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Singlet and triplet excited states of the title compounds were investigated experimentally, using electron-
energy-loss spectroscopy (EELS), and theoretically, using density functional calculations that include
configuration interaction (DFT/SCI). Both the triplet and the singlet spectra are well rationalized by the
theory, permitting an assignment of the observed, broad bands and providing strong indication that DFT/SCI
is suitable for the description of excited states in molecules containing third-row elements. The low-lying
transitions in tetramethylsilane are found to be 4s and 4p Rydberg; the lowest valence states are higher, at 9.8
eV (triplet) and 10.5 eV (singlet). The lowest triplet band in hexamethyldisilane is found to be valence, the
upper orbital havingπ symmetry. The lowest singlet state is 4s, albeit with zero oscillator strength. The
lowest observed singlet band is 4pxyRydberg with substantialπ* valence admixture. The calculated density
of excited states is high in tris(trimethylsilyl)silane, and Rydberg-valence mixing is prevalent. A high density
of states is found also for tetramethoxysilane, the low-lying transitions being all Rydberg originating from
the oxygen lone pair orbitals. Excitation functions for selected vibrational and electronically excited states
are presented. The former provide the electron attachment energies. The latter indicate large cross sections
for triplet excitation near threshold and, thus, imply substantial yield of triplet states under typical plasma
conditions. The He I photoelectron spectrum of tetramethoxysilane is also presented.

1. Introduction

The present work is concerned with electron-impact excita-
tion, theoretical description of excited states, and electron
attachment in four representative alkyl- and alkoxy-substituted
silanes (see Chart 1). Interest in the excited states of, and in
electron collisions with, this class of compounds is motivated
by their industrial use, for example as a silicon carbide or oxide
precursors in plasma-assisted chemical vapor deposition.1

Knowledge of the electronic structure of the simple permeth-
ylsilane oligomers is further useful for understanding the higher
molecular weight polysilanes, whose chemistry and spectroscopy
are of considerable interest.2

Photoabsorption spectra of permethylsilanes have been re-
ported both in the gas phase and in solution, and an excellent
summary and discussion were given by Robin.3,4 The photo-
absorption spectrum of gas-phase TMOS has also been pub-
lished.5 The photoabsorption spectrum of HMDS (and of higher
oligomers) in an argon matrix have been recorded by Plitt et
al.6 The valence shell electron-energy-loss (EEL) spectrum of
TMS has been recorded at a high incident electron energy (2.5
keV) and in forward scattering by Sodhi et al.7

The occupied orbitals of a number of methylsilanes including
TMS and HMDS have been characterized by means of photo-
electron spectroscopy, reviewed by Bock.8 The electron at-

tachment energies, characteristic of the orbitals which are not
occupied in the neutral molecule, have recently been measured
using electron transmission spectroscopy (ETS).9 The core
excitation EEL spectra of TMS, also representative of normally
unoccupied orbitals, albeit with a positively charged core, were
published by Sodhi et al.7 and Winkler et al.10 Urquhart et al.11

measured core excitation EEL and photoabsorption spectra of
TMS, HMDS, and TTMSS.
In the present work we apply electron-energy-loss spectros-

copy at low incident electron energies, and both forward and
backward scattering, to determine the triplet and the singlet
transition energies of the title compounds. The observed
transitions are assigned by comparison with transition energies
and oscillator strengths calculated by the DFT/SCI method. We
further derive electron attachment energies from relative cross
sections for vibrational excitation. Finally, relative cross
sections for electronic excitation are presented as a function of
the incident electron energy, permitting conclusions about the
relative yields of triplet and singlet states in plasmas.
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2. Methods

2.1. Experimental Section.The trochoidal electron spec-
trometer used in the present work has been described in detail
previously.12,13 It uses magnetic collimation of the electron
beams, trochoidal monochromators as electron energy filters,
and a collision chamber with small apertures for the incident
and scattered electron beams. The experiment involves inter-
cepting the sample vapor at low pressure (∼10-4 mbar) with a
beam of electrons of varying incident energyEi and detecting
electrons scattered at a fixed residual energyEr. The incident
electrons can excite the target molecules, thereby loosing an
amount of kinetic energy∆E ) Ei - Er equal to the excitation
energy. A spectrum of excited states is obtained by plotting
the scattered electron currentIs against the electron energy loss
∆E. The collision chamber was kept at about 60°C during the
measurement, the resolution was about 0.045 eV, and the energy
scale is accurate to within 0.03 eV.
This instrument detects electrons scattered into 0° and into

180°.12,14 Forward scattering generally dominates at higher
electron energies, and we can therefore safely assume that at
Er ) 20 eV the backward scattering cross section is small in
relation to the forward cross section, although we have not
measured the forward/backward signal ratios in the present case.
The observed spectra are thus due nearly exclusively to electrons
scattered in the forward direction. Dipole selection rules apply
to excitation by electron impact in the limit of forward scattering
and high electron energies (nearly zero momentum transfer).
The residual energy of 20 eV is sufficiently high to make the
spectra recorded at this energy dominated by dipole-allowed
transitions and band intensities indicative of the dipole oscillator
strengths. The electron energy is not high enough for the dipole
limit to be reached quantitatively, the relative intensities of the
bands may differ from the dipole intensities, and dipole
forbidden singlet transitions may also appear in the spectra (an
example is the a1Πg state of N212). A qualitative comparison
of band intensities with calculated and measured oscillator
strengths is, however, meaningful. The qualitative nature of
the band intensity comparison with calculated oscillator strengths
does not justify conversion of the vertical scale of the spectra
to generalized oscillator strength, and we choose to show the
unconverted signal intensity, corresponding to a (relative)
differential cross section (DCS). When comparing EEL band
intensities and oscillator strengths, it is useful to realize that
bands at higher energy loss would appear more intense in the
generalized oscillator strength representation than they do in
the DCS representation.
Triplet bands appear in the spectra recorded with low residual

energies. The cross sections for excitation of the triplet states
are furthermore not forward peaked, but more isotropic with
respect to scattering. The capacity of the present instrument to
detect the backward scattered electrons is thus essential for the
detection of triplet states.
2.2. Computational Details. The method for describing

excited states of closed-shell molecules using density functional
calculations combined with a single-excitation configuration
interaction treatment (DFT/SCI) has been developed recently.15

It is superior to the standard ab initio HF/SCI approach due to
the implicit account of dynamical electron correlation. The
errors in the excitation energies of Rydberg and valence excited
states, obtained with this method, were found not to exceed 0.2
eV for a wide range of molecules.15 Particularly important for
the present study is the capacity of this method to treat well
valence-Rydberg mixing, as has been demonstrated on ethene,
methanal,16 and substituted ethenes,17 which are quite difficult
to describe with standard ab initio approaches.
All Hartree-Fock (HF-SCF) and DFT calculations were

performed with the TURBOMOLE suite of programs.18,19 The
ground-state geometries of the molecules were completely
optimized at the HF-SCF level by employing valence double-ú
basis sets for the carbon, oxygen, and hydrogen atoms (VDZ,
[3s2p]/[2s])20 and a triple-ú basis including polarization d-
functions for silicon (TZP, [4s3p1d]).20 The geometrical
parameters obtained are given in Table 1. The calculated SiC
bond distance in TMS of 1.889 Å agrees well with the
experimental value of 1.879 Å.21 Due to steric interactions of
the methyl groups in TTMSS the structure has onlyC3 symmetry
(instead ofC3V) with deviations of the dihedral angles H-Si-
Si-C from C3V symmetry of about 15°.
The DFT calculations were performed with the nonlocal

exchange correlation functional of Becke and Lee, Yang, and
Parr in its hybrid form, i.e., including some portion of exact
HF exchange (B3LYP).22,23 In the DFT/SCI calculations of the
excited states the silicon basis was augmented with one set of
primitive s; p-, and d-functionsRs ) 0.015,Rp ) 0.013, andRd

) 0.010 to account for the lowest Rydberg states. Ground-
state geometries were employed throughout all excited-state
calculations so that all theoretical excitation energies represent
vertical transitions.
The carbon, oxygen, and hydrogen atom VDZ basis sets were

replaced by those of Dunning24 (because the lowest s- and
p-exponents are better suited for a description of excited states)
and in the case of carbon and oxygen augmented with a
polarization d-function. The complete molecular basis sets used
to expand the Kohn-Sham equations are thus comprised of 116,
192, 326, and 172 AOs for TMS, HMDS, TTMSS, and TMOS,
respectively.
The SCI calculations were performed in theC2V, C2h, C1, and

C2 subgroups of the full Td, D3d, C3, and S4 point groups,
respectively. The 1s, 2s, 2p(Si), and 1s(C) core electrons are
kept frozen while all valence and virtual orbitals are used to
construct the spin-adapted configuration state functions (1457,
3776, 9321, and 3669 ignoring symmetry for TMS, HMDS,
TTMSS, and TMOS, respectively).
All transition moments were calculated in the dipole length

form, which is preferable over the dipole velocity form in the
case of very approximate wave functions.25 Formal oscillator

TABLE 1: Interatomic Distances R (Å) and Anglesr (deg) Calculated at the HF-SCF Level of Theory by Employing the Basis
Sets Described in Section 2.2

RSi-Si RSi-C RC-H RSi-H RC-Si-Si RC-Si-C RSi-Si-Si RH-Si-Si

TMS 1.889 1.097
HMDS 2.381 1.898 1.097 110.5 108.5
TTMSS 2.389 1.895a 1.097a 1.504 110.5 108.3 112.8 105.9

RSi-O RO-C RC-H
a RC-O-Si RO-Si-O

TMOS 1.620 1.422 1.091 135.9 107.5

a Average values.
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strengths (i.e. ignoring electron spin and using only the space
part of the triplet wave functions) were calculated also for the
triplet states.

3. Results and Discussion

3.1. Electron Attachment Energies. We employed the
vibrational excitation functions to measure the attachment
energies, making use of the fact that the cross section for
vibrational excitation generally dramatically increases when an
electron is temporarily attached to the target molecule, i.e., when
a shape resonance is encountered in the scattering.26 The
attachment energies of substituted silanes have already been
measured using ETS,9 but the present method, being a “zero
background” technique, is sometimes better suitable for detecting
broad resonances. The excitation functions are shown in Figure
1. To ascertain that all bands in Figure 1 are indicative of
resonances, we recorded the excitation functions at a relatively
large energy loss, where only overtone vibrations are excited.
This avoids bands at low energy caused by nonresonant
excitation of IR-active fundamentals. The energy loss of 0.72
eV corresponds nominally to two quanta of the C-H stretch
vibration, but the shape of the energy-loss spectra indicates that
additional, overlapping vibrations are also excited.
The attachment energies are summarized and compared with

the ETS results of Modeli et al.9 in Table 2. The agreement of
the two data sets is very goodssmall differences can be expected
because the resonances are observed in different final channels
in the two experiments. The somewhat higher value found for
TMS could indicate that the broad band consists of two or more

overlapping resonances, the relative heights of which differ in
the two experiments.
We notice that the DFT virtual orbital energies qualitatively

rationalize the AEs (Table 2) and base our assignment on this
comparison. [Our attempts to rationalize the attachment ener-
gies with help of SCF virtual orbital energies and an empirical
scaling relation (an approach which proved successful with many
compounds not containing third-row elements) did not lead to
satisfactory results for the silanes.] Schematic diagrams of high-
lying occupied and low-lying unoccupied orbitals of TMS and
HMDS are shown in Figures 2 and 3. The lowest attachment
in HMDS is assigned to aπ* orbital. (We add an asterisk to
the orbital symbol for consistency with previous literature and
to indicate that it is normally unoccupied. This MO is, however,
bonding with respect to the Si-Si distance, in contrast to the
π* MO of, for example, ethene, which is antibonding with
respect to the CdC bond.) This assignment does not contradict
the finding made elsewhere that the lowest empty MO in higher
alkylsilane oligomers and polymers isσ*(Si-Si).2 Modeli et

Figure 1. Vibrational excitation functions, recorded at an energy loss
of 0.72 eV.

TABLE 2: Experimental Electron Attachment Energies and
DFT MO Energies (eV)

compd present Modeli et al.9 DFT MO energy

TMS 4.0 3.8 3.2 (σ*(Si-C))
HMDS 2.25 2.30 1.7 (π*)

3.85 4.1 2.8 (σ*(Si-Si))
4.95

TTMSS 1.45 1.49a 0.7 (Si-Si)
4.7 2.9a

TMOS ∼2 2.15

aMeSi(SiMe3)3.

Figure 2. Isocontour plots of the HOMO and the valence LUMO of
TMS. The plots refer to an isosurface value of|ψ| ) 0.06 au. Only
one component of the degenerate orbitals is shown.

Figure 3. Isocontour plots of selected molecular orbitals of HMDS.
The valence (Rydberg) orbital plots refer to an isosurface value of|ψ|
) 0.06 au (0.01 au). Only one component of the degenerate orbitals is
shown. The Rydberg orbital is much larger than the valence orbitals:
the〈r2〉 values for the HOMO-1, HOMO,π*, and 4pxy orbitals are 23.4,
16.0, 44.9, and 103.8a02, respectively.
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al.9 note that ab initio 3-21G* virtual orbital energies predicts
π* below σ* in HMDS, whereas semiempirical MNDO method
leads to the reversed order.

It is interesting to note that the assignmentπ* below σ* in
HMDS parallels that recently made for cyclopropane, where
the observed selectivity of vibrational excitation led to the
assignment of the lowest electron attachment (at 2.6 eV) to a
similar C-H antibonding but C-C bonding π* orbital,33

whereas the attachment to theσ*(C-C) MO has been unam-
biguously proven to lie at higher energy (5.5 eV) by the
observed angular distribution of the scattered electrons.34

The vibrational excitation functions of TMOS (not shown)
do not have a well-developed structure; they consist of two
strongly overlapping and very broad bands, peaking at about 2
and 6 eV. The former is compatible with the DFTσ* virtual
orbital energy (lowest valence MO) of 2.15 eV.

Core excitation spectra, either energy loss or photoabsorption,
provide alternative information on normally unoccupied orbitals,
with the difference that the core is positively charged whereas
it is neutral in the present electron attachment spectra. As a
consequence, Rydberg orbitals appear in the former but are
missing in the latter. A broad band observed in the Si(2p)
excitation spectrum of TMS has been assigned as overlapping
valence and Rydberg states.7,10 Individual bands can be
discerned in photoabsorption spectra of TMS and have been
assigned as 4s, 4d, and 5d Rydbergs, followed byσ*(Si-C)
valence orbitals.11 A lower energy feature emerges in both the
core photoabsorption and the core excitation EEL spectra when
going from TMS to HMDS, an observation which parallels the
low-energy electron attachment band of HMDS in Figure 1. It
has been assigned to a valence orbital associated with the Si-
Si bond, but it has been labeledσ*(Si-Si).11

3.2. EEL Spectra. A series of spectra with residual energies
Er ranging from 0.03 to 20 eV were recorded for each
compound. The best visibility of the triplet states was found
with Er ) 0.1 eV, and these spectra are shown in Figures 4 and
5, together with theEr ) 20 eV spectra, representative for the
dipole-allowed singlet transitions.

The lowest singlet band in TMS is broader than the first
singlet bands of HMS and TTMSS. Closer inspection reveals
a peak at 7.45 eV and a shoulder at 7.2 eV. This shape is
presumably a manifestation of the Jahn-Teller splitting of the
lowest 1T2 state.

The spectra of TMS and HMDS taken atEr ) 20 eV agree
well with the published gas-phase UV absorption spectra3,28both
in terms of transition energies and, when it is taken into account
that a conversion from DCS to generalized oscillator strength
would increase the relative intensity of the higher energy bands,
also in terms of relative band intensities. There are only small
differencessfor example the shoulder at 7.1 eV in HMDS is
less pronounced in the UV spectra than in EELSsthat could
be ascribed to the less stringent selection rules for electron
impact excitation at a relatively low incident electron energy.

The Er ) 20 eV spectrum of TMOS agrees well with the
published gas-phase UV absorption spectrum5 up to an energy
of about 7.8 eV. Both UV and EEL spectra have a weak
shoulder with an onset around 6.3 eV, followed by an upward
break of slope at about 7 eV. Above 7.8 eV, however, the
spectra differ dramatically, and the intense UV bands with sharp
vibrational structure are missing in the EEL spectra. We observe
that the sharp UV bands are nearly identical in shape and energy
to the sharp UV bands of methanol given by the same authors5

and that they could consequently be due to methanol impurity
resulting from partial hydrolysis of the TMOS sample in the
UV cell.
A further verification of this conclusion is provided by a

photoelectron spectrum, because the shape and vibrational
structure of Rydberg bands is generally nearly identical to that
of the ionic state to which they converge. We recorded the He
I photoelectron (PE) spectrum (which has, to the best of our
knowledge, not been published before) and show it in Figure
6. The purity of the sample was verified using NMR and the
index of refraction. No ionic states with sharp vibrational
structure are found in the PE spectrum, making the presence of
bands with sharp vibrational structure in the UV or EEL spectra
highly unlikely.

Figure 4. Electron-energy-loss spectra of TMS, HMDS, and TTMSS.
Two spectra are shown for each compound, one recorded withEr )
20 eV (“singlet conditions”, label S), one withEr ) 0.1 eV (“triplet
conditions”, label T). Vertical lines under the spectra show results of
DFT/SCI calculations. Short vertical lines below the baseline indicate
transitions with a very small or zero oscillator strength. Selected
transitions are labeled. Only the final orbital is given for transitions
originating from HOMO, the transition HOMO-2f 4s and HOMO-1
f 4p are labeled as-2,4s and-1,4p, respectively. (See Tables 3-7
for details of the assignment.)

Figure 5. Electron-energy-loss spectrum of TMOS. See the caption
of Figure 4.
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We interpret the PE spectrum within the concept of the
Koopmanns’ theorem. Although it has been shown for exact
solutions of the exchange correlation potential in DFT that
Koopmanns’ theorem is applicable to the highest occupied
molecular orbital,29 the effect of this result with approximate
functionals is not completely clear at present. In particular, all
popular functionals suffer from a spurious electron self-inter-
action30 causing an incorrect behavior of the potential at large
nuclear-electron distances and thus too high energies of the
occupied orbitals. Although the admixture of “exact” exchange
to the functional (as in B3LYP which is used here) partly
corrects this behavior, test calculations on a number of organic
molecules show that calculated ionization energies from Kohn-
Sham orbital energies are systematically too high by 2-3 eV.31

However, as can be seen from a comparison of the experi-
mental PES of TMOS with the calculated DFT orbital energies
shifted by 3.3 eV (Figure 6), the relative energies, i.e., the
spacing between the four bands, are described very well. The
lowest band in the PES between 10 and 13 eV corresponds to
ionization out of the oxygen lone-pair orbitals. The MOs that
contribute to the next band (14-16 eV) are assigned asπO-CH3.
The two remaining peaks around 16.5 and 18 eV correspond to
ionization out of delocalizedσ MOs. The weak shoulder at
10.6 eV could be due to Jahn-Teller splitting of the ground
state of the ion.
3.3. Comparison with DFT/SCI Results. Excited states

have been calculated within the first about 3 eV of each
spectrum, and the results are compared with experiment in
Tables 3-8 and represented graphically in Figures 4 and 5.
Formal oscillator strengths for the triplet states are included in
the Figures 4 and 5 and Tables 4 and 6 to point out the
interesting empirical finding that they reflect qualitatively the
triplet band intensities in the silanes.
A very satisfactory agreement is found for theEr ) 20 eV

spectrum and the calculated singlet states of TMS. The three
strong calculated transitions, from HOMO to 4s, 3d Rydberg
(we call the lowest Rydberg states in the silanes 4s, 4p, and 3d
to retain consistency with the majority of the literature), and
σ* valence MOs, agree very well with the three broad observed
bands at 7.45, 8.8, and 10.15 eV. A similar degree of agreement
is found for the triplet spectra. The spectral profiles of HMDS
are also well reproduced by the theory, although the calculated
energies are generally 0.2-0.3 eV higher than the observed
bands. Thus the first singlet band at 6.35 eV corresponds to
the two calculated HOMOf 4p transitions, the second band
at 7.54 eV to HOMO-2f 4s and HOMO-1f 4p transitions,

the third band at 8.5 eV to HOMOf σ*, and the weak shoulder
at 7.1 eV fits well the calculated HOMOf π* transition. The
density of states calculated for TTMSS is much higher than for
the previous compounds. Despite the large number of states,
the calculated transitions are found to be consistent with the
spectral envelope, although they appear to be about 0.4 eV
higher than observed bands. Thus the onset of the first singlet
band is much more gradual in TTMSS than in HMDS. This is
consistent with the theoretical result that the intense 5E transition
at 7 eV (which corresponds without doubt to the intense peak
at 6.5 eV) is preceded by three weaker transitions. The second
singlet band, at 7.5 eV, is explained by the cluster of calculated
transitions centered around 7.8 eV.
Band overlap is severe in TMOS (Figure 5), but even here

the calculation explains well the observed spectral envelope.
The weak shoulder at 6.7 eV is assigned as the HOMOf 4s
transition, which has calculated oscillator strength of zero but
can be expected to be weakly allowed by vibronic interaction
with higher states. The signal rise above 7 eV is well explained
by the three allowed 4p transitions calculated at 7.41-7.52 eV,
and finally the broad peak at 8.4 eV is rationalized by the group
of 10 transitions in the 8-8.8 eV range (Figure 5 and Table 8).

Figure 6. He I photoelectron spectrum of TMOS. Experimental
ionization energies are given above the spectrum. Ionization energies
calculated within Koopmanns’ theorem as DFT orbital energies shifted
by 3.3 eV (see section 3.2) are indicated by bars under the spectrum
(bars with double height indicate degenerate MOs).

TABLE 3: Singlet Transition Energies of TMSa

DFT/SCI

assignment
experiment

∆Ev ∆Eb 1000f ∆〈r2〉c

7.45 7.47 209 49 4s 1T2
8.21 15 82 4p 2T2
8.22 0 82 4p 1T1
8.23 0 82 4p 1E
8.27 0 85 4p 2A1
8.82 0 150 3dxy,xz,yz 2T1
8.84 0 152 3dxy,xz,yz 2E

8.8 8.84 265 153 3dxy,xz,yz 3T2
8.85 0 153 3dxy,xz,yz 7A
8.93 35 159 3dx2-y2,z2 4T2
8.94 0 159 3dx2-y2,z2 3T1
9.82 0 44 HOMO-1f 4s 4T1
10.08 0 22 8t2 (valence) 5T1

10.15 10.67 708 40 8t2 (valence) 5T2
aGiven are the experimental vertical transition energies (∆Ev, eV,

uncertainty(0.1 eV), the theoretical vertical transition energies∆E
(eV), oscillator strengthsf (sum of the oscillator strengths of two
components is given for degenerate states), and the difference of ground-
and excited state∆〈r2〉 expectation values (a02). Only the final MO is
indicated for transitions originating from HOMO.b The DFT-B3LYP/
TZP+diff.(Si)/VDZP(C)/VDZ(H) ground-state energy is-449.0431
au. c The 〈r2〉 expectation value of the ground state is 94.3a02.

TABLE 4: Triplet Transition Energies of TMS a

DFT/SCI

assignment
experiment

∆Ev ∆E 1000f ∆〈r2〉
7.15 7.35 345 48 4s 1T2

8.01 0 80 4p 1A1
8.12 19 80 4p 2T2
8.16 0 82 4p 1E
8.17 0 82 4p 1T1

8.5 {8.73 0 146 3dxy,xz,yz 2T1
8.73 666 147 3dxy,xz,yz 3T2
8.74 0 147 3dxy,xz,yz 2A1

8.75 0 147 3dxy,xz,yz 2E
8.85 26 159 3dx2-y2,z2 4T2
8.86 0 159 3dx2-y2,z2 3T1
9.66 0 43 HOMO-1f 4s 4T1

9.6 9.81 2880 25 8t2 (valence) 5T2
a See the caption of Table 3. Formal oscillator strengths have been

calculated by employing only the space part of the triplet wave function.
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We conclude that, although the observed bands often cor-
respond to several overlapping transitions, the DFT/SCI calcula-
tions rationalize very successfully all spectral profiles, except
that the calculated energies become slightly too high as the
number of Si-Si bonds increases. Tentatively, this error can
be traced back to the inability of current density functionals to
treat electron correlation in third and higher row elements.
Similar effects have also been observed in DFT calculations of
bond lengths becoming much too long if heavier elements are
involved (see e.g. ref 27).

The good agreement of the experimental and calculated
spectra justifies an assignment based entirely on calculation; it
is indicated in Tables 3-8. The singlet state assignment is based
on comparison of both the transition energies and the oscillator
strengths with the observed spectrum. Since we do not have a
theoretical indication of the triplet band intensities, the triplet
state assignment is based solely on the comparison of energies.
The broad 8.5 eV band in the TMS triplet spectrum, for example,
is assigned to the HOMOf 3d transitions, calculated to lie
between 8.73 and 8.86 eV (Table 4), but we cannot decide to
what degree the individual 3d transitions do contribute to the
observed band. We note, however, that the triplet band
intensities appear to correlate surprisingly well with the formal
oscillator strengths for all four silanes studied here, although
we do not attempt to rationalize this observation theoretically
at this point.
The resulting assignment implies that all low-lying singlet

and triplet excited states of TMS are Rydberg states. The lowest
valence states, leading from HOMO to the 8t2 (σ*(Si-C), Figure
2) orbital, are at about 9.5 eV (triplet) and 10.5 eV (singlet).
Note that, remarkably, our assignment of the singlet states in
TMS confirms in most points the earlier conclusions of Robin,3

who assigned the first two photoabsorption bands as 4s and 3d
and concluded that the 4p transition is hidden under the
absorption at around 8 eV, in accordance with the present
calculation (Figure 4). He also correctly predicted that the
allowed component of the lowest valence transition HOMOf
σ* corresponds to the third band, which peaks at 10.15 eV in
the present spectra (and at 10.8 eV in photoabsorption, the
difference being an understandable consequence of the large
width of the band and the different “background slopes” of
electron-impact and photoabsorption cross sections). The

TABLE 5: Singlet Transition Energies of HMDSa

DFT/SCI

assignment
experiment

∆Ev ∆Eb 1000f ∆〈r2〉c

6.16 0 61 4s 2A1g

6.35 {6.59 133 64 4px,y 1Eu
6.66 124 95 4pz 1A2u

7.1 7.19 83 34 π*(valence) 2Eu
7.26 0 139 3dxz,xy 1Eg
7.28 0 143 3dz2 3A1g

7.39 0 156 3dx2-y2,z2 2Eg
7.47 0 58 HOMO-1f 4s 3Eg

7.54 7.71 305 63 HOMO-2f 4s 3Eu
7.77 0 198 4fd 2A2u

7.78 0 172 5s 4A1g
7.81 14 209 4fd 4Eu
7.86 1 208 4fd 5Eu
7.88 159 68 HOMO-1f 4px,y 3A2u

7.90 0 56 HOMO-1f 4px,y 1A1u

7.94 10 67 HOMO-1f 4px,y 6Eu
8.12 0 244 4fd 4Eg
8.12 2 80 HOMO-1f 4pz 7Eu

8.6 8.44 523 39 σ*(Si-Si) 4A2u
a See the caption of Table 3.b The DFT-B3LYP/TZP+diff.(Si)/

VDZP(C)/VDZ(H) ground-state energy is-818.2982 au.c The 〈r2〉
expectation value of the ground state is 155.9a02. d f-orbitals were built
from linear combinations of the Rydberg basis AOs on the two silicon
atoms. Not all HOMOf 4f components have been calculated.

TABLE 6: Triplet Transition Energies of HMDS a

DFT/SCI

assignment
experiment

∆Ev ∆E 1000f ∆〈r2〉
5.78 6.05 765 11 π*(valence) 1Eu

6.06 0 61 4s 1A1g
6.55 294 92 4pz 1A2u

6.78 40 86 4px,y 2Eu
7.17 0 135 3dxz,yz 1Eg
7.19 0 143 3dz2 2A1g

7.25 7.30 1250 8 σ*(Si-Si) 1A2u
7.32 0 155 3dx2-y2,z2 2Eg
7.36 0 62 HOMO-1f 4s 3Eg
7.56 516 58 HOMO-2f 4s 3Eu

a See the caption of Table 3. Formal oscillator strengths have been
calculated by employing only the space part of the triplet wave function.

TABLE 7: Selected Singlet Transition Energies of TTMSSa

DFT/SCI

assignment
experiment

∆Ev ∆Eb 1000f ∆〈r2〉c

∼5.9 {6.17 76 70 4s 1E
6.49 53 50 4pz 2E
6.66 80 100 4px,y 3E

6.5 6.99 530 109 3dx2-y2,z2 (+valence) 5E

a 60 roots are calculated below 8 eV, and only transitions below 7
eV and with oscillator strength greater than 0.02 are listed here. See
also the caption of Table 3.bThe DFT-B3LYP/TZP+diff.(Si)/VDZP(C)/
VDZ(H) ground-state energy is-1517.5245 au.c The〈r2〉 expectation
value of the ground state is 263.2a02.

TABLE 8: Singlet Transition Energies of TMOSa

DFT/SCI

assignment
experiment

∆Ev ∆Eb 1000f ∆〈r2〉c

∼6.7 7.02 0 46 4s 1E
7.38 0 80 4px,y 2A
7.41 3 86 4px,y 1B
7.50 0 83 4px,y 3A
7.50 15 82 4px,y 2B
7.52 9 85 4pz 2E
7.76 0 53 HOMO-1f 4s 4A
7.77 1 50 HOMO-2f 4s 3B

8.4 {7.99 14 88 (Rydberg) 3E
8.05 18 121 3dx2-y2 4E
8.06 0 68 HOMO-3f 4s 5A
8.08 1 145 3dxz,yz 4B
8.10 0 125 3dxz,yz 6A
8.11 5 138 3dxz,yz 5B
8.13 0 145 3dxz,yz 7A
8.14 0 138 3dxy 5E
8.18 7 148 3dz2 6E
8.23 33 92 HOMO-2, 3f 4px,y 7E
8.25 0 96 HOMO-1f 4pz 6B
8.28 0 89 HOMO-2f 4pz 8A
8.32 0 81 HOMO-2, 4f 4px,y 8E
8.42 3 79 HOMO-3, 5f 4pz 7B
8.51 32 82 HOMO-3f 4px,y 9E
8.55 0 89 HOMO-4f 4px,y 9A
8.56 26 88 HOMO-4f 4px,y 8B
8.60 0 87 HOMO-4f 4px,y 9B
8.61 0 86 HOMO-4f 4px,y 10A
8.63 11 86 HOMO-4f 4pz 10E
8.75 8 51 σ*(Si-O-C) 11E

a See the caption of Table 3.b The DFT-B3LYP/TZP+diff.(Si)/
VDZP(C)/VDZ(H) ground-state energy is-749.9699 au.c The 〈r2〉
expectation value of the ground state is 124.8a02.

Electron-Energy-Loss and DFT/SCI Study of Silanes J. Phys. Chem. A, Vol. 102, No. 20, 19983529



forbidden component of the lowest valence transition is found
0.6 eV below the allowed component by the present calculation
(Table 3). The tentative suggestion of Robin that the forbidden
component could be seen as a small step at 6.63 eV in the
photoabsorption spectrum of Harada28 (which is not found in
our EEL spectrum) is thus not confirmed.
The lowest triplet state of HMDS has valence character,

corresponding to excitation from HOMO to theπ* orbital
(Figure 3). The medium-sized S-T splitting for this state (1.1
eV) is a consequence of the relative large spatial overlap
between theσ and theπ* orbitals (large exchange integral
Kσ-π*). The lowest excited singlet state of HMDS is the 4s
Rydberg state, but the transition has zero oscillator strength.
The first observed singlet band is assigned to two Rydberg states
(4pxy and 4pz), and the shoulder at 7.1 eV is assigned to the
HOMO f π* valence state. This assignment may initially
appear to contradict the conclusion made by Pitt32 (based on
trends in ionization energies), by Robin3 (based on absence of
solvent shift), and by Michl2 that the first singlet band is of
valence character. It should be pointed out, however, that the
4pxy states, responsible for the first band according to the present
calculation (together with 4pxy), and the lowest valence state
(π*) both have Eu symmetry and will mix with each other. The
degree of mixing is reflected by the spatial extent of the wave
functions, expressed by∆〈r2〉 (difference of excited-state and
ground-state〈r2〉 expectation values). In general Rydberg states
of small- and medium sized molecules have∆〈r2〉 values in the
range 40-60, 80-100, and 100-150a02 for s, p, and d terms,
respectively. This rule is confirmed in the present case:∆〈r2〉
is 11 a02 for the pure valence state31Eu (Table 6) and 95a02

for the pure Rydberg state 4pz (Table 5). The intermediate
values of 64 and 34a02 calculated for the11Eu and12Eu states,
respectively, indicate mixed character for both, with larger
Rydberg contribution for the former. Since Rydberg bands are,
due to their large spatial extent, expected to be blue-shifted in
condensed phase, comparison of the condensed phase and gas-
phase spectra should provide evidence for the Rydberg/valence
character. The peak of the first photoabsorption band of argon
matrix isolated HMDS has been observed at 6.63 eV,6 about
0.3 eV higher than in the present gas-phase spectrum. This
shift appears too small for a pure Rydberg state but may well
be compatible with our valence-Rydberg mixed assignment.
The extent of Rydberg-valence mixing will change when going
to condensed phase, the Rydberg components being shifted to
higher energies, so that the lower state may be less Rydberg-
like in condensed phase than in the gas phase.
The next comment concerns theπ*-σ* ordering. It has been

deduced experimentally, from the polarization in stretched
films,2 that the lowest absorption band isσ*(Si-Si) in higher
linear permethylated silane oligomers and polymers. It has,
however, been recognized2 that theσ*(Si-Si) is stabilized faster
with increasing chain length and that theπ* state may well be
the lowest valence state in HMDS, that is, our assignment does
not contradict the earlier work. Furthermore, theπ*-σ*
ordering in HMDS will depend on the Si-Si bond length, since
the σ* state is rapidly stabilized and theπ* state destabilized
when the Si-Si distance increases (Figure 3). (Our preliminary
calculation withRSi-Si ) 2.68 Å showed the HOMOf π*
vertical excitation energy nearly unchanged at 6.90 eV but the
HOMOf σ* transition greatly lowered, from 8.44 to 6.91 eV.)
Thus the HOMOf σ* state may well be the lowest adiabatic
excited state even in HMDS, as proposed by Plitt et al.,6 in
particular in the condensed phase where the different degree of
valence-Rydberg mixing may further affect the ordering.

TTMSS has been included in the present study to evaluate
the changes encountered when going from the small oligomers
to (branched) polymers. An important consequence of the
increasing number of Si atoms is found to be a dramatically
increasing density of states: 60 singlet roots were obtained
within an energy range of only 2 eV! (The calculated low-
lying states are shown in Figure 4, and only few selected singlet
states are listed in Table 7.) The second finding is that it becomes
increasingly difficult (and arbitrary) to classify the excited states
as valence or Rydberg; all wave functions are of relatively large
spatial extent. This means that the nature of the states may
substantially change in the condensed phase, where the diffuse
components of the wave functions are perturbed by the matrix
or solvent molecules.
As mentioned above, TMOS has 8 high-lying occupied MO’s,

all oxygen lone pairs (with some contributions from theπCH3),
with calculated orbital energies between-7.16 and-8.67 eV.
They give rise to a large number of Rydberg states, listed in
Table 8 and indicated in Figure 5. The lowest valence singlet
is HOMOf σ* at 8.75 eV. The corresponding valence triplet
(mixed with 4pxyRydberg) is calculated at 8.36 eV. The small
singlet-triplet separation is a consequence of the small value
of the lone pair-σ* exchange integral.
3.3. Excitation Functions. Relative cross sections for

electronic excitation, recorded as a function of the incident
electron energy, are shown in Figure 7. The lower curve for
each compound has been recorded at an energy loss∆E just
below the first singlet state. The observed shapes of these
excitation functions for all three compounds are characteristic
of triplet excitation: the curves peak close to threshold and then
decrease continuously with increasing electron energy. The
upper curve for each compound has been recorded at an energy
loss where both triplet and singlet states overlap. This is
reflected in the shapes; they are steplike near threshold, due to
triplet excitation, and rise nearly linearly at higher energy,
behavior characteristic of dipole-allowed singlet-singlet transi-
tions.
We recorded the excitation functions of TMOS but do not

show them here. They are consistent with our assignment of
the EEL spectra. An excitation function recorded at an energy

Figure 7. Excitation functions of selected electronically excited states
of TMS (lower pair of curves), HMDS (center pair of curves), and
TTMSS (upper pair of curves).
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loss of 7.0 eV, that is just below the steep rise in the singlet
spectrum, is characteristic of a spin- and/or dipole forbidden
transition: it rises steeply at threshold, has a broad maximum
around 9 eV and then remains nearly flat up to 17 eV. An
excitation function recorded at an energy loss of 8.4 eV, at the
peak of the singlet spectrum, is characteristic of overlapping
triplet and dipole-allowed singlet transitions, having a steplike
rise at threshold (due to the triplet), followed by a nearly linear
rise due to dipole allowed singlet excitation.
The detailed shape of a triplet excitation function differs from

molecule to molecule. A remarkable feature of the triplet-state
excitation functions of the present silanes is their steplike onset
and consequently the relatively large value of the cross section
already at and immediately above threshold. This is in contrast
to the cross sections found for example in ethene35 or benzene,12

where the onset of the triplet cross section is more gradual and
the cross section is small in the immediate vicinity of the
threshold.
Electronic excitation near threshold is important in discharges,

where the energy distribution of the free electrons peaks at
around 1 eV and then decreases rapidly. The substantial size
of the threshold cross sections for triplet excitation, in contrast
to small threshold cross sections for singlet excitation, will thus
cause the yield of triplet states to be much larger than the yield
of the singlet states. This means that triplet states may be far
more important in the chemistry of plasmas than singlet excited
states.

4. Conclusions

The DFT/SCI theory is found to reproduce very well both
the singlet and the triplet spectra, indicating that it is a suitable
tool for describing excited states of the silanes and is potentially
capable of describing their excited-state chemistry, relevant for
plasma processes.
Low-lying triplet and singlet excited states of TMS are

Rydberg states; the lowest valence states are found at substan-
tially higher energy.
HMDS reveals the spectroscopic consequences of a Si-Si

bond, in particular lowering of valence states relative to the
Rydberg states. The lowest excited state in the triplet manifold
is of valence character in this compound. The lowest singlet
state is the HOMOf 4s Rydberg state, but the next higher
state, a HOMOf 4p, has a substantial valence character. The
upper orbital of the lowest valence transitions has aπ symmetry
and is, in contrast to theπ* MO of ethene, bonding across the
Si-Si bond (and antibonding with respect to the Si-C distance).
The HOMO f σ* transition, with σ* strongly antibonding
across the Si-Si bond, is found higher in energy but, as a
consequence of the opposite bonding/antibonding character of
the upper valence MOs, becomes the lowest excited state when
the Si-Si distance is stretched.
The results on TTMSS, which may be considered as a step

toward branched silane polymers, emphasize the rapidly increas-
ing density of states with increasing number of Si atoms and
an increasing degree of valence-Rydberg mixing, which makes
classification of the excited states as valence or Rydberg difficult
and arbitrary. The nature of the excited states is consequently
expected to differ significantly between the gas and condensed
phases.
Strong structure-spectra relationship is born out by TMOS.

Its spectra differ from those of the other silanes already in their
qualitative appearance, particularly by the absence of pro-
nounced structure. The DFT/SCI calculations rationalize this
difference: the strong Si-O bond causes theσ f σ* transitions,
which would make the spectrum more structured, to be much
higher in energy. There remain many lone pairf Rydberg
transitions, which naturally have very similar energies. The
deceivingly simple broad band at 8.4 eV in the singlet spectrum
is found to be a result of about a dozen transitions.
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