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A Study of the Bonding in Some Five- and Six-co-ordinate Compounds of 
Silicon Based on Si X-Ray Emission Spectra 
By A. J. C. L. Hogarth and D. S. Urch, Department of Chemistry, Queen Mary College, Mile End Road, London 

The silicon KP,,, X-ray emission spectra of a series of P-diketone and catechot complexes of silicon have been 
measured. The results are compared with the corresponding X-ray emission spectra from silicon and silica and 
are interpreted using a simple molecular orbital model. With unsaturated ligands the main KP,,, peak is  split into 
two, showing the presence of both ts- and x-character in the Si-ligand bond. Neither the overall charge of the 
complex nor the co-ordination number of the silicon had any discernible effect upon the spectra. 

E l  4NS 

S - R - ~ Y  emission spectra are generated by the relaxation 
of excited ions which have vacancies in tightly bound 
inner orbita1s.l The energy of the emitted X-ray is the 
difference between the initial and final states of the ion. 
The number of these states will be determined by j-j 
coupling and the probability of emission of radiation 
(clectric dipole) will be controlled by the selection rules 
AZ = &l and A j  = 0, -&l. In a singly ionised atom or 
a. molecule with otherwise closed shells and for light 
elements (i.e. 2 < 20) where spin-orbit coupling is small 
(i.e. 1 eV or less) these rules give rise to very simple 

spectra. For example, a 1s vacancy in silicon can only 
be filled by an electron from a 2p- or a 3fl-orbita1, and the 
j-j splitting associated with a vacancy in either of these 
orbitals is such that only one Ka1,,(2&+ls) and only one 
Kp1,,(3P-+ls) peak is observed. When chemical com- 
pounds are formed the valence-shell orbitals will parti- 
cipate in chemical bond formation; in the specific case of 
silicon 3P-character could then be found in a variety of 
orbitals with different ionisation energies.2 The K & ,  

A. H. Cpmpton and S. K. Allison, ' A'-Rays in Theory and 
Experiment, Van Nostrand, New York, 1935. 

D. S. Urch, Quart. Rev., 1971, 25, 343. 
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peak would then exhibit a structure which would faith- 
fully reflect this distribution of silicon 3fi-character 
amongst various molecular orbitals. Indeed it can be 
shown 3 that the intensities of the various component 
peaks of the KP1.3 spectrum should be related to  the 
squares of the atomic orbital coefficients, ap.i, in the 
LCAO approximation for a molecular orbital, y$ = 
Sara+,. It is for this reason that a study of X-ray 
emission spectra is of especial interest to chemists. In  
this paper some six- and five-co-ordinate compounds of 
silicon have been selected in order to investigate the 
effect of co-ordination number upon the position of X-ray 
emission peaks and also to study the structure of the Si 
K$1,3-I<p’ peaks to deduce the involvement of the 
silicon 3fi-orbitals in covalent bond formation with 
saturated and unsaturated ligands. Previous work with 
magnesium 5 and aluminium complexes has shown that 
considerable information can be obtained even with in- 
struments of modest resolving power. 

EXPERIMENTAL 

The compounds studied (1)-(VI) were prepared as fol- 
I ows . 

Compound (I).-Acetylacetone (0.15 mol) was added to 
tetrachlorosilane (0.05 mol) in dry chloroform and the 
product was precipitated from diethyl ether.’ The pale 
yellow product was purified by repeated dissolution in 
chloroform and precipitation with ether. 

Cowpound (11) .-A concentrated aqueous solution of 
sodium perchlorate (0.03 mol) was added to (I) (0.02 mol) in 
water.* The precipitate was dissolved in chloroform, 
separated from the aqueous layer and the chloroform sol- 
ution dried. Compound (11) was precipitated from solution 
by addition of diethyl ether. This process was repeated to 
purify the white solid which was then dried under vacuum. 

Compouiad (111) .-This compound was made in the same 
way as compound (I) but with dibenzoylmethane in place of 
acetylacetone .’ 

Conzpoutzd (IV) .-A solution of tetraethylsilane (0.05 
mol) in dry triethylamine (50 ml) was added to catechol 
(0.15 mol), dissolved in triethylamine (50 ml).g A precipi- 
tate of (117) formed during i- h and was purified in the same 
way as (I). 

in the 
same way as for (IV) but using 0.1 mole of phenyltri- 
methylsilane in place of tetraethylsilane and with 0.2 mole 
of catechol. 

Cavtzpound (VI) .-Tetraethoxysilane (0.1 mol), ethylene 
glycol (0.25 mol), hexamethylenediamine (0.05 niol), and 
metlq-l cyanide (35 ml) were heated under reflux for 1 h.10 
The precipitate of (VI) was filtered off and washed with 
methyl cyanide. 

Compounds (1)-(V) all gave satisfactory analyses for 
C, H, and N (and C1 where needed) to within 330,; of the 
requirements of the molecular formulae. The silica sample 
(VII) was of natural quartz supplied by the Geology Depart- 
ment of Queen Mary College: silicon powder (VIII) was 
obtained from Koch-Light Limited. 

Compound (V).-This compound was prepared 

a D. S. Urch, J .  Phys. (C), 1970,3,1276. 
D. I<. Day, Natuve, 1963, 200, 649. 
D. E. Fenton, C. J. Nicholls, and D. S. Urch, Chem. Plays. 

C. J. Nicholls and D. S. Urch, J.C.S. Dalton, 1974, 901. 
W. Dilthey, Chem. B e y . ,  1903, 36, 932 and 1595. 

Leblevs, 1973, 23, 211. 

The X-ray emission spectra were obtained by subjecting 
these compounds to the radiation from a chromium anode 
X-ray tube operated at 60 kV, 50 mA, in a Philips PW 1410 
X-ray fluorescence spectrometer, Samples were presented 
to the spectrometer in the form of pressed discs backed with 
terephthalic acid. Gypsum (2d = 1.515 nin) was chosen as 
the diffracting crystal since the silicon KP,., spectrum 
occurs in 2nd order a t  a high 28 angle (12P-l2Q0) which 
gives good resolution. The X-rays were detected using a 

Y 

proportional counter fitted with a thin window ( 1  p i  

Mylar) ; P-10 (90% argon, 10% methane) was used as the 
counting gas. Pulses from the detector were amplified 
using Harwell 2000 series equipment. All the spectra were 
obtained by a stepping technique in which counts were col- 
lected at a particular angular position for 3 min; the range 
124-128.5” (20) was covered in steps of 0.1”. The results 
are presented graphically in the Figure. An indication of 
the statistical counting error is given by the vertical bars of 
length -& 1 /N for a count of N (i.s. one standard deviation). 
A rather more important factor which affects the quality of 
the spectra is the resolution of the spectrometer. This is 
primarily determined by the degree of collimation used and 
the mosaic structure of the difiracting crystal. The main 
Soller slit collimator has a length of 12.5 cm: ‘ fine ’ (160 
p i )  colliination was used in these experiments which gives 
an angular dispersion of 50 .1”  (28) width of peak at  half 
height. For the silicon spectra recorded here this corre- 
sponds to a width of f0 .8  eV. The energy scale was 
calibrated by means of the known KP,,, emission eiicrgy of 
silicon, 1835.9 eV.l1 

RESULTS AND DISCUSSION 
The Kp,,, X-ray emission spectra of silicon in the 

compounds (1)-(VI) are shown in the Figure. Spectra 
for silica (VII) and silicon (VIII) are included for com- 
parison. It is interesting to note the differences between 
the Kp,,, peak for elemental silicon and for silicon in a 
chemical compound. From the element there is but one 
peak which has a pronounced asymmetry. This is in 
contrast to the other spectra which, whilst more complex, 
appear to be composed of numerous more symmetrically 
shaped peaks. This fundamental difference in peak 
shape is due to the involvement of silicon 3fi orbitals in a 
band of molecular orbitals spreading over many electron- 

E. Larsen, s. F. Mason, and G. H. Searle, Acfa Cliem. 
Scand., 1966, 20, 191. 

A. Rosenheini, B. Raibmann, and G. Schendcl, %. nnorg. 
Chew., 1931, 196, 160. 

lo C. L. Frye, J .  Amcr. Cliem. Soc., 1964, 86, 1206 and 8170. 
l1 J.  -4. Bearden, Rev. Mod.  Phys., 1967, 39, 86. 
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volts in silicon metal and is in contrast to the more 
localised bond made between silicon and neighbouring 
atoms in compounds and complexes. In going from 
silicon to silica not only does the main peak change shape 
but other new features and peaks become apparent,la i.e. 
the formation of the new KP’ peak at  1 819 eV, the shift of 
the main peak from 1 835.9 to 1832.3 eV, and the presence 
of a shoulder a t  ca. 1 836 eV. A closer look a t  the spectra 
in the Figure shows that general differences in peak shape 
are also to be found within the compounds themselves. 
Compounds (I)-(V) give a broad KP1,3 feature, usually 
with two distinct peaks whilst from (VI) and (VII) 

Si 39 and set (b) will be greatest, giving rise to molecular 
orbitals with considerable silicon 39-character. The 
interaction with set (a) will be much less since the oxygen 
%-electrons are much more tightly bound than 29- 
electrons, by ca. 15 eV. Molecular orbitals derived from 
Si 3$-(a) overlap will therefore have preponderantly 
oxygen %-character with only a small Si 3P-component. 
These two interactions thus provide a qualitative explan- 
ation for the relative intensities and energies of the main 
KP,,, at  1 832.3 eV and for the less intense KP’ peak at  
1 819 eV. But lone-pair orbitals on the oxygen ligand 
atoms, (c), can also interact with these bonding orbitals. 

(VI) (1111 
counts I counts, counts 

Si 
Energy / rV 

K&&i KP’ X-ray emission spectra for a series of silicon compounds. Typical standard deviations are indicated thus CD 

narrower peaks are observed. This division also corre- 
sponds to the presence of unsaturated or saturated 
ligands. The subsequent discussion will be facilitated if 
the simpler spectra (VI) and (VII) are dealt with first. 

Saturated Ligands .-Si-0 Bonding in silica (V I I). A 
simple molecular orbital rationalisation l3 of this spec- 
trum is based on the SiO, unit (assumed to be tetrahedral) 
for which silicon 39-character will be found in the t, 
orbitals. From the four ligand atoms there are three 
sets of symmetry orbitals belonging to this irreducible 
representation : (a) from oxygen 2s-orbitals (which trans- 
form as al + t2) ; (b) from oxygen 29-orbitals orientated 
along Si-0 bonds (which transform as a,  + t,); and (c) 
from oxygen 29-orbitals perpendicular to the Si-0 bonds 
(which transform as e + t ,  + t2) .  Interaction between 

la W. L. Baun and D. W. Fisher, Spectrochim. A d a ,  1965, 21, 

l3 D. S. Urch, Adv. X-ray Analysis, 1971,14, 250. 
1471. 

This overlap will have x-symmetry relative to the Si-0 
o-bonds and will presumably be weaker than the primary 
Si 3$-(b) o-interaction. The mixing between Si 39-(b) 
molecular orbitals and (c) lone-pair oxygen orbitals will 
therefore be slight and only a small amount of Si 3P- 
character will enter (c) orbitals, which would not then be 
greatly perturbed in their ionisation energy. The 
shoulder a t  ca. 1 836 eV can be understood as arising from 
this interaction. This in turn provides some indication 
of the strength of the 5-0 bond. The difference in 
ionisation energies between non-bonding and bonding 
electrons is 1 836 - 1 832.3, i.e. 3.7 eV. Whilst this very 
simple molecular orbital picture gives a reasonable quali- 
tative picture of the bonding and also provides a rational- 
isation of the observed X-ray spectra more sophisticated 
calculations have also been reported. 

l4 G. A. D. Collins, D. W. J. Cruickshank, and A. Breeze, 
J.C.S. Faraday 11, 1972, 1189. 
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has considered the relationship between X-ray emission 
spectra and ab initio calculations based on SiO, and also 
H,SiO, units. Prinsl5 has discussed SiO, along with 
other tetrahedral oxy-anions using INDO methods, whilst 
Breeze l6 has considered the electronic structure of silica 
using three-dimensional Hiickel techniques. Apart from 
the possible involvement of d-orbitals in the interpret- 
ation of L-spectra the more sophisticated calculations are 
in agreement with the general ideas suggested by the 
simplest m.0. approach. This method would therefore 
seem to be both suitable and adequate for the discussion 
of the electronic structure and Si KP emission spectra of 
the complexes to be considered in this paper. 

The Si KP,,, emission spectrum 
from compound (VI) is almost identical with that from 
silica indicating that the bonding role of the 39 electrons 
is very similar in the two substances, notwithstanding the 
difference in co-ordination number. In  both cases the 
silicon atom is surrounded by oxygen atoms which are 
making further bonds to other atoms (to Si or to C). 
The orbitals which are available for bonding with silicon 
are therefore very similar ; one orbital from each oxygen 
for o-bond formation orientated along these 5-0 
directions and just one lone-pair orbital which would 
have x-bonding potential. Five ligand atoms, whether 
arranged as a trigonal bipyramid or as a square pyramid 
will give rise to five symmetry orbitals, only three of 
which will belong to the same irreducible representations 
as Si 3p-orbitals. When only four ligand atoms are 
present (tetrahedrally arranged about silicon) four sym- 
metry orbitals can be derived from the four ligand 
orbitals orientated along the Si-0 bonds; but only three 
of these four are able to interact with Si 3P-orbitals. 
The number of ligand orbitals that can interact with 
silicon 39-orbitals is therefore independent of the co- 
ordination number of the silicon. (One might expect 
more dramatic changes in the L-spectra of silicon if 3d- 
orbitals were to be involved in bonding.) The other five- 
co-ordinate compound studied (V) has a very much more 
complex KP spectrum than (VI), which is presumably 
due to the presence of delocalized x-electrons in the 
ligand. 

Unsaturated Ligaizds.-Compounds (1)-(V) differ from 
(VI)  in that the oxygen atoms are bound to  unsaturated 
rather than saturated organic groups. In all cases the x 
lone-pair orbitals are participating in a complex series of 
delocalised molecular orbitals on the ligand, so that more 
complex silicon emission spectra are to be expected. 

IdentiJication of peaks due to o-bonds. The Si KPI,3-KP’ 
X-ray emission of compound (I) shows four distinct 

7 Spectra of compounds (I) and (11) differ from the first 
published 18 Si h’?,,, spectrum which purported to  come from the 
[Si(acac),]+ cation. This spectrum showed a very intense peak a t  
1 845 eV and weaker peaks a t  lower energies. It has not been 
possible to reproduce this spectrum and the most reasonable 
explanation is that i t  is due to  2nd order calcium KalS2.  
Traces of calcium may have been introduced during the prepara- 
tion of the complex. X-Irradiation from a chromium anode tube 
favours the emission of characteristic radiation from calcium and 
if, unfortunately, the pulse-height selector had been set for 2nd 
ordcr Ca K q 2  and not 1st order Si I<?l.3 then the form of the 
spectrum could be understood. 

Si-0 Bonding (VI). 

features, a separate peak at  1 818 eV (KP’), a shoulder at 
1 827 eV, the main peak at  1 831.5 eV, and a relatively 
intense high-energy peak at 1837.5 eV. [An identical 
spectrum is observed from compound (11), but of poorer 
quality due to a higher background count.] This spec- 
trum is very similar ? to KP,,, X-ray emission spectra of 
magnesium l7 and aluminium obtained from their hexa- 
fluoroacetylacetonate and acetylacetonate complexes 
respectively and probably arises from similar ligand- 
central atom interactions. The approximately octa- 
hedral arrangement of oxygen atoms can be used to give 
a simplified symmetry framework for the immediate 
ligand environment of the silicon atom in compounds (I) 
and (11), in much the same way as it can be assumed that 
silicon is tetrahedrally co-ordinated in silica. Oxygen 
2s-orbitals will give symmetry orbitals (ax, + tl, + e,) 
[analogous to (a) above] which have only o-bonding 
potential to  silicon. 

Silicon 39-character in the 11,-orbitals gives rise to the 
KB’ peak at  1 818 eV. In silica and in compound (VI), 
where only strong a-interaction by @-orbitals seems 
reasonable, the Kp’-Kp1,3 energy difference is ca. 14 eV. 
If it is assumed that this energy difference would not be 
significantly altered by the presence of x-bonding then 
the position of the Kp’ peak can be used to identify which 
part of a complex Kp1.3 peak is due to silicon 39-character 
in a-bonds. This method shows that it is the main peak 
at  1831.5 eV in the spectra for compounds (I) and (11) 
that is associated with silicon-oxygen a-bonds. The 
oxygen 29-orbitals used in Si-0 a-bond formation will lie 
in the plane of each acetylacetonate group. However 
the Si-0-C bond angle is not 90” and so it is not possible 
to  associate this interaction with a single 29-orbital on 
each oxygen: a single tlu symmetry orbital derived from 
the three ligand groups cannot therefore be envisaged. 
The ligand 29-orbital which interacts with the silicon 
39-orbitals will be a composite function derived from the 
many a-molecular orbitals of the acetylacetonate group. 
Photoelectron spectra of small alkane molecules reveal l9 

two broad bands of orbitals, ca. 6 eV apart, associated 
with C-C bond formation which may be roughly regarded 
as principally derived from Cs-Cs and from C,-C, over- 
lap. 29-Orbitals on the oxygen atoms (in the plane of 
the molecule) in the acetylacetonate ligand will interact 
with the C, a-molecular orbital system giving rise, on the 
ligand atoms, to  two bands of molecular orbitals, ca. 6 eV 
apart with considerable oxygen 2fi-character. This 
oxygen character can be donated to the silicon atom 
when complex formation takes place so that Si 39- 
character will be found in two bands of molecular 
orbitals ca. 6 eV apart; this provides an explanation for 

l5 R. Prins, J .  Chem. Phys., 1974,61,2580.  
l6 A. Breeze and P. G. Perkins, J.C.S. Faraday 11, 1973, 

17 C .  J. Nicholl:, Ph.D. Thesis, University of London, 1974. 
D. S. Urch, Proceedings 7th X-Ray Conference: Durham. 

1970,’ N. V. Philips Gloeilampenfabriken Eindhoven, Netherlands, 
1971 , p. 68. 

l9 W. C. Price, A. W. Potts, and D. G. Streets, ‘ International 
Conference Electron Spectroscopy : Asilomar, 1971,’ Xorth 
Holland Co., Amsterdam, 1972, p. 187. 

1237. 

http://dx.doi.org/10.1039/DT9760000794


J.C.S. Dalton 
the two broad peaks at a t  1 827 and 1 831.5 eV observed 
in the Si KP,,, spectra. 

The n-orbitals in 
the acetylacetonate ligand form a delocalised system, 
perpendicular to the plane of the ligand which involves 
C-2, C-3, C-4, and the two oxygen atoms. Of the three 
occupied x-orbitals only the most tightly bound (x l )  and 
the least tightly bound (x3) will have the correct sym- 
metry to interact with silicon 39-orbitals. Very simple 
m.0. calculations indicate that relative to atomic oxygen 
2$-orbitals, xl is more tightly bound and x3 is less tightly 
bound. 

The energy of a Si ICP peak from orbitals that are 
mostly oxygen 29 lone-pair in character can be found 
from the spectrum of (VII); it is 1 836 eV. The peak a t  
1837.5 eV in (I) and (11) can, therefore, be reasonably 
ascribed to silicon-ligand x-orbitals derived from Si 3p- 
ace t ylace tonat e x,-int erac t ions. Calculations suggest 
that x1 is probably ca. 5-6 eV more tightly bound than 
x3 so that X-ray emission features derived from molecular 
orbitals due to srl-Si 3P-interaction would lie beneath the 
main KP1.3 peak at  1 832 eV. 

Si-Ligand Bonding in (III).-The presence of the 
phenyl groups in the ligand in compound (111) has re- 
markably little effect upon the silicon X-ray emission 
spectrum, except to broaden it slightly and to extend the 
low-energy ' tail '. Presumably the oxygen orbitals 
participate in more molecular orbitals, with a greater 
range of ionisation energies, but the overall effect, given 
the limited resolution of these experiments, is very much 
as in the simpler acetylacetonate system itself. 

Catechol is a 
more complex ligand than acetylacetone but as can be 
seen from the Figure (IV), a very similar Si KP1,3 emission 
spectrum results. An X-ray cxytallographic study of 
(IV) has not been carried out but the presence of the 
tris(o-pheny1enedioxy)siliconate dianion has been estab- 
lished for the pyridinium salt.20 Even in those am- 
monium salts where deviations from the simple 
[Si(O,C,H,)&- structure have been found a1 two of the 
three catechol ligands remain bidentate. As with the 
p-diketonate complexes the X-ray emission spectrum of 
(IV) would seem to indicate clear o- and x-type bonding 
interactions between the silicon atom and the ligands. 
A broad ' o' peak at  1832 eV with a low-energy tail 
down to ca. 1825 eV can be rationalised, as for the 
acetylacetonate complexes, as due to the interaction of 
oxygen 2f~-orbitals, which are themselves involved in 
bonding with many carbon-carbon o-molecular orbitals 
and which can be very approximately classified as 
carbon-carbon 2s and carbon-carbon 2p type, with 
silicon 39-orbitals. Of the five occupied x molecular 
orbitals of the catechol anion, three will have the correct 

x-Bonding in com9ound (I) and (11). 

Si-Ligand Bonding in (IV) and (V). 

2o J. J. Flynn and F. P. Boer, J .  Anzeu. Chem. SOC., 1969, 91, 
5756. 

symmetry for interaction with silicon 3P-orbitals : a more 
complex spectrum than for (I) or (11) should, therefore, 
result, and the fact that it does not is presumably due to 
the lack of high resolution. 

It is interesting to compare conqioand (IV) with the 
five-co-ordinate compound (V) which contains two 
catechol groups and a phenyl directly bound to the 
silicon.22 A very broad spectrum results with two peaks 
which can be correlated with the o- and x-peaks of (IV) 
but with a reversed intensity ratio. I t  seems reasonable 
to suggest that the peak at  1 833 eV is primarily due to 
silicon-oxygen a-bonds froiii the catechol and that some 
of the intensity of the peak at  1 837 eV is due to x-bonding 
with catechol. Phenyl as a ligand will have a very 
different array of orbitals available for interacting with 
silicon 39-orbitals. The x-orbitals will all be more 
tightly bound than the carbon lone-pair orbital which has 
a-bonding (Si-C) potential. Since o-interactions are 
usually stronger than x- the ionisat ion energies of silicon- 
carbon o-orbitals and x-orbitals might well be compar- 
able; also these orbitals will have ionisation energies less 
than for silicon-oxygen bonds. It is, therefore, antici- 
pated that the orbitals involved in Si-C bonding will be 
less tightlybound than Si-0 bonds and so give rise to higher 
energy peaks in the Si Kp1,3 emission spectrum. These 
transitions will also be at higher energies than those from 
Si-C bonds to Si 1s vacancies in compounds such as 
silicon carbide.12 This is because the four electronegative 
oxygen atoms from the two catechol ligands will enhance 
the silicon ls-orbital ionisation energy. Transitions 
from the Si-0 bond will appear with the ' normal ' 
K p , ,  emission energy whilst those from the Si-C bond 
will appear a t  an abnormally high energy. 

Conclztsions.-The silicon k'p,,,, K p '  X-ray emission 
spectrum can be used to identify the bonding role played 
by Si 3j-orbitals in compounds and complexes of silicon. 
In particular it is possible, by using the KP' - Kp,,, 
energy difference established for compounds in wliicli 
only o-bonds are found, to identify tliose peaks in a com- 
plex Kp,,, spectrum which are due to transitions from 
a-orbitals and those from x-orbitals. The involvement 
of Si 3,-orbitals in both o- and x-bonding to unsaturated 
ligands is clearly established. The actual structure of 
the Si Kp1,3 is a reflection of the electronic structure of 
the ligand and is not in any detectable way affected either 
by the co-ordination number of the silicon nor the overall 
charge of the complex in which the silicon atom is found. 
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