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VALENCE ELECTRON BINDING ENERGIES OF SOME SILICON_

COMPOUNDS FROM X-RAY PHOTOELECTRON SPECTROSCOPY
Winfield B. Perry and William L. Jolly -

Department of Chemistry, University of California, and Ihorganlc
Materials Research Division, Lawrence Berkeley Laboratory, Berkeley,
- California 94720 (U.S.A.)

. ABSFRACT

_ | X-Ray photoelectron spectra in the valence electron region were ]
obtained for gaseous SiH,, SIHSCHS’ Sl(CH3)4, SlH Cl and SlF4 The
experimental ionization potentials and relative peak intensities are
’,consiétént with exteﬁded Hiickel theory MO calculaﬁions. The data can

~ be rationalized without assuming substantial participation of silicon

‘d orbitals in the bonding of thesé compounds .



INTRODUCTION

Photoelectron spectroscopy enables one t0'measure-molecular
ionizatlon potentlals (IP's) which are lower than,tnevenergy of
the ionizing'photon. KOopmans' the‘orem1 states tnat;“in the absence
of electronic relaxation, IP's are given by the negatlverf orbital
energies. .For valence electron IP's, which are bé1§W’50 eV, the
error introduced by Koopmans' tneorem seems to be'lees than a few
electron volts Thus calculated orbital energles for valence molecular
orbitals (MO'S) agree fairly well with the experlmental IP's, and the
ordering of the MO's’ taken from a photoelectron spectrum,almost always
agrees with that from a good EE.EEEEEQ,MO-C31¢U1ati°ﬁ;2

Most valence electron IP's are measured using nltraviolet
photoelectron spectroscopy (UPS) because this method has hlgh
resolution. However IP's from MO's of high b1nd1ng energy are
inaccessible in the common form of UPS, and Jahn~Te11er distortions
during photoem1551on degrad€ the spectra of some molecules Although
X-ray photoelectron spectroacopy (XPS) has poorer resolutlon than
UPS, the hlgher energy IP's can be measured, and Jahn Teller d15tort1ons
have not been observed. Also the development of- a 51mp1e method of
intensity analysis4 forvXPS makes the MO a351gnments‘of the spectral
bands more certain. i

We have measured the gas-phase XPS Valence-electron IP's for .
SiH SiHSCHS, Si (CH SlH Cl, and SlF4 o

3)4’

49 These spectra havebbeen
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interpreted with the aid of simple extended Hﬁckelﬁtheory (HIT) MO
calculationé.5 In all cases the ordering of the MO's by the EHT
calculations was consistent with spectral intensities, and there

was reasonable agreement between the experimental IP's and the calculated

orbital energies.



EXPERIMENTAL

Silane6, SiH3CH37, SiH3C18, and SiF49 were prepared using standard

megbods and purified by vacuum distillation. P;gétical grade Si(CH3)4
was obtained from Matheson, Coleman, ana Bell Co; .ihfrared spectra were
~ taken of ali the compounds and compared with li;érﬁfuré'spectra'to insure
pﬁrity.lo

XPS spectra were taken on the Berkeley iron-ffee double—focussing
magnetic phoééelectron spectrometer. 11 Sample pfegéure in the irradiatioﬁ
chamber Vés épproximately 70 u. Magnesium Ka‘X-rAyé (1253:6 eV) were
used to 6Bféin the spectra of SiHa; SiH3C1, and SiF4. Aluminum KO X-rays
(1486.6 eV) were used to obtain the spectra of SiH3CH3 and Si(CH3)4
because the 303’4 satellite radiation from aluminum interfered less with
the spectfa of these molecules than did that from’mggnesium. - Binding
energies.in-fhis wqu represent vertical Franck—éénddn transitions and were
standardized against thé neon 2s binding energy (48,42 eV). During

referencing, both neon and the sample gas were present in the irradiation

chamber.

CALCULATIONS

The spectra were deconvoluted to obtain band poéitions and intensities
by least—équares fitting of data to analytical lihéshapes. Lorentzian or
Gaussian lineShapes are normally used to fit XPS data.2 We have found that
Lorentzian lineshapes give better fits for spectfa_taken with magnesium
Ko X-rays, while Gaussian lineshapes give better fit§ when alumiuum Ko,

X-rays are used. This observed behavior may orgiﬁéte in the greater energy




separation of the aluminum Kal and Kaz X-rays. fThQs, the SiH4, SiHBCl,
and SiF4.spectra were fit to Lorentzian lineshépes;iand the SiH3CH3 and

Si(CH spectra were fit to Gaussian lineshapeéi; 

3)4 _
The EHT calculations utilized Hoffmann's original method.s_ The
diagonal elements of the Hamiltonian matrix were orbital energies from

atomic calculations by Clementilz rather than empirical_?alues. The

of f-diagonal elements werevcalculated using the;relation_

By o= 085G, +HOS. (1)

- Overlap integrals were calcﬁlatéd from Slatef—typé‘dfbitals ﬁsing
exponenﬁs énd principal quantum numbers proposed by Cusachs and Corrington.
The valeﬁce ﬁasis set.included silicon‘Bd orbitals as parameterized by
Corrington.14 Partigl gross populafions for usé,in intensity analysis
‘were caléulated by Mulliken analysis.15 Moleculaf‘geometries from the
1itératurel6 were used iﬁ the calculations. |

A semi4empirica1 iﬁtensify anaiysis has bgeﬁ”&é&éléped for XPS valence
épectra.4 The croés section.for absorption of én X~ray in the one-electron

and dipole:approximations isl7

4ﬂaa§ N 2:'-' 1 '
= W<y lrlvg 1% S €))

%,ex 3

where wj‘is the LCAO-MO from which the photoelecﬁrcﬁ'is ionized and wéK,
is the photoelectron wave function. After expanding;wj in terms of
atomic orbitals (AO’s), the total cross section for absorptioh may be

approximated as a sum of atomic subshell photoionization cross sections.4

. 40 : ) , _
Each subshell cross section, OAA’ involves a valence AO wavefunction and
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the plane wave photoelectron wavefunction. For a given subshell (s, p, d, ...)

of a given element, © :g is a constant, independenf'of any particular

. _ _ 4 ‘ : _ -
molecular orbital. Thus, the intensities of two valence electron bands in

a spectrum are related as follows:

MO, MO A0 A0, R |
2SR ON ST e YRS S /et N ©)

I
171 ax ang A

where PAAi are partial gross populations and the'iqdex»Afruns over the

atoms while the index XA runms over the valence atomic subshells. Although

caléulabie in principle, relative values of fhe'ozgvare usually .

 determined empirically-using spectra from simplé moléculeé and partial
gross populations from ab initio MO célculétiong. 'Thgse.quaﬁtities.may'
then be used to predict intensity ratios for thé spéc£ra of 6ther ﬁolecules.
For hydrogen, Suis has been'found to be essentia‘f-[_lyi'.'zero,4 thus.simplifying
the intensity analysis of hydridgs.

Relative intensities are quantitatively giQéﬁ!Ey.Equation 3»if'fhe

necessary‘cﬁg are known and the P are taken from an ab initio

AXi

calculation.4 For most of the molecules discussed in this paper, popdlétiéns

from ab initio calculations ére not available,.'an&_we have,instead hsed
EHT populations. Because EHT calculations for hétéfoatomic molecuiés are
excessively polarized, Equatioﬁ 3 cannot be uséquuantitatively.
Nevertheless, we have found that the qualitative use éf inténsitylanalysis
is a powefful tool in evéluating the MO orderings given by our EHT
calculations. |

Silicon 3d orbitals were included in our EHT basis sets, but fdr our

4 ‘ L o AR
~choice of parameters, the d orbitals did not mix appreciably into the




filled MO's. Thus, the EHT orbital energies and AO populations and-
parentages which we report correspond essentially to s, p valence basis
set calculations, and we shall not consider pm>dm bonding in interpfeting

the spectra. In addition, is expected to be small relative to

95134
OSi3s'a#d OSi3p because the overlap integral betwgenf@he $i3d orbitals
and the photoelectron would be small.18 Therefore the d orbitals are

expected to have little effect on spectral intensities.

RESULTS

Silane. The spectrum of SiHa, shown in Figure{i;_consists of two
well-separated bands. In the valence electron nomenélature which we shall
use in this paper, these are thg (1al)2 and (lt2)6:MO;s.* The valence IP's,
relative inténéities of the bands, and the EHT results are listed in Tablevl.
Although the EHT orbital energies are about 1l.6eV. higher than the experiﬁentél
IP's (becadse_Koopmans' theorem neglects electronicvfelaxation), the energy
difference bétween the two MO's is close to the expefimental value. An
extended basis set ab inition calculation for SiH4:héé been made by
Rothenberg, Yoﬁng, and Schaefer.19 They calculatgd Qalence orbital energies

of -19.89 aﬁd ~13.22 eV for the la, and 1t valenée MO's, respectively.

1 2

The simple EHT results are close to those from the ab initio calculation,
and both sets of energies indicate the magnitude of error associated with the
calculation of valence IP's from ground state orbital energies.

MO's are bonding orbitals.. The la, MO is

Both the la, and 1t 1

1 2

constructed from the Si3s and Hlg AO's,while the ltz MO's are constructed

from Si3p and Hls AO's. The ratio of the croc :_:‘. s
cross sections, OSi3s/OSi3p’ was

* These MO's correspond to tl om
, . espon o the 3al and 2t2'M0'S f;omban 33 initio calculation.
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Table 1
EXPERIMENTAL AND EHT RESULTS FOR SiH,
* Relative * | Main A0
. elative ’ ain
Orbital IP (eV) €EH’_I (eV) Areas .| Components
la, | 18.02(5) -19.25 | 1.00(7) si 3s
e, | 12.67(7) ~14.30 .65(7) i 3p

* Error in last significant figure appears parenthetically.

1 Hydrogen parentage is omitted.




calculatedito he 2.7 using the experimentalipeek intensities, partial
grossrpopnlations from the ab initio calculation;:and equation 3. Using
" EHT popnletions, this ratio was calculated to be{éi@. Alth0ugh the close
agreement of'the two ratios 1is probably fortuitOue, it supports the use -
of EHT'populations and orbital parentages for qualitative‘intensity

analysis.

Methy1311ane. The spectrum of SiHBCH3, shOWn in- Figure 2, was

deconvoluted into five bands. In order of decrea81ng blndlng energy,
_these were:essigned to the (lal) (2a ) (le) (2e) (3a ) valence MO's
on the basis of the EHT calculation. The experlmental ‘and calculated .
data for SiH3CH3 appear_in Table 2. ' The IP's were reproduced'fairly
well by the EHT orbital energies. The 1a1 and éai MO's are carbon—
hydrogen ‘and 3111con~hydrogen bonding MO's, respectively, thelr parentages
are largely CZs plus Hls and Si3s plus Hls, respectively The le and

- 2e MO's are also carbon-hydrogen and silicon—hydrogen bonding orbitals,
but involve the C2p and Si3p AO's, respectively;;rather then'the s
orbitalsiv The 3a MO 1s constructed from both CZp and Si3p AO's and
provides most of the carbon-silicon bonding.

The SiH,CH IP s are related to those of . CH4 and SiH4 The 151 and

3773
le MO's of GiH3CH3 give IP's at nearly the same energy as the lal and 1t2
valence MO's of CH4.20 The 2a and 2e MO's of SiH3CH3vlikewiee give
IP's of nearly the same energy as the lal and ltz'MO s of SiH4. There is,
of course, no analog of the 3al MO of SiH3CH3 in the MO's of CH4'or SiH4.

Liskow. and Schaefer21 have made an extended basis set ab‘initio

calculation for SiH3CH3 which produced the same order for the valence MO's"
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Table 2
EXPERIMENTAL AND EHT RESULTS FOR SiH3CH3
1 % RelatiQe* Main AO+
Orbital ' IP (eV) €EHT (eV) ' Areas Cdmponents
la, 22.8(1) -23.22 .66(3) C 2
2a 17.49(6) -18.59 ‘1.00(3_) | sioss
le 13.1(6) _15.88 .06(2) ¢ 2
2e 12.1(1) ~14.07 .28(2) si 3p
3a, 11.0(3) ~12.67 .132) ¢ 2,
. Si 3p

* Error in last significant figure appears pareﬁthetically.

+ Hydrogen parentage is omitted.




: oSi3s

O2s

as was obtained from the EHT calculation. The EE initio valence MO

orbital energies are (in eV): 1la. : =-25.75; 2a : =19.00; le: -15.34;

1

1
2e: -12.72; 3alf -12.34. These energiés are in somewhat poorer

agreement with experiment than the EHT results.

The relative intensities of the peaks invthe SiH3CH3 spectrum provide

additiohal support for the EHT orbital assignment; .Our data indicate that

/o = 2.7 while Geliusa found that o /Oéééf= 13; thus, s-type

Si3p C2s

valence MO's for carbon and silicon should be mdre'intense than p-type MO's.
From this conclusion, one assigns the two peaks at high binding energy to

the la1 and 2a1 MO's. On the basis of this assignmeht, the ratio

/

oSi3s'iS estimated to be 0.3 using the relétiVe'peak intensities. and-

EHT populations for lal and 2al MO's. This valpe;.hpwever, only represents
a lower limit, because the EHT populations aré tob.Polarized in favor of
carbon. The correct value is probably near unity. Because the value for
%2

The 2e and 3a1 MO's both have considerable Si3p charactér; However, the

p is quite small, the least intense peak should correspond to the le MO's.

bond from the doubly degenerate 2e MO's would be'mQre intense than that
from the non-degenerate 3a1 MO. . Thus, intensitj data confirm the orbital
ordering given by the ab initio and EHT calculatibné,

Tetramethylsilane. There are sixteen filled valerce MO's in Si(CH3)4.

' The EHT calculation yields the assignment

aap?aeybap?eeptae a®aey®,

with binding energies ranging from 12 to 24 eV.;.Beéause of the close

spacing of the levels, the spectrum, shown in Fiéure,3, was obtained using
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one~-half the usual channel width. _The‘EHT‘orbit51 éhergies are in fair

agreement with IP's from the deconvoluted spectrum. . These data for‘Si(CH3)4

are presented in Table 3, The la1 MO is constructed primarily from

C2s and Si3s AO0's. The 1t2 MO's are carbon—hydrdgenfbonding MO's constructed

from C2s and Hls AO's. The EHT energies for these MO's are fairly close

1

contributions from the C2p and ﬁls_AO's. ‘The 2t2, le, and 1ti'MO's are

to experiment. The 2a, MO is constructed from the Si3s AO with additional

ptimarily'carbon—hydrogen bonding MO's, althoughifﬁé~2t2 MO's include some
Si3p parentége. The EHT binding energies for théée lévels'arg more élosely
spaced thanithose obtained from the Spectrum, Thei3t2 MO;s'are carbon-
silicon bonding'MO's of-mainly C2p and Si3p parénéage,.

A UPS spéct;um;of the five low-energy IP's of;Si(CH3)4, showing
considérablé JahnéTel1er distértion,'has been publiéﬁéd;zz‘the MO'S were:
assigned using a CNDO/223 calculation. Consideraﬂlévevidence for’d.prbifal

" bonding was found by this calculation,* with theﬁrééult Ehét the CNDO/.2
MO's‘have a different order thén the EHT Mo'é. HévéQer, the intensitieés
from our spectrum are consistent with the EHT aSéignmehté ahd not with the
reported CNDO/2 aésigﬁments. ‘As in the casévof éiﬁ'bHS, the é—type peaks
should be significantly more ihtense than the p—typéfpeéks. The largest

peak represents ionization from the triply degehéféﬁe'lt MO's'which are

2

largely constructed from C2s AO's., The 1al and Zai MO's are then asSigned

* We made a CNDO/2 calculation for the simpler, related molecule SiH.CH
using standard Santry and Segal parameters,23 which include 3d orbgta s
on silicon. The MO assignments were la., le, 2al,_2e, 3a,. These .=
differ from the ab initio assignments,Z} and'are-inconsis%ent.with.our

spectral intensities,
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Table 3
EXPERIMENTAL AND EHT RESULTS FOR 81(CH,),
; . * RelatiQé*’7 Main AOJr
Orbital Ip (eV} EHT (ev) Areas’ - Componeﬁts
la, | 24.00D) -23.88 .26(2)._: ¢ 2s, i 3s
1t2 . 121.72(5) ~22.87 1.00(1)? C 2s
2a; C15.50) -16.71 :29(1) | si3s, C2p
2t, 14.1(1) -16.32 -.10(1)? ‘ C 2p, Si 3p
le 13.2(4) ~15.78 .o3(i)'f  C 2p
1t 11.5(4) -15.10 .03(1)tﬁ- C 2p
3c2' 10.4(1) -11.97 .17(1): C 2p, Si 3p

* Error in last significant figure appears parenthetically.

+ Hydrogen parentage is omitted.
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to the 24.0 and 15.5 eV peaks, respectively. The étz and 3t2 MO's, which
include -Si3p AO parentage, should give more intense'neaks than the le and
1t1 MO's which include only C2p and Hls AO's. Furthermore, the Si3p AO

population in the 3t2 MO s 1s significantly greater than that in the

2t2 MO's, and thus the peak from the former would be larger. Peaks from the

le and 1t1 MO's should both be weak, as was the 1e'MO peak in SiH3CH3.

Except for some ambiguity:for the le andvltl MO's;:if the spectrum is
assigned on the basis ofvthese intensity criteria;alcne, the EHT‘assignment
is duplicaten. | |

Sily1 Chloride. ‘The EHT calculatlon for SlH3C1 ordered the valence
MO's (1a ) (2a ) (le) (3a ) (2e) The photoelectron spectrum of 51H3Cl

was deconvoluted into five peaks, and is illustrated in Figure 4. The

1

experimental and calculated data appear in Table 4. The la MO is
calculated to be nearly a pure Cl3s A0 and may be cnnsidered to be nearly

a chlorine lone pair orbital. The 2al MO is principally constructed from.

Si3s and Hlo AO0's and contrlbutes s111con—hydrogen bondlng to the 81H3
group. The remalnlng orbltals, the le, 3al, and 2e MO S, do not include
appreciable parentage from the chlorine or silicon'Bs AO's. The le and

3al MO's 1nc1ude 81gn1ficant 813p, Cl3p, and Hls AO parentage The 2e MO's
although they do not have much Si3p character, are constructed from both the
C13p and Hls AO' s. This fact suggests that the descrlptlon of these
orbitals as chlorine lone pair orbita1824’25 is an oversimplification.

The EHT calculation may be interpreted as distribnting the p-like chlorine‘
lone pair orbitais among the 2e and73a1 MO's. ‘A;SO, results from the
calculationvare consistent with pure p'silicon—chlorine bonding and S, P ‘

" hybridized silicon-hydrogen bonding.



Table 4
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EXPERIMENTAL'AND EHT RESULTS FOR SiH3Cl
| % Relative” | Main a0’
elative | Main

Orbital P (eV) eEHT (eV) " Areas o Components
la, 23.7(1) ~29.58 1.00(18) - cl 3s
2a; - 17.97(9) ~18.63 .65(16) 81 3s
le 13.8(2) ~14.85 .64(15) | Cl 3p, Si 3p
3a; 12.9(3) -13.71 .34(15) | C1 3p, si 3p
2 11.51(8) ~13.12 72(8) cl 3p

* Error in last significant figure appears parénthetiéally.

-+ .Hydrogen parentage is omitted.
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Except for the lal MO, thg.EHT orbital energies.ére in good agreement
with the éxperimental values. The 1a1 MO is pfe&iqted to have a binding
energy several electron volts higher than was observed. Thisferrqr is
probably caused by faulty parameterization. Thg.Clgs_orbital energy, as
calculatediby Clementi12 and used iﬁ our EHT program, is several electron

volts more negative than an empirical vaer.26 Because the ial MO of'SiH3C1

given by the EHT calculation is essentially just the C13s AO, the predicted
binding energy for this MO might also be expected to be high. Our XPS

IP's for SiH3Cl are in fair agreement with values for the four low energy.

IP's repbfted in earlier UPS studies of this compbuﬂ_.24’ 25

Intensity analysis again supports the EHT assignmeht. The most intense

peak is aséigned to the C13s-~like lal MO. 'Becausévthe cross section ratio

/

for argon is low4

(OAr3s = 1.4), one might expect that bands from

0Ar3p
MO's including Cl3p AO's would be nearly as intense as those from s-type

MO's. Thus, the 17.97 eV peak is assigned to the 2a, MO mainly on the

1
basis of the energy considerations mentioned previously, The intensities
of the three remaining peaks closely reflect their“respective orbital
degeneracies. The slightly greater intensity of the band from the 2e
[ et

MO's compared to that from the le MO's suggests that the'ratlo 0C13p/0Si3p
is greater than one. A corresponding example4 is known for first row
elements where OFZp/OCZp = 1.5.

Silicon Tetrafluoride. The spectrum of SiFa,rshown in Figure 5, was

deconvoluted into seven bands. The EHT calculation yielded the MO sequence

(1a1)2(1F2)6(2a1)2(2t2)6(le)4(3t2)6(1t1)6.‘ Numerical daté for SiF4 appear'

in Table 5. The binding energies taken from the EHT calculation are in good .
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agreement ﬁith the experimental valugs. The laifapd lt2 MO's‘are largely .
constructed#from'FZS AO'sf' The la1 MO does howévefginclude some Si3s AO
parentage, while the parentage of the,it2 MO's is.;imosf'purely F2s. The

| parentagé'ofjthe Zal MO, although largely F2p, inbludes appreciable SiBs

~ character. The 2t2 MO's, although largely const;ué;ed from F2p AOQ's,

~ include sdme Si3p and a little F2s parentage. Th§:3t2 MO's inciude'both
F2p‘and_Si3é parentage while the le and ltl-MO's aré.con$tructed entirely
frbm F2p AO'é. | :

The intensities of the spectral bands are copsistent with the EHT MO
assignﬁenﬁs. The two higﬁ binding energy-s—like bénds afé mést intense.
The band aséigned to the 2a1 MO is 1less intenée:thaﬁ'the pure sébands,'but 
more intense than would be expected for a pure p%baﬂd.arising from a ron-
&egenerate MO. The higher intensity ofvthe band'fgqm'thg 2t2 MO's compared
to bands assigned to the.3;2 and ltl MO's is consiégéyt with the iﬁclusipn
of F2s parentage in the>2t2 MO's. The band assignea the pfliké lé MO's
has, as.expécted, ;hevleast intensity, and the 3t2 MQ'S; which includes
Si3p'parentage, giQe a more intense band than the-pufe F2p ltl MO's.

= 1, then one calculates4 that o, = 0.6.)

F2p/?Si3p

(f 00y e/95134
The XPS Qalencespectrum.for CF4 has been publiéhgd,z and is qqalitatively
very similar to our SiF4 spectra. The SiF4‘IP's ;?é:ﬁbt_as well sépafated
as those of CF4, but this behavior is expécted when §ilicon is. substituted
for carbon. An ab ini;id calculation for CF42’ 4.f'o’:und the same orbital
assignments‘as our EHT calgulation‘found fbr‘SiFa."-The CFAIassignmentS,v
later confirmed by rigorous intensity analysis,é;én&‘tﬁe similarity.of.the

CF4 and SiF4 spectra support the ENT assignments'f6r SiF4.
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Table .5
EXPERIMENTAL AND EHT RESULTS FOR S1iF,
* v Relativé*f Main AO
Orbital IP (eV) €y (€V) Areas | Components
la, 40.6(2) ~43.70 :60(9) F 2s,'si 3s
1c2:" 39.27(9) ~42.66 1.06(10): F 2s
2a, 21.4(2) -21.97 .12(3)f¥ 5i 3s, F 2p
2t, 19.4(2) ~21.19 .17¢6) | F 2p, Si 3p,
o F 2s

le - 18.1(4) ~19.86 .09¢6) | F 2p
3t, 17.4(3) ~19.16 .13(6)” f F 2p, Si 3p |
1t, 16.4(2) -18.19 ;11(3)__.' F 2p

* Error in last significant

figure appears parehﬁhétically.v
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" The foui ;owest‘IP's,of SiF4 have previéuslyibéeﬁ measured in UPS studies
of thebcompound, 22, 27 and ther¢ is good'agreémeﬁthbetween the XPS and
the UPS binding energies. 1In their study, Bassét; and Lloyd27 propose the-
saﬁé MO,aséignments:for fhe spectrél baﬁds és do we. bHowéyer,iin a 1ater
study, Jonaé,.gg_gl.vpropose alternatg'aésighmeﬂgé'ﬁaséd upon a CNDQ/Z
MO calculation ﬁhich included siliéon 3d o;bitai§ in the basis set. These
lattervaSSignments, which‘rély upon the stébiiiééﬁién of some MO's by the

Si3d AO's, suggest a spectrum which is inconsistent with the observed XPS

intensities]

CONCLUSIONS

A summary of the binding energies frém the sﬁécgfa and thg EHT calculations
is presented in Figure 6. 1In this figure, the ﬁHT?orbital enérgies have
been adjusééd by an additive constant so that tﬁé{calculated ﬁalue.of'the
lowest IP matches experiment. This simple adjdstﬁénf takes  some account
of elecfronic relaxatiqﬁ, at least to the extentfthéf fhe relaxation
energies for all the MO's of a given-moleéule hévé £ﬁe same value. The
agfeemenf befween experimental.and calculated vaiuésiis good and compares
well wi;h ab initio and other SCF correlaﬁions.zst_lﬁ thué aépears that EHT
can accufately reproduce the ordering of the MO’s'in_sﬁall_and symmetric
.molecules such as those étudied‘in this work, and‘thatvvalence IPisvmay N
be estimatéd with some confidence from EHT orSitél:éﬁergies. Othér328’729 ,.

have observed thaf, for less symmetric molecules;_EHT calculations may

incorrectly order groups of closely—spaéed orbitalé; (Some hint df this
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possibility.ié seen in the Si(CH3)4 results, wheré ghe orbital emnergies
for the rélated 2t2, le, and lti MO's are too clésely spacéd.) However,
even in such caées, the‘predicted binding éﬁergiéé!éfe wiﬁhin a few |
electroﬁvvolts of the experimentai values.;- | |

The‘5uccessfﬁ1 correlation of our EHT results_%ith‘the spectra
suggests that.tﬁe main features of tﬁe chemicélfbonding in theée compoﬁnds
may be déécribed without fecourse to silicon 3diAO;s§ If d orbitals make
important contributions to.tﬁe parentage of some MO's, then the energies
of ﬁhese}MO'svshould be étébilized-sufficiently.By pﬁ+dn'bonding to
affect th¢'order of the MO's. This was not observed; tﬁe MO orderings
from the EHI'calcuiations, which had no signifiqgﬁt‘d orbital bonding,
matched qrdéringsvobtainéd from the relative band inteﬁsities'qf the
spectra. If d orbitals were less impoftant, but:SEill not negligible,
the MO ordering might not be affected, but\cértaiﬁvﬁo's would be
energeticélly’stabilized relatiQe to the others. The le MO's in SiF%22
and the le_MO's in SiH3CH3 are ‘specific exaﬁpleéiéf Such MO's. However,

comparison of the calculated and experimental.IP'é (Figufe.6).for SiF4

3773

binding energies_calculatedvusing Koopmans"theofem @ay differ from measured

CH., does not indicate such stabilization. However, valence MO

and for SiH

energies by several electron volts. Thus small differences between

experiméntal and calculated values, or the lack of'small differences,

may not be significant, and their interpretation:in,terms of d orbital:

bonding25’27’30

is of dubious value. We thus conclude that, although we
cannot quantify the extent of d orbital bonding-iﬁfthese compounds, we
believe it to be small, and that the principal features of the spectra -

(band assignments, approximate IP's and relative'bandvintensities) nay
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be rationalized by considering only s and p orbital bonding.
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FIGURE CAPTIONS

Figure 1. Valence spectrum of'Siﬂ4.‘_Thé cufve'throﬁgh the points is the
sum of the.individual bands. The unlabelled,badds ére due to Mg Ka3 4 -
. ) . ) o ’

satellite radiation.

Figure,Z.V_Valence spectrumof SiH3CH3. The curve through theApbinté is
the sum of the individual bands. The -unlabelled bands are due to

Al Ko, , satellite radiation.

3,4

Figure 3. Valencespectrunléf Si(CH3)4. The cur?e'through the points is
the sum of the individual bands. The unlabelled bands are due to

Al Ka satellite radiation.

3,4

Figure 4. bvalencespeCtrmnof SiH3Cl; The curvéftthUgh the points is
the sum of the individual bands. Thevunlabelled'bahds are due to

Mg Ka satellite radiatioen.
3,4

Figure 5. ‘Valenéespéctrum of SiF4. The curve through the points is the
sum of the individual baﬁds. The unlabelled bands are due to Mg Ka3 4

" satellite radiation;

Figure 6.  Experimental and calculated valence elééﬁfon'binding energies

for SlH4,>SiH3CH3,.Sl(CH3)4, siH3c1,,and SiF,.
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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