sigma bond, as shown in Fig. 7 
Two significant differences between Fig. 3 and this figure can be 
observed. The 3p, of the C1 is involved in the bonding. More 
important, the 4A1 orbital and 3p orbitals in the separated 
fragments are at approximately the same energy. This means 
that we expect potential-energy curves as depicted on the 
right-hand side of Fig. 6. Hence, it should be possible to 
calculate the potential from a simple bond elongation in this 
case. The result is shown in Fig. 8. A photochemical dissociative 
pathway involving the 4A1 t E(p-C1) electronic transition is 
unlikely, given the large energy difference of about 14 eV 
between the 4A, and the E(p-Cl) levels. 

A new interaction can be observed in SiCH,(OH), relative 
to SiCl(OH),. While the Si-H and the Si-C1 potential-energy 
curves depend crucially on the two-body interaction term 
Ea,(R),2”22 reliable Si-C bond lengths can be obtained by the 
EHMO method without this repulsive term. Why is this so? In 
Fig. 9 we show the Si-CH, potential. It is obvious that 

3 E ,4E ,A2 

Al(ls-H) 

2E 

-24 I 
1 .o 2.0 3.0 4.0 

d (Si-H)/A 

Fig. 5 Correlation diagram along the Si-H path in Scheme 6. Left: 
SiH(OH), at equilibrium bond distance, the LUMO is 4A,. Right: 
(OH),% + H, the 4A, and the A,(ls-H) orbitals are filled with one 
electron each 

d (Si-H)/A d (Si-Cl)/A 
Fig. 6 Qualitative potential-energy curves corresponding to the Si-H 
dissociation, left, and to the Si-C1 dissociation, right 

AEEHMO(R) has a well distinguished minimum. It is possible to 
choose the AOs so that the correct bond lengths are obtained 
without adding a repulsive term. While small changes in the 
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- 
- 

- 

E(p-CI) HOMO 

A2 
E(px ,pv -CI) 

T7- 

Fig. 7 Correlation diagram for (HO),Si + CI --+ (HO),Si-C1 

_ _  
1 .o 2.0 3.0 4.0 5.0 

d (Si-Cl)/A 

Fig. 8 The Si-Cl stretching coordinate of SiCI(OH),. See also Fig. 4 

Slater exponent of Si affect the potential energy, they do not 
affect the general behaviour of the orbitals. Similar as in the C1 
case, the A(s-CH,) is largely responsible for the Si-CH, 
interaction. However, now also the 3A, orbital comes in. First it 
goes down, but then becomes repulsive at short bond distances 
where it suddenly has to change its behaviour to avoid crossing 
with the Al(pl-CH,) orbital. The behaviour of these two 
orbitals is largely responsible for the increase in energy of 
AEEHMo(R) at short Si-C distances. 

Another new feature is that the two-fold degenerate E(p- 
CH,) and 2E MOs are no longer inactive. There is nothing new 
about this interaction, which is hyperconjugation. The 
molecular orbital representation of hyperconjugation was 
introduced by Mulliken in 1939 24 and has since been discussed 
in many different aspects.25 How hyperconjugation comes in is 
illustrated in Scheme 7, where we illustrate molecular orbitals of 
SiCH,(OH), in the 0-Si-C-H plane that show significant 
changes along the Si-C stretching coordinate. Similar to the 
case of SiCl(OH),, the 4A1 orbital and the A,(pz-CH,) orbital 
in the separated fragments are at approximately the same 
energy. This means again that we expect a potential-energy 
curve as depicted on the right-hand side of Fig. 6. Hence, it can 
be calculated for any bond distance without complications. To 
conclude this section, note that the Si-OH stretching mode of 
(HO),Si-OH, not illustrated here, is similar to that observed in 
Si-C1. 

The Si-X bond strength cannot be the reason for the very 

401 \ \ 

\ 

-651 a I I I 

0.5 1.5 2.5 3.5 4.5 

d (Si-CH&A 
Fig. 9 Potential-energy curve for SiCH,(OH),. See also Fig. 4 

0 

\ Si C 

Scheme 7 

differentreactivitiesofH,Si,O,,, Cl,Si,0,2,and (CH3),Si,Ol2. 
This is consistent with chemical intuition. In order to explain 
the different properties of these molecules other arguments have 
to be considered, some of which have been discussed in this 
section. 

Molecular Orbitals of X,Si,O,, 
It is now time to look at the orbitals of the X,si@l2 
molecules. To do this, we use the numbering and the coordinate 
system in Scheme 8. It has to be understood in the sense that 
each Si, each 0, and each X are the origin of a local coordinate 
system such that local C,, symmetry is maintained. This means 
that all the z axes point in the same direction. These co- 
ordinates remain useful when a x,si,012 molecule is brought 
onto an idealized surface, because C,, symmetry is maintained. 
The numbering of the atoms is: 1-8 = Si, 9-20 = 0 and 21- 
28 = X (X = H, C1, CH,, or OH). The edges of the coordinate 
system correspond for example to the Si atom positions 1 4 .  
Considering the Oh symmetry of X,Si,O,,, it is natural to divide 
its AOs in three groups, namely the O,,, the Si,, and the X,. 
This leads to the irreducible representations in Table 4. We 
would like to add that the shortest 0 0 and the shortest 
Si Si distances are 2.64 and 3.1 1 8, respectively. 

It is amazing that among all these orbitals there is exactly one 
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of A,, symmetry, and it is evident that this orbital is due to a 
pure oxygen lone pair. Because of its very special character it 
should be the ideal orbital to determine the energy of the oxygen 
lone-pair electrons. The relevance of this has been mentioned in 
the Introduction. Remember that in the previous section, Table 
3, we have found that A, represents a pure oxygen lone pair of 
SiX(OH)3. The YA2 orbital is of similar character and can be 
written easily [equahon (13)]. Its form is illustrated in Scheme 9 

lJ20C(Py9 + Pz, + PY15 + PZ15 
- PYll - PZll - PYl3_ PZ13) 

+ (-PYlo - PZl0 - PY16 PZ16 
+ PY12 + PZI2 + PY14 + Pz14) 

+ (-PXl7 - PY17 - PX1, - PY19 
+ PXI8 + PY18 + PX2() + PY2Jl 

Y 

X -  

23 

25 

Y 

Y X 

Scheme 8 

in one of the three planes containing the oxygen atoms 
{9,11,15,13}, {10,12,16,14}, and (17,18,19,20}. 

Another important set of orbitals that can readily be written 
down are those belonging to the irreducible representations of 
T,(s) and Tsi(s). We write them for the Si atoms { 1,2,3,4,5,6,7,8} 
[equations (14)-(21)]. For X we only have to change the 
numbering into { 21,22,23,24,25,26,27,28}. Exactly the same 
linear combinations hold for those Si p AOs which are 
important in Si-X (T bonding, if we group them first into the sets 

Table 4 Irreducible representations of X~si8012 MOs 

-1 

-1 

n 

Scheme 9 

I \- /  

I 
‘ 1 %  \- 

1Tlg 

Fig. 10 
region between - 15 and - 9 eV magnified. Correlation with the 3p AOs of Si and the 2p AOs of 0 is shown 

Correlation diagram. The numbers indicate the number of levels in the corresponding region. Left: 4 Si + 4 SiO, + Si,OIz. Right: the 
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-10- 

-15- 

I -  

23 

Fig. 11 MO level diagram. From left to right: H8Si8012, (CH,),- 
Si,O,,, and C18si801,. The numbers indicate the number of levels in 
the corresponding region 

1/&PX + Py + PA for {1,2,3,4} and 1/J3Px + py - P J  for 
{ 5,6,7,8}. 

We now know all the orbitals required to build the Si-X 
sigma bonds. They have the same general character as those 
found in (HO),Si, Fig. 2. As in the previous section, we first 
build the orbitals of Si8012 and then we discuss the X8Si,01, 
molecule by adding 8X ligands to this fragment. The local 
symmetry of each of the SiO, fragments in Si,012 is C3". We 
already know the orbitals of SiO,. It therefore seems interesting 
to find out what changes occur if we go from 4 SiO, + 4 Si to 
Si801z. The correlation diagram in Fig. 10 shows that the state 
density in the HOMO region increases in Si,O,, with respect to 
S i03  and that levels are built which originate from antibonding 
or non-bonding interactions of Si with the oxygen of Si03. No 
dramatic changes are observed, which means that an important 
part of the electronic structure of Si,O,, is prebuilt in the SiO, 
fragment, see also Fig. 2. 

The HOMO region between - 15 and - 9 eV is magnified on 
the right-hand side of Fig. 10. It is interesting that the AZp 
equation (13) and Scheme 9, is the highest-lying orbital of the 
group of 18 oxygen lone pairs. The 3A1,, 4T,,, and 5TlU 
orbitals, whose form is given in equations (14)-(21), are 
occupied by six electrons, leaving room for 8 X to bind to the 8 
Si. These orbitals have the same symmetry as that of the s 
orbitals of X and are therefore involved in the Si-X bonding of 
X,Si,012. The Si-X bonding mechanism is the same as 
discussed for SiX(OH), 

At this point it is interesting to discuss the one-electron levels 
of H,Si,012, of (CH3),Si8012, and of C1,Si,012 in Fig. 11. We 
first note that the HOMO region starts at about - 10.7 eV in 
H,Si,012 and at slightly higher energy in the other cases and 
that the energy gap between the HOMO and the lowest 
unoccupied molecular orbital (LUMO) is of the order of 12-14 
eV. To get a feeling for the consequences of this relatively high- 
lying HOMO, we compare it with the first ionization energy of 
water, observed at 12.6 eV and attributed to the energy of the 
p-type oxygen lone pair of the water molecule." The simplest 
of the X8Si8012 molecules is H,Si,O,,. In this molecule the 
HOMO is the YA2, orbital as shown in Fig. 12. Due to its 

I 

\ - 

- 
-2oL 

I 

Fig. 12 Photelecton spectrum of H8Si80,,26 (left) and calculated one-electron levels (right) 
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symmetry it cannot interact with AOs from other centres than 
oxygen. It is closely followed by a number of levels in the region 
between - 10.75 and - 11.7 eV, all of them bearing oxygen lone- 
pair character but slightly perturbed by interactions with the Si 
or the H atoms. The next orbitals, found in the region between 
- 14 and - 16 eV, have some Si-0 bonding character. There is 
close similarity to the energy levels found in the 4-4 secondary 
building unit of zeolites, for which some of the consequences of 
the high-lying oxygen lone pairs have been discussed.12 The low 
first ionization energy of 10.7 eV is in good agreement with 
valence-band photoelectron spectra of silicon dioxide and 
with recent self consistent field (SCF)-MO calculations on 
(H0)3Si-O-Si(OH)3.'1f Electronic transitions have been 
reported to occur with photons of energies higher than 10 eV.13 

A more direct test of the nature and the energy of the HOMO 
is possible by comparing the photoelectron spectrum of 
H8SisO12 with the calculated levels, Fig. 12. The photoelectron 
spectrum starts with a sharp peak, indicating the first ionization 
energy is at about 10.7 eV, followed by a broad intense band and 
several smaller bands between 14 and 16 eV.26 This pattern is 
well simulated by the calculated energy levels. We propose that 
the first band corresponds to the ionization of an A,, lone-pair 

I b  +*- 
I A  *++- 

0 
0 

i.p.1 
___) 

0 
0 mg-$m -0.326 -0.337 0.70 ,, 

0 

\ -0.003 
-0.021 

Fig. 13 Overlap population and charge distribution in: (CH,),Si,O,,, 
left; H,Si,O,,, middle; and [H,Si,O,,] +, right. The numbers without 
arrows indicate the overlap populations, the others represent charges. 
For [H,Si,O,,] + only overlap populations are shown _3 : j  d (Si-H) d (Si-H) 

H . 
d (H-H) 

r_._.._.._._..____._..-. H . 
d (H-H) 

I 

electron and the large band to the ionization of the narrow band of 
23 levels below. It seems that the smaller bands between 14 and 
17 eV are well represented by the calculated levels in the region 
of 15 eV. The first transitions can be summarized as in Scheme 
10. Let us add that the first band has the typical shape usually 
found in lone-pair transitions. For a more thorough inter- 
pretation of photoelectron spectra of silicon compounds we 
refer to ref. 27. 

In (CH,),Si,O,, and in cl8sigo12 the Azs orbital is no 
longer so clearly the HOMO. It is buried in a number of 'less 
pure' oxygen lone pairs. We therefore expect a less structured 
photoelectron spectrum and the first ionization energy to be 
somewhat smaller. 

The molecule H,Si,O,, is not very sensitive to dilute acids. 
One would expect that protonation of at least one of the 
oxygens occurs readily because of the low ionization energy. 
From this it follows that protonation of only one of the bridging 
oxygens should have little effect on the Si-0 bond strength. In 
the extended-Huckel calculation this is reflected in the relatively 
small decrease of the Si-0 overlap population in the protonated 
molecule with respect to the unprotonated, see Fig. 13. We 
conclude that protonation of at least two adjacent oxygens is 
needed to induce skeleton rupture. Under strongly acidic 
conditions protonation of the Si might also play a role in 
skeleton rupture of HgSisO,,, a reaction which is not 
investigated in this paper. In the last section we observed that 
hyperconjugation must be considered in the 03Si-CH3 
bonding. Of course, the same is true for (CH&Si,Ol2. It 
influences also the Si-0 bond strength in comparison to 
H8Si8012, which is reflected in a small increase of the Si-0 
overlap population. 

Substitution of X 
Understanding the electronic structure of the x,si ,o 1, mole- 
cules and the Si-X stretching mode, we are well prepared to 
investigate the pathways of the substitution reactions in Scheme 
2. Let us start with the deuterium exchange. We already know 
that a reaction path involving an intermediate such as 
H7Si8012 can be excluded. We therefore search for another 
possibility, studying the interaction of the (HO),Si model with 
molecular H, along coordinates I, I1 and I11 in Scheme 11. 
These coordinates are sufficient to describe a three-dimensional 
reaction path in which an H atom approaches Si-H as shown in 

Scheme 12 

H 

I1 

Scheme 11 

I11 
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1.40 

0.60 
1.30 1.70 2.10 2.50 

Fig. 14 Potential surface for the apical end-on approach I. Energies in 
eV. The energy separation of two contours is 0.25 eV 

d (Si-H)/A 

of!? /-- 

= \ 
J E D F 

Fig. 15 Correlation diagram along E-+D+F in Fig. 14 

Scheme 12. The energies calculated with our method are not 
expected to be very accurate. We believe, however, that they are 
good enough to investigate the main features of the reaction 
paths under discussion. 

To begin we examine the apical end-on approach I, the 
potential-energy surface of which is shown in Fig. 14. This path 
alone cannot lead to an exchange reaction, but it is nevertheless 
interesting to see what happens. Starting at point E, the 
minumum-energy path leads to the saddle point D at about 1.6 
eV higher energy with respect to E, and then falls to the 
minimum at F. The path E;--)D=F corresponds to 
the reaction (22). 

(HO),Si + H2 (HO),Si H H 
(HO),Si-H + H (22) 

It is not difficult to guess the origin of the saddle point which 
has to be crossed. It must be connected with the energy needed 
to break the Si-H bond if we approach it from F or to break the 
H-H bond if we approach D from E. The energy needed to cross 
the barrier is, however, much smaller than the corresponding 
dissociation energy. Why is this so? The question can be 
answered by looking at the correlation diagram in Fig. 15. Since 
only orbitals of A, symmetry are involved in the Si-H bond, the 
wavefunctions along the reaction path I can be written as in 
equation (23) where A,(o,) and iA, denote the corresponding 

4 

yt = a,,A,(og) + C cti(iA1) (23) 
i =  1 

Scheme 13 

-0 
1.30 

0.90 

0.50 
1 .oo 1.40 1.80 2.20 2.60 3.00 

L ,/A 
Fig. 16 Potential surface for the apical side-on interaction path 11. 
Energies in eV. The energy separation of two contours is 0.5 eV 

orbitals; see also Table 2. We therefore have to show only these 
orbitals in Fig. 15, where the lowest-lying A, has been dropped 
since it does not contribute significantly. The 3A, and the 4A, 
orbitals change very little along this path. They have to avoid 
crossing since C3" symmetry is maintained. We can now see 
where the lowering of the energy barrier with respect to 
dissociation of H, comes from, as we proceed from E to D. Since 
the A,(o,) and 2A, cannot cross, they mix in such a way that the 
former is stabilized and changes its shape, while 2A, increases in 
energy and contributes the large part of the activation energy. 
This interaction can roughly be described as 2A1 f A,(o,) or in 
a more precise way as written in equation (23). The balance of 
stabilization and destabilization lowers the barrier by more 
than a factor of 2 with respect to the H-H bond energy. 

Orbitals of A, and of E symmetry are involved in the apical 
side-on reaction, case I1 in Scheme 11. They can be written as in 
equations (24) and (25). The meaning of the formulae is 

5 

explained in Scheme 13. The x axis is parallel to (T, which can 
interact with the Ex part of the two-fold degenerate E orbitals. If 
we now look at the potential-energy map in Fig. 16, we see that 
this interaction leads to the five-co-ordinate silicon intermediate 

D
ow

nl
oa

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

07
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
91

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/D

T
99

10
00

09
17

View Article Online

http://dx.doi.org/10.1039/dt9910000917


J. CHEM. SOC. DALTON TRANS. 1991 927 

Scheme 14 

Scheme 15 

Scheme 17 

in Scheme 14 with an H-Si-H angle of 120". The proof that A is 
really a minimum comes from path I11 which is investigated 
below. The existence of such an intermediate is plausible and 
finds its counterpart in the chemistry of phosphorus com- 
pounds. With respect to the investigations of nucleophilic 
substitution reactions on four-co-ordinated Si by Holmes and 

this leads to a reaction mechanism which to our 
knowledge has not been proposed up to now. The reason for 
this lies in the rigidity and cage size of H,Si8Ol2, which does not 
allow pseudo-rotation nor an attack from the back. Therefore a 
different mechanism for the rearrangement of the five-co- 
ordinated Si has to be advanced. 

We propose that a probable reaction path for the deuterium- 
exchange reaction proceeds via five-co-ordinated Si (Scheme 
14). Let us therefore study how such an intermediate can 
rearrange to form the desired product. In Fig. 17 we show the 
potential-energy map for reaction path I11 (Scheme 11). Starting 
at point A, it is obvious that the low-energy path proceeds via 
concerted decrease of the angles al and a2 and an increase of the 
L1 distance, which results in an increase of the H-H separation 
and an approach versus the Si-H bond distance. This reaction 
path has a low activation energy. 

80 

60 

% 
3 

40 

20 

0 
i .2  1.4 1.6 1.8 2.0 2.2 2.4 

L, IA 

Fig. 17 Potential surface for interaction path 111. Energies in eV. The 
coordinate L, can be written as (a: - 6, a; - S), where a: = a; = 90". 
The energy separation of two contours is 0.3 eV 

Summarizing these results leads to the conclusion that the 
reaction mechanism describing the deuterium exchange re- 
action (11) can be rationalized as shown in Schemes 15 and 16. 
The five-co-ordinate silicon intermediate is formed in a first 
step. There is an obvious similarity here to what is believed to 
happen in reactions catalysed on transition-metal surfaces.28 
Thus the mechanism of activation of D, is presumably that in 
Scheme 16, similar to Scheme 15. Once this intermediate has 
been formed, there is a 50% chance that 0,Si-D results. If D, is 
available in large excess over H, the deuterium exchange will be 
complete, as observed experimentally.' 

If we now try to generalize these results, it seems very 
probable that all reactions in Scheme 2 proceed by the same 
mechanism, involving a five-co-ordinate silicon intermediate 
followed by the proposed rearrangements (Scheme 17). This can 
explain why no substitution of this type has been reported in 
alkyl and aryl X,Si,012 molecules. Too bulky substituents 
prevent the Si from building a five-co-ordinate intermediate. An 
attack from the back, as observed in many nucleophilic 
substitution reactions of Si, is not possible for steric reasons. An 
interesting example of such a reaction could be the addition of 
olefins Y to H,Si,O,, in a hydrosilation reaction,,' leading to 
the substitution of H by C and thus to the formation of an Si-C 
bond. Indeed the first reaction of this type has been successfully 
acc~mpl i shed .~~  

Appendix 
All calculations were carried out by the extended-Huckel 
m e t h ~ d , ~ '  with the parameters collected in Table Al. Para- 
meters were kept constant during all the calculations. Mulliken 
population analysis was applied 3 2  and the coulomb integrals 
Hii in Table A1 were obtained by charge iteration on the 
corresponding X,Si,Ol , molecules at equilibrium geometry 
with the parameters from ref. 33. The off-diagonal elements 
were calculated as34 in equation (Al). To approximate the 

Hij  = i K S i j ( H i i  + H j j )  ('41) 

Wolfsberg-Helmholz constant we used the weighted formula 3 5  

(A2) in its distance-dependent form, as explained in a previous 
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Table A1 EHMO parameters; k = 2.0,6 = 0.35 

N ns 5s H&V np r p  Hpp/eV 
Si 4 3 1.600 -20.44 3 1.600 -12.41 
0 6 2 2.275 -26.13 2 2.275 - 10.80 
C 4 2 1.625 -19.54 2 1.625 -10.82 
H 1 1 1.300 -13.43 
C1 7 3 2.183 -19.54 3 1.733 -10.82 

Table A2 Comparison of calculated and experimental bond lengths 
('4 

d(Si-Xj 
Molecule 

X exp. calc. 
SiO 1.55 1.45 
Si(OHj,* 1.63-1.67 1.75 
X*S~*O,* H 1.45 1.23 

0 1.62 1.72 
CH3 1.89 1.85 
c1 1.80 

SiX(OHj3 H 
OH 
CH3 
c1 

* d(0-Hj = 0.947 (calc. 1.02) 8, 

1.23 
1.75 
1.84 
1.80 

paper.22 A two-body term, as explained in refs. 21 and 22 has 
been added to correct for the coreecore repulsion. Calculations 
including d orbitals on Si have shown that they can be 
neglected. To get an idea of the reliability of bond distances 
calculated in this paper, some data are collected in Table A2. 
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