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The Si 1s and 2p solid state photoabsorption (total electron yield) spectra of triphenylsilanol,
hexaphenyldisiloxane, and hexaphenyldisilane and the Si 1s spectra (total ion yield) of
gaseous trimethylsilanol, hexamethyldisiloxane, hexamethyldisilane, and trimethylmethox-
ysilane have been recorded using synchrotron radiation. These spectra are compared to
inner shell electron energy loss spectra of gaseous triphenylsilanol, hexaphenyldisilane,
trimethylmethoxysilane, hexamethyldisiloxane, and hexamethyldisilane in the Si 2p and C
1s regions, measured under scattering conditions where electric dipole transitions dominate
(2.5 keV residual energy, 0 < 2°). Comparison of the Si 1s and Si 2p spectra of the Ph3Si—X
and Me3Si—X species shows there are low-lying transitions at Si which occur exclusively in
the PhsSi—X species. These transitions are attributed to (Si 1s™%,2*si_pn) and (Si 2p~1,a*si—_pn)
states in which the core excited electron is delocalized across the Si—C(phenyl) bond into
the 7* levels of the phenyl ring. Extended Huckel and ab initio molecular orbital calculations
of the core excitation spectra support this interpretation. Transitions characteristic of Si—

Si and Si—O bonds are also identified.
1. Introduction

During the past five decades, the unique properties
and industrial potential of organosilicon compounds,
including silicone polymers, elastomers, and resins,
have been recognized and these materials have become
major industrial products.1=2 Silicones have desirable
thermal and oxidative stability, flexibility, inertness and
radiation resistance. Polymethylphenylsilicones and
polydiphenylsilicones, in particular, are more stable to
oxidation, high temperature decomposition, and radia-
tion damage than methylsilicones,* with the rupture of
methyl groups occurring preferentially over phenyl
groups at high temperatures.> Aromatic stabilization
by the phenyl group has been postulated as the origin
of this increased stability.#® This work continues our
study of the sensitivity of core excitation spectroscopy
to chemical properties and bonding in organosilanes. We
examine the effects of #* and ¢* delocalization associ-
ated with Si—phenyl (Si—Ph), Si—Si, and Si—0O bonding,
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focusing in particular on the nature of 7* delocalization
across the Si—phenyl bond.

A study of the electronic spectroscopy of organosilanes
must be considered in the context of organosilane
bonding models. In Si—Ph and Si—O containing species,
hyperconjugation and (d—p)x bonding’” models have
been invoked to explain spectral and physical charac-
teristics. In the hyperconjugation model, phenyl 2px
electrons (or the oxygen lone pair electrons in the case
of Si—O bonding) are delocalized into vacant o* levels
on silicon. In the (d—p)xz bonding model, the 2px
electrons are delocalized into unoccupied Si 3d orbitals’
although recent studies are critical of the (d—p)x bond-
ing model for silicon.® While the large Si—O—Si bond
angles and bond flexibility in oxo-bridged organosilanes
have been rationalized in terms of hyperconjugation and
(d—p)z bonding, it has also been argued that the
dominant ionic character of the Si—O bond, and the
resulting weak localization of electron pair domains on
oxygen, is the origin of this effect.%19 Through com-
parison of the core excitation spectra, we have explored
the covalent versus ionic character of Si—O bonding.

Core excitation spectroscopy is a site-specific spec-
troscopic technique offering detailed information con-
cerning the unoccupied electronic structure of molecules
or extended systems. Core excitation can be studied by
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X-ray photoabsorption!! or electron energy loss spec-
troscopy.!2 A bibliography and data base of gas phase
core excitation studies has been published recently.13
Several recent studies'*~18 have investigated the rela-
tionship between Si and ligand near edge spectral
features and the local structure around Si in organo-
silicon compounds. In some cases, these studies have
combined synchrotron radiation and electron energy loss
results of the same species in the solid and/or gas phase
(where volatility permits) with quantum chemical cal-
culations.*”'8 The combination of multiple edge spectra
with calculations makes core excitation spectroscopy a
powerful probe of the molecular electronic structure.

In this work, we have used core excitation spectros-
copy to study delocalization across the Si—phenyl bond
and oxygen lone pair delocalization in Me3SiO—X and
Ph3SiO—X species. We have also extended our earlier
studies of low-lying o*si_si features in disilanes (Si—
Si).1617 In particular, we present inner shell electron
energy loss spectra (ISEELS) in the Si 2p and C 1s
region of gas phase triphenylsilanol (Ph3;SiOH), hexa-
phenyldisilane (Ph3SiSiPhs), hexamethyldisiloxane (Mes-
SiOSiMej3), hexamethyldisilane (Me3SiSiMes), and tri-
methylmethoxysilane (Me3SiOMe), recorded under
experimental conditions dominated by electric dipole
transitions. We also present total electron yield (TEY)
spectra in the Si 1s and Si 2p region of solid phase
triphenylsilanol (Ph3;SiOH), hexaphenyldisiloxane (Phs-
SiOSiPhg), and hexaphenyldisilane (PhsSiSiPhs), as well
as total ion yield (TIY) spectra in the Si 1s region of
gas phase trimethylsilanol (Me3SiOH), hexamethyl-
disiloxane (MesSiOSiMes), trimethylmethoxysilane (Mes-
SiOMe), and hexamethyldisilane (Me3SiSiMe3z). Com-
parison of the spectra for the methyl- and phenyl-series
has identified features related to Si—C, Si—Si, or Si—O
bonds in a given compound and identified delocalization
of phenyl 7* density across the Si—C(Ph) bond in Phs-
Si—X molecules.

2. Experimental Section

2.1. Samples. Triphenylsilanol (PhsSiOH), trimethyl-
methoxysilane (Me3SiOMe), and hexamethyldisiloxane (Mes-
SiOSiMes3) (purchased from Aldrich, =98% purity), hexaphen-
yldisilane (PhsSiSiPhg), hexamethyldisilane (Me3sSiSiMes), and
hexaphenyldisiloxane (PhsSiOSiPh3z) (purchased from Huls
America, =98% purity) were used without further purification.
Trimethylsilanol (Me3;SiOH) was prepared according to a
literature method.'® Spectra of trimethylsilanol were acquired
within 6 h of synthesis, before any significant dimerization
had occurred. All compounds were handled in a glovebag
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flushed with dry nitrogen in order to minimize hydrolysis.
Liquid samples were loaded in dried glass vacuum flasks and
were subjected to several freeze—pump—thaw cycles to remove
dissolved gases. For Si 1s and 2p photoabsorption, the solid
samples were mounted by pressing the sample powder into a
copper surface that was previously pitted with strong nitric
acid.

2.2. Electron Energy Loss Spectroscopy. The gas
phase ISEELS spectrometer employed in these experiments
has been described in detail previously.*? The spectrometer
is operated under conditions of small momentum transfer (2.5
keV impact energy, small (<2°) scattering angle) where the
electronic excitations are dominated by electric-dipole-allowed
transitions. The overall energy resolution, which is typically
0.6—0.7 eV full width at half maximum (fwhm), is determined
by the convolution of the energy width of the unmonochroma-
tized incident electron beam (~0.4 eV) and the analyzer
acceptance (~0.4 eV).

The volatile samples (Me3;SiOH, Me;SiOSiMes;, MesSiOMe,
MesSiSiMes) were introduced into the collision cell through a
leak valve. The involatile Ph3;SiOH and Ph3SiSiPh; samples
were placed directly inside the spectrometer in a heatable glass
tube attached to the collision cell. Spectra of Ph3SiOH were
obtained at a number of different heating conditions in order
to confirm reproducibility and to check if sample heating might
lead to thermal decomposition. The same procedure was not
possible for Ph3SiSiPh; due to the difficulty in maintaining
an adequate sample pressure in the gas cell. For this reason,
the ISEEL spectra of this compound are of lower statistical
quality. The stability on heating was also checked for both
compounds by electron impact mass spectrometry. The mass
spectrum of Ph3SiOH did not change until the sample was
heated above 200 °C while that of PhsSiSiPhs was only
observed to change when the temperature was above 550 °C.

The energy loss scale was established by simultaneously
recording the spectrum of the sample with that of two
reference compounds: COg, using the C 1s — xz* (290.74(4)
eV) transition,?>?! and SFs, using the S 2py;; — tyg (184.54(5)
eV) transition.?® The signal associated with a particular core
edge was isolated from the underlying valence shell and core
ionization continua by subtracting a smooth curve determined
from a curve fit of the function a(E — b)¢ to the pre-edge
experimental signal. The C 1s background-subtracted spectra
were converted to absolute oscillator strength scales by using
a method described and tested previously.’®* The Si 2p
background-subtracted spectra were converted to absolute
oscillator strengths by normalizing to the absolute Si 2p
oscillator strength of SiH, in the region of 145—151 eV.?? This
featureless, atomic-like region is higher in energy than the
prominent Si 2p — ed transitions in the continuum and before
the onset of the Si 2s edge.

2.3. Synchrotron Radiation Studies. 2.3.1. Si 1s
Spectra. The Si 1s spectra of the solid Ph3SiOH, Phs-
SiOSiPhs, and Ph3SiSiPh; samples were measured by total
electron yield (TEY) detection, and the gas Me3;SiOH, Mes-
SiOSiMes;, Me3SiOMe, and MesSiSiMe; samples were mea-
sured by total ion yield (T1Y) detection, using the double-
crystal monochromator? of the Canadian Synchrotron Radiation
Facility (CSRF) located at the Synchrotron Radiation Center
(SRC) in Wisconsin. This monochromator is equipped with
InSb crystals and has an energy resolution of 0.8 eV at 1840
eV. The absolute energy scale was set by prior recording of
the total electron yield spectrum of crystalline silicon (c-Si).
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The inflection point of the absorption edge of c-Si (determined
by the peak in the first derivative) was set to 1839.2 eV.1424

The TEY spectra of the solid samples were obtained by
measuring the sample current associated with all electrons
emitted from the sample after the absorption of an X-ray
photon (elastic, Auger, photoelectrons, and inelastically scat-
tered electrons). The TIY spectra of gases were obtained by
measuring the photoion current, using a 10 cm long parallel
plate ionization chamber. The sample pressure was measured
with a baratron gauge, and this signal was used to correct for
(minor) pressure variations during acquisition. In addition,
the gas phase spectra were scaled by 1/E to correct for the
intrinsic bolometric effect of ionization current detection.?® The
incident photon flux (lo) at the Si 1s edge was monitored using
an inline gas ionization chamber equipped with thin Be
windows. The Io signal was used to normalize the TEY and
TIY spectra. Normalized and calibrated TEY and TIY spectra
were background-subtracted to isolate the Si 1s core edge
signal, and the results were converted to absolute oscillator
strength intensity scale by normalization to the atomic value
of 1.6 x 1072 eV! at 1860 eV.%

2.3.2. Si 2p Spectra. The Si 2p spectra of the solid Phs-
SiOH, Ph3SiOSiPhs, and Ph;SiSiPh; samples were measured
by TEY detection using the Mark IV Grasshopper monochro-
mator?’ of the Canadian Synchrotron Radiation Facility at
SRC. For these experiments, the monochromator was run
with 30 um slits for an energy resolution of ~0.15 eV fwhm.
The energy scale of this monochromator was calibrated by
setting the energy of the first peak of the derivative of the Si
2p spectrum of c-Si to 99.804 eV. This value for the first
inflection point in the Si 2p spectrum of c-Si is based on a
careful calibration of its energy with respect to the Si 2ps,; —
a,* transition of SiF,.2® The absolute energy scales are
estimated to be accurate to within 0.1 eV in the region between
100 and 200 eV. For most of the pre-edge absorption features,
the monochromator resolution is the limiting factor in deter-
mining the positions of the sharp discrete resonances. In the
continuum regions, resonances are much broader and the
estimated error in their position is 0.5 eV. The incident photon
flux (lo) was measured simultaneously using the photocurrent
from a clean Ni mesh placed in the photon beam before the
sample. The lg signal is used to normalize the TEY spectra.
The spectra were background-subtracted and normalized to
the Si 2p oscillator strength spectrum of SiH,, as described in
section 2.2.

2.4. Calculations. The core excitation spectra of phenyl-
silanes have been interpreted with the aid of extended Huckel
molecular orbital (EHMO) as well as ab initio calculations of
simple model molecules. EHMO calculations of the Si 1s
spectra of PhsSiH and PhSiH; were carried out with the
CACAO program?® using the default Huckel parameters3®
calculated without d orbitals. Predictions of the Si 1s core
excitation spectra were generated by EHMO calculations using
the equivalent ionic core virtual orbital model (EICVOM),3!
with procedures described previously.3233 In this model, core
hole relaxation is approximated by replacing the core excited
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atom by its “Z + 1” equivalent (e.g., silicon by phosphorus)
and setting the molecular charge to +1.

Ab initio calculations of the Si 1s core excitation spectrum
of PhSiH; and PhSiMes; were carried out with the program
GSCF3.3* This program treats core hole relaxation by explicit
inclusion of the core hole.® The basis set used for this
calculation is the extended basis set taken from (533/53) and
(63/5) contracted Gaussian-type functions for Si and C and (5)
for H of Huzinaga et al.,®® where the contraction scheme was
(311111111/311111/1*) for the core excited silicon, (621/41) for
the carbon atoms, and (41) for H. The core excited states were
obtained with the improved virtual orbital (IVO) method.?” The
relaxed Hartree—Fock (HF) potential is essential in accurately
considering large electronic reorganization upon inner shell
hole creation; therefore, the IVO method based on the relaxed
HF potential is superior to the method using the ground state
orbitals. This method has been shown to be quite accurate in
predicting term values and intensities of core excitations.38-40

The program SPARTAN*! was used to provide the geometry-
optimized structures of Ph3SiH, Ph3SiH, and PhSiMe; at the
ab initio HF/3-21G* level. These geometries were used for
both the EHMO and ab initio core excitation calculations.
Gaussian line widths used in generating the predicted spectra
from both the EHMO and ab initio results were 4 eV fwhm
for orbitals of eigenvalue (¢) above 3 eV 2 eV for 0 < € < 3,
and 0.6 eV for —15 < € < 0 eV. The energy scales of the
EHMO-predicted spectra were set by matching the first
calculated transition to the first experimental transition of Phs-
SiOH. Relative to aligning the zero of the Huckel eigenvalue
scale to the estimated ionization potential (IP), alignment at
the first experimental transition requires energy shifts of +3.0
eV for PhSiH; and Ph3SiH. The energy scales of the ab initio
calculated spectra were set by setting the zero of the term
value scale to the ionization potentials calculated by GSCF3
(1843.11 eV for PhSiH3; 1842.41 eV for PhSiMej3).

3. Results and Discussion

3.1. Si 1s Spectra. Figure 1 presents the Si 1s
oscillator strength spectra for three Ph3Si—X molecules
(X = SiPhs, OSiPh3, and OH) and four Me3Si—X species
(X = SiMe3, OSiMe3, OMe, and OH). Energies, term
values, and tentative assignments for the Si 1s spectra
are presented in Table 1. The energy scale for present-
ing the disilane spectra (Me3SiSiMez and Ph3SiSiPhs;
top scale) is shifted by 1.3 eV relative to that for the
triphenyl and trimethyl Si—O species (PhsSiOSiPhs,
Ph3SiOH, Me;SiOSiMes;, MesSiOMe, and MesSiOH;
bottom scale). This shift is introduced to account for
the ~1 eV difference in the ionization potentials of the
disilane (Si—Si)- and the Si—O-bonded species, since
states of a similar final orbital character usually have
similar core excitation term values (TV = IP — E).

The most dramatic difference in the Si 1s spectra is
the dominant low-lying peak around 1842 eV in the
spectrum of each Ph3Si—X species (X = OH, OSiPhs,
SiPh3). We attribute this feature to Si 1s — a*si—pn
excitations, where w*si—pp, refers to an orbital involving
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Table 1. Energies, Term Values, and Proposed Assignments for Features in the Si 1s Photoabsorption
Spectra of (A) Triphenylsilanol, Hexaphenyldisiloxane, and Hexaphenyldisilane and (B) Trimethylsilanol,
Hexamethydisiloxane, Trimethylmethoxylsilane, and Hexamethyldisilane

A. Ph3Si—X
Ph;—SiOH2 Ph3Si—0O—-SiPhz? Ph3Si—SiPhz?
E (eV) E (eV) E (eV) T assignment
1841.8 51 1841.9 5.0 1840.8 4.9 1a*si—ph
1842.7 3.0 0*si—si
1844.1 1.6 0*si—c, 2*si—ph
1844.8 2.1 1844.7 2.2 O*Si—c, U*Si—Oy ZJT*Si—ph
1846.9° 1846.9b 1845.7° 1P
1849.4 —-25 2e”
1852.9 —6.0 1852.7 -5.8 1850.1 —4.4 lo*c—c
1863 -16 1862 -15 1862 -16 20%c=c, EXAFS
B. Me3Si—X
Me3z—SiOH?2 Me3Si—0—SiMez? Me3Si—0OMe? MesSi—SiMez?
E (eV) T E (eV) T E (eV) T E (eV) T assignment
1841.5 4.2 0*si-si
1843.6 3.3 1843.8 3.1 1843.7 3.2 1842.6 3.1 0*si—c
1844.2 1.5 0*si—c

1844.6 2.3 1844.5 2.4 1844.5 2.4 0*si-0, 0%si—c
1846.90 1846.9° 1846.9° 1845.7° 1P
1849 =21 1848.6 —-1.7 1847.7 —-0.8 1849 —-3.3 0*si—c
1856 -9 1856 -9 1856 -9 1855 -9 EXAFS

a Monochromator energy scale was set by previous recording of the Si 1s spectrum of crystalline Si (edge inflection set at 1839.2 eV).14.24
b Si 1s IPs were estimated from the Si 2p IPs by assuming the Si 2p—Si 1s splitting is the same as the Si Ka X-ray energy (1740 eV).4?

IP of Me3SiOH estimated from the IP of Me3SiOMe.

mixing of Si atomic orbitals (AOs) and the z* orbitals
of the phenyl ring. The absence of a feature at this
energy in the Si 1s spectra of the corresponding Mes-
Si—X species is support for our attribution of the ~1842
eV peak in the Ph3Si—X species to Si 1s excitation to a
m*si—pn level. Our detailed rationalization for this
assignment is postponed to the following section. First,
we will discuss the other Si 1s spectral features.

As expected from previous work on Me3SiSiMes, 1617
Ph3SiSiPh; also exhibits a low-energy peak at 1842.7
eV. There is no counterpart in the spectra of any of the
nondisilane species. This feature is attributed to S 1s
— 0*sj_sj excitations, where 0*sj_s; is the LUMO, which
has a large Si—Si antibonding character. The somewhat
higher energy of this feature in Ph3SiSiPhs is likely a
consequence of the interaction of the low-lying o*si—s;i
and z*sj—pn levels. An analogous effect, namely strong
w(phenyl) and o(Si—Si) mixing, has been reported in the
valence photoelectron spectra of phenyl-substituted
disilanes.*?

The Si 1s spectra of the two Ph3Si—X molecules (X =
OH, 0SiPh3), which have an identical next-neighbor
chemical environment of Si, are very similar. The Si
1s spectra of Me3SiOH, Me3SiOMe, and Me3SiOSiMe;
are also quite similar, but different from the spectra of
the corresponding Ph3Si—X species. The similarity of
the pair (Ph3Si—OH, Ph3Si—0O—SiPh3) and the triplet
(Me3SiOH, Me3SiOSiMes Me3;SiOMe) indicates that Si
1s excitation is not greatly affected by the nature of the
Y group in these Me3Si—O—Y/Ph3Si—O-Y species. We
were somewhat surprised by this observation because
the Si—O bond strength differs by 10% among the
molecules MesSi—O—Y, Y = H, Me, SiMe3.® If this bond
strength difference was caused by differences in a
covalent bonding interaction, such as hyperconjugation,
then we would expect to see changes in excitations
involving o*si-o levels. However if Si—O bonding is

(42) Pitt, C. G.; Bock, H. J. Chem. Soc., Chem. Commun. 1972, 28.

predominantly (but not entirely) ionic as some have
argued,1© then there should be very little dependence
of the Si 1s spectrum on the nature of the Y group. The
absence of any spectral dependence on the nature of the
Y group in either the Me3Si—O—Y or Ph3Si—O-Y series
supports interpretations which stress large ionic con-
tributions to the Si—O—Y bond.

At somewhat higher energy (~1845 eV), a strong,
broad peak is seen in the two Ph3Si—O—Y species. A
similar but less symmetric feature is seen in the
corresponding MesSi—O—Y species. We attribute these
peaks to an overlap of excitations to orbitals of o*si—o
and o*si_c character, with 27*si_pp contribution in the
Ph3Si—X species (see section 3.2). In the hexaphenyl-
disilane species, the ~1845 eV feature is relatively
weak, since it lacks the o*sj_o contribution. At higher
energy (>1850 eV), the Si 1s continua of all three Phs-
Si—X compounds are relatively similar, each exhibiting
a two peak pattern which is remarkably similar to that
found in the C 1s spectrum of benzene (at 294 and 300
eV in Figure 4). The Si 1s continua for the Me3Si—X
species are distinctly different. These observations
suggest interpretation of the 1850 and 1862 eV peaks
in the Ph3Si—X species as Si 1s — 1o0*c—c and Si 1s —
20*c—c transitions, respectively. This is a rather sur-
prising suggestion since one normally would expect poor
spatial overlap. However, previous studies have found
that delocalization often occurs simultaneously in both
the 7* and o* manifolds.32 Thus, the 7*si—pn features
at ~1842 and 1844.5 eV and these two continuum
features ascribed to o0*c—c provide a consistent picture
of extensive delocalization from the phenyl ring to the
Si atom, which does not occur in the corresponding Mes-
Si species. Note that this picture of extensive delocal-
ization and mixing of Si and phenyl ring orbitals (both
a* and o*) is further supported by the Si 2p spectra (see
section 3.3).

3.2. & Delocalization across the Si—Cpneny1 Bond.
Figure 2 compares the experimental Si 1s spectrum of
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Figure 1. Oscillator strength spectra in the region of Si
1s excitation of hexaphenyldisilane (s), hexamethyldisilane
(9), hexaphenyldisiloxane (s), triphenylsilanol (s), hexa-
methyldisiloxane (g), trimethylmethoxysilane (g), and tri-
methylsilanol (g). The solid state spectra were recorded
with sample current detection, while the gas phase spectra
were recorded using total ionization yield detection. The
energy scales of the two disilane spectra (top scale) are
shifted by 1.3 eV relative to the energy scales of the five
triphenyl and trimethyl Si—O species (bottom scale) to
account for the ionization potential difference between the
disilane (Si—Si) and Si—O bonded species.

Ph3SiOH to the EHMO-predicted Si 1s spectra of
PhSiH3; and Ph3SiH and the ab-initio-predicted Si 1s
spectra of PhSiH; and PhSiMes. The high-energy
portion of the EHMO-calculated spectra are reduced in
intensity by a factor of five in order to compensate for
an artificially strong o*si—y contribution. The molecule
PhSiH3; was chosen as a simple model for examining Si
1s excitation in phenylsilanes. The EHMO spectrum
of PhSiH3 predicts two weak, low-energy Si 1s — x*
transitions. Sketches of the z-contribution to the mo-
lecular orbitals associated with the two low-lying fea-
tures in PhSiH3; (b,c) are used to examine the character
of the core excited states. The area of each circle is
proportional to the z-orbital density on the atom. Peak
b corresponds to Si 1s excitation into the lowest unoc-
cupied MO (LUMO) in PhSiHg, an orbital in which the
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Figure 2. Comparison of the experimental Si 1s spectrum
of Ph3SiOH to the spectra of PhSiH3; and Ph3SiH, predicted
by EHMO calculations carried out using the EICVOM (Z
+ 1) approach, and the spectra of PhSiH3; and PhSiMes,
predicted by ab initio calculations. See text for further
details of the calculation and spectral generation. The MO
sketches indicate the np, contributions to selected low
energy unoccupied molecular orbitals of core excited
PhSiMejs: (a) calculated by ab initio methods and PhSiH;
(b,c) calculated by EHMO methods. The area of each circle
is proportional to the C 2p—u or Si3p—x density. For the
EHMO MOs, the orbital contribution on silicon is multi-
plied by three for better visualization.

LUMO phenyl 1x* level (e, in benzene) is delocalized
onto Si; the second transition, peak c, involves a Si 1s
state in which there is delocalization of the second
lowest phenyl 27* level (byg in benzene) onto Si. In both
cases, the orbital has sw-overlap (in phase) between Si
and the C—R carbon of the phenyl ring but it is clearly
of &* character on the phenyl group. We refer to such
states as having 7*sj—pn character in view of the orbital
character on the phenyl ring, even though this labeling
is formally incorrect because there is no orbital node at
the Si—Ph bond. The nature of this orbital suggests
there may not be a corresponding occupied Si—C s-bond-
ing molecular orbital (i.e., one involving an in-phase mix
of a Si 3p orbital with a =z orbital on the phenyl ring).
On the basis of the position of the second peak in the
EHMO spectrum, the feature at ~1844.5 eV in the Phs-



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on May 13, 1997 on http://pubs.acs.org | doi: 10.1021/0m961028f

m-Delocalization across the Si—Cpynenyr Bond

SiOH spectrum likely contains contributions from the
Si 1s — 2x*c—c transitions.

The large difference in intensity between the EHMO-
calculated and the experimental Si 1s — z*sj_pn transi-
tion (relative to the higher energy Si 1s — o* features)
led us to question the validity of the EHMO calculations
in this context. One might rationalize the low Si 1s —
T*si—pp intensity in terms of the single phenyl coordina-
tion in PhSiH3;, relative to the triphenyl coordination
of Ph3SiOH. This possibility was examined by compar-
ing the EHMO calculation of the Si 1s spectrum of
PhSiH; to that of Ph3SiH. While the #* features are
slightly more intense in the triphenylsilane molecule
(and the higher energy o*sj_n features are diminished),
the weakness of the =* features remains.

In order to provide further confirmation of the identity
and assignment of the EHMO =z* features, ab initio
calculations were performed for PhSiH3;. These are also
presented in Figure 2. Unlike the EHMO spectrum of
PhSiH3;, there is no clearly separated #* transition(s)
at low energy, but rather many closely spaced transi-
tions. Examination of the MO character of the calcu-
lated core excited states shows that the lowest feature
is in fact the Si 1s — 1x* transition and the next two
intense features are of mixed o*si—y—Rydberg character.
The presence of low-lying Si 1s — o*si-n—Rydberg
transitions in PhSiH3; is consistent with literature
assignments of the Si 1s spectrum of silane.*® In order
to remove the “interference” associated with the Si—H
bonds, we wanted to compare our experimental results
with an ab initio calculation of the triphenyl species
(Ph3SiH; CigH16Si). However, this is presently beyond
our computational resources at this level of theory.
Instead, we have carried out an ab initio calculation for
Si 1s excitation of PhSiMe;. Replacement of the hydro-
gen atoms with methyl groups eliminates the strong Si
1s — o*si-y—Rydberg transitions. While PhSiMe; is
substantially different from Ph3SiOH, it allows visual-
ization of the low-lying Si 1s — x* feature(s) without
interference from the (accurate) prediction of the Si 1s
— 0%sj—p transitions. The calculated spectrum of Ph-
SiMejs has a single low-energy feature at approximately
the same energy as the feature we assign as Si 1s —
m*si—ph iN Ph3SiOH. As shown in Figure 2 (sketch a),
the 7-2p, contribution to the lowest MO of PhSiMe;
calculated by GSCF3 is very similar to that of the lowest
7* in the EHMO calculation of PhSiH3;. Detailed
examination of the higher lying MOs reveals the Si 1s
— qr* transition at ~1843 eV hiding in a forest of Si 1s
— 0*si—c transitions.

At first glance, the existence of a LUMO of z*sj—pn
character in Ph3Si—X species is unusual because silicon
is tetrahedrally coordinated in these species and, thus,
one does not expect any formal Si—Ph x bonding. Si
core — x* features have been observed for several
undercoordinated silicon species, including silylenes!®
with cyclic 7 delocalization, and SiO,* which has a
formal Si=X & bond. The observation of z interactions
with tetrahedral silicon is not necessarily surprising,
as other experiments have shown phenomena which can
be explained in a similar manner. For example, in tert-

(43) Bodeur, S.; Millié, P.; Nenner, I. Phys. Rev. A 1990, 41, 252.

(44) Flank, A. M.; Karnatak, R. C.; Blancard, C.; Esteva, J. M.;
Lagarde, P.; Connerade, J. P. Z. Phys. D 1991, 21, 357. Bouisset, E.;
Esteva, J. M.; Karnatak, R. C.; Connerade, J. P.; Flank, A. M.; Lagarde,
P. J. Phys. B: At., Mol. Opt. Phys. 1991, 24, 1609.
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Figure 3. Si 2p gas phase energy loss spectra (solid line)
and Si 2p solid state photoabsorption spectra (dotted line)
of (a) triphenylsilanol (g,s) and trimethylmethoxysilane (g)
(b) hexaphenyldisiloxane (s) and hexamethyldisiloxane (g)
and (c) hexamethyldisilane (g) and hexaphenyldisilane
(g,s). The energy scale of the upper panel (RSi—SiR) is
shifted +1.2 eV relative to that of the lower two panels to
take into account IP differences. A background generated
by extrapolation of the pre-edge signal has been subtracted
from each spectrum. The insert is the Si 2p gas phase
EELS spectrum of triphenylsilanol acquired over a larger
energy loss range. The energy loss spectra were recorded
using a 2.5 keV final electron energy, ~2° scattering angle,
and 0.7 eV fwhm resolution. A background generated by
extrapolation of the pre-edge signal has been subtracted
from each spectrum.

butyl- and trimethylsilyl-substituted polyacetylenes
(Me3zX—(CC),—XMes, X = C, Si), a stabilization in the
HOMO binding energy (acetylene x) is seen when
carbon is replaced by silicon. This largely arises from
the inductive effect of the silicon group.> However, the
o — r* transition of these systems shows a decrease in
transition energy when carbon (tert-butyl) is replaced
by silicon (trimethylsilyl).*> This suggests that there
must be a strong Si—phenyl 7* interaction that lowers
the energy of the LUMO z* level. However, & and z*

(45) Bock, H.; Seidl, H. 3. Chem. Soc. B 1968, 1158. Eastmond, R.;
Johnson, T. R.; Walton, D. R. M. Tetrahedron 1972, 28, 4601.
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Table 2. Energies, Term Values, and Proposed Assignments for Features in the Si 2p Photoabsorption
Spectra of (A) Triphenylsilanol, Hexaphenyldisiloxane, and Hexaphenyldisilane and (B)
Trimethylmethoxysilane, Hexamethyldisiloxane, and Hexamethyldisilane

(A) Ph3sSi—X (Gas, EELS; Solid, Total Electron Yield Photoabsorption)

PhsSi—OH Ph3Si—O—SiPhs PhsSi—SiPhs
E (eV) solid E (eV) solid E (eV) solid assignments
gas solid Tap Tz solid Tap Tz gas solid Tap Tz 3/2 1/2
102.82 102.3 4.3 102.4 4.2 102.2 101.7 3.7 *si—ph
102.9 4.3 102.9 4.3 102.5 3.5 TT*Si—ph
103.9 15 0*si-si
104.3 (sh) 104.6 0.8 0*si—c
105.2 105.3 0.7 0*si—c
106.3 106.7(3) 0.2b 106.3 0.6° 0*si—o
106.6¢ 106.6¢ 105.4¢ IP (2pai)
107.2¢ 107.2¢ 106.0°¢ IP (2p112)
109.5 109.7 —2.8° 109.8 —2.9° 0*si—c
120 -13 Si 2p — ed
127.6 =21 Si2p —ed
(B) MeSi—X (Gas, EELS)
Me3Si—OMe Me3Si—O—SiMe; Me;3Si—SiMes
E (eV) T E (eV) Tb E (eV) T assignment
102.6 3.1 O*si-si
104.3 2.6 104.4 25 104.5 1.2 0*si—c
106.02 0.9 105.92 1.0 0*si—o
106.6d 106.64 105.44 1P(2p3/2)
107.24 107.24 106.0d 1P(2p1s2)
108 -1.1 108 -1.1 0* si-c, EXAFS
114 -7.1 114 7.1 112 —6 Si2p—ed
128 —-21 128 —-21 125 -19 Si2p—ed

a Calibration: triphenylsilanol, —81.7 eV relative to (S 2p~i,ty) of SFe; hexaphenyldisilane, as for photoabsorption spectrum;

trimethylmethoxysilane, —78.5(1) eV relative to SFg; hexamethyldisiloxane, —184.9(2) relative to 7* of CO;; hexamethyldisilane, —186.28(8)
relative to CO,. P Where only a single term value is listed, this refers to the average Si 2p IP. ¢ Vertical Si 2pa2 IPs for Ph3SiX species
estimated from XPS measurements for Me3SiOMe,° Me3SiOSiMes,5! and Me3SiSiMe3®%%1 (Me = methyl). Si 2ps/, IPs are 0.61 eV higher.5052

d XpPS.50.51

interactions are not expected in nonplanar molecules,
and thus, it is appropriate to characterize these effects
when they are observed. Core excitation spectroscopy
is clearly useful in this context.

3.3. Si 2p Spectra. The Si 2p electron energy loss
spectra (solid lines) of gas phase PhsSiSiPhs;, Mes-
SiSiMes, MesSiOSiMes, Ph3SiOH, and MesSiOMe are
presented in Figure 3, in comparison to the Si 2p TEY
photoabsorption spectra (dotted lines) of Ph3SiSiPhs,
Ph3SiOSiPhs, and Ph3zSi—OH. The Si 2p spectrum of
MesSiSiMes, recorded at medium resolution by ISEELS
and high-resolution photoabsorption, has been reported
and analyzed in detail elsewhere.'817 Energies, term
values, and proposed assignments are presented in
Table 2. The Si 2p spectrum of Me3SiOMe is in good
agreement with those reported earlier by Winkler et
al.,*¢ using ISEELS, and by Sutherland et al.,'> using
X-ray photoabsorption.

In the spectra of all three Ph3Si—X species, there is a
strong low-energy feature peaking around 102—103 eV,
which is absent in the spectra of the three Me3Si—X
species. The same features are observed in the higher
energy resolution photoabsorption spectra of the three
Ph3Si—X molecules, but with the characteristic 0.6 eV
Si 2p spin—orbit splitting detected. We attribute the
102—-103 eV peak in the Ph3Si—X species to core —
valence-type transitions where the upper orbital of the
transition has significant z*si_pn character.

The spectra of the four molecules containing Si—0O
bonds exhibit an intense broad feature peaking around

(46) Winkler, D. C.; Moore, J. H.; Tossell, J. A. Chem.Phys. Lett.
1994, 222, 1.

106 eV. These are attributed to Si 2p — 0*sj—o excita-
tions. At somewhat lower energy (~105 eV), there is a
broad shoulder which we attribute to Si 2p — o*si—c
transitions. We might expect a Si 2p — 2a*si—pn
transition above the Si 2p — o*si—o transitions in the
Ph3Si—X species, in analogy to that observed in the Si
1s spectra. While a discrete transition is not resolved,
the Si 2p — 0*si—o transition in the Ph3Si—X species is
broader and is shifted to higher energy than the similar
feature in the Me3Si—X species. It is possible that the
additional broadening is associated with a Si 2p —
27*si—pn contribution.

In Ph3SiSiPhs, we expect to observe a Si 2p — 0%sj—si
transition, by analogy to its Si 1s spectrum and the
observation of a Si 2p — o*si—si transition in Mes-
SiSiMe3.1817 This transition is not resolved, but it is
likely that it “fills in” the space between the 7*si—pn
feature (102 eV) and the o*si—¢ structure at 105 eV.
Recently Gardelis et al.>* have used S 2p spectral
features at 102 and 106 eV, assigned to o*si—si and
0*si—o resonances, to characterize relative amounts of
Si—Si and Si—O bonds in porous silicon samples.

The Si 2p spectra of all species exhibit further
structure at higher energies (see the extended range
energy loss spectrum of gas phase Ph3SiOH in the insert
to Figure 3). In addition to the features discussed
above, there are a number of broad features, such as
those occurring at 109.5, 120, and 127.6 eV in Ph3SiOH.
These higher energy features are attributed to a com-
bination of higher order o* excitations and to the
intrinsic shape of the Si 2p ionization continuum,546
which is characterized by a delayed onset of 2p core
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Benzene, Triphenylsilanol, and Hexaphenyldisilane and (B) Trimethylmethoxylsilane,
Hexamethydisiloxane, and Hexamethyldisilane

(A) PhsSi—X
CeHs? Ph3Si—OH Ph3Si—SiPhs
E (eV) T E (eV) T E (eV) T assignment®
285.3 5.0 285.14 5.2 285.14 5.2 1r*(eou)
287.2 3.1 287.6 2.7 287.3 3.0 3p
288.9 1.4 289.0 1.3 288.8 15 27*(bag)
290.3b 290.3¢ 290.3¢ 1P
293.5 -3.2 293.4 -3.1 293.4 -3.1 lo*(eu)
300 -10 301 -11 20*(e2g + azg)
(B) Me3Si—X
Me3zSi—OMe Me3zSi—0—SiMes; MesSi—SiMesf
E (eV) T E (eV) T E (eV) T assignment®
286.3 3.5 286.0 3.7 286 (sh) 3.7 3s
287.3d 2.5 287.3d 2.4 287.44 2.3 3p/C—-H
290.2 —-0.4 0*c-0, 0%c-si
289.6 0.1 290 -0.3 o*c—si
289.8¢ 289.7¢ 289.7¢ IP

a From ref 47. P From gas phase XPS, relative to vacuum level.53 ¢ Only the final orbital is listed. ¢ Calibration relative to C 1s — #*
in CO; (290.74 eV):2021 Ph3Si—OH E = —5.69(1) eV; Ph3Si—SiPhs E = —5.67(6); Me3Si—OMe E = —3.39(4) eV; Me3Si—O—SiMe; E =
—3.40(4) eV; Me3Si—SiMez E = —3.43(5) eV. ¢ IPs for Ph3SiX species are estimated from C 1s IP of CgHg (290.3 eV):33 IPs for MesSiSiMes
and Me3;SiOMe estimated from C 1s IP of Si(Me)4 (289.78 eV) and of Me3SiOSiMe; (289.72 eV).5! f Also reported in ref 16.
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Figure 4. C 1s oscillator strength spectra of benzene,*”
triphenylsilanol, hexaphenyldisilane, trimethylmethoxysi-
lane, hexamethyldisiloxane, and hexamethyldisilane!® de-
rived from dipole-regime EELS (see caption to Figure 3 for
experimental details). The insert is an expanded presenta-
tion of the phenyl 7* peak illustrating the changes in
position and line shape between benzene and the phenyl-
silanes.

ionization caused by the angular momentum barrier in
the dominant 2p — ed channel.

3.4. C 1s Spectra. Figure 4 compares the C 1s
oscillator strength spectra derived from inner shell
electron energy loss spectra of Ph3SiOH, Ph3SiSiPhs,
benzene,*” Me3SiOMe, Me3sSiOSiMes, and Me3SiSiMe;.16
The energies, term values, and proposed assignments
of the spectral features are presented in Table 3, along
with the results for benzene from the literature.*” Not
surprisingly, the C 1s spectra of both phenylsilane
species are essentially benzene-like, since the environ-
ment of most of the C atoms is approximately the same
in all three molecules. The Si—Si bond in Ph3SiSiPhs
does not introduce any additional low-lying feature in
the C 1s spectrum, in contrast to the situation in the Si
core spectrum, suggesting that C 1s — LUMO (o*sj-si)
excitation in this compound has negligible intensity. At
first sight, the overall similarity of the C 1s spectra of
the Ph3SiX species to that of benzene appears inconsis-
tent with our interpretation of the Si core level spectra
as involving low-lying excitations to z*si_pn Orbitals,
since one might expect corresponding excitations in the
C 1s spectra. However, the C—Si signal should only be
/¢ of the total C 1s signal, and thus, it will be
overshadowed by that of the C—H carbons. There is
little difference in electronegativity between the C—H
and C—Si carbons, so there should not be any significant
chemical shift of the C 1s energy. The greater breadth
of the a*c—c (285 eV) transition and the shift of the
centroid by 0.2 eV to lower energy may be the signature
of 7*si—pn contributions and delocalization across the Si—
phenyl bond (see the insert to Figure 4). Higher energy
resolution spectra would be of great interest as the
1n*c—c and a*si—pn features might be resolved.

The dominant lowest energy feature in the C 1s
spectrum of each Ph3SiX species corresponds to excita-
tions to &#* orbitals, which correlate with the 17*(ezy)
orbital of benzene. The peaks at 287—288 eV are
attributed to C 1s — Rydberg transitions. The feature

(47) Horsley, J. A.; Stohr, J.; Hitchcock, A. P.; Newbury, D. C.;
Johnson, A. L.; Sette, F. J. Chem. Phys. 1985, 83, 6099.
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around 289 eV is assigned to one-electron C 1s — z*-
(bog) transitions. Experimental and theoretical studies
of benzene suggest this state is one in which the one-
electron (C 1s71, *(byg)) configuration is heavily mixed
with the (C 1s71, a*1, 2*2) multielectron excited con-
figuration.®® Interestingly, the 2z* (byy in benzene)
feature for Ph3Si—X is less prominent and apparently
less intense than that for benzene. This may be a
further manifestation of the Si—Ph delocalization. At
higher energy, the C 1s continuum of Ph3Si—OH exhib-
its a two peaked pattern very similar to that of ben-
zene*” and, thus, these features are attributed to C 1s
— o*c=c transitions.

The C 1s spectra of Me3SiOMe, Me3SiOSiMes, and
MesSiSiMe;s (Figure 4) are rather similar to the C 1s
spectra of saturated hydrocarbons, such as ethane. The
relatively sharp peak at 287 eV is attributed to excita-
tion to a level of mixed valence—Rydberg character with
o*c—n valence and 3p Rydberg character. The shoulder
around 286 eV is the 3s Rydberg level. The broad peak
at 289.5—290 eV is mainly o*c—si in character. This C
1s — o*c_gj feature is substantially stronger in Mes-
SiOSiMe; than in Me3SiSiMes, even though the next-
neighbor environment of carbon is identical in both
molecules. In Me3SiOMe, this feature is stronger
because it also contains the C 1s (MeO) — o0*c-o
resonance.

4. Summary

Core excitation spectra at the Si 1s, Si 2p, and C 1s
edges were recorded for a range of triphenylsilyl and
trimethylsilyl species in the gas and/or solid state.
There is excellent agreement between the gas and solid
state spectra for the same edge of the same molecule,
suggesting the spectra are dominated by valence-type
excitations and that electronic interactions in the solid
make little change to the molecular electronic structure
in the region of the molecule sampled by core excitation.
Assignments for all spectral features have been pro-
posed. The Si 1s spectrum of each Ph3Si—X species

(48) Schwarz, W. H. E.; Chang, T. C.; Seeger, U.; Hwang, K. H.
Chem. Phys. 1987, 117, 73. Bader, M.; Haase, J.; Frank, K.-H.; Ocal,
C.; Puschmann, A. J. Phys. (Paris) 1986, 47, C8—501. Agren, H.;
Vahtras, O.; Carravetta, V. Chem. Phys. 1995, 196, 47.

(49) Li, D.; Bancroft, G. M.; Kasrai, M.; Fleet, M. E.; Feng, X. H,;
Tan, K. H.; Yang, B. X. Solid State Commun. 1993, 87, 613.

(50) Sutherland, D. G. J.; Bancroft, G. M.; Tan, K. H. J. Chem. Phys.
1992, 97, 7918.

(51) Jolly, W. L.; Bomben, K. D.; Eyermann, C. J. At. Data Nucl.
Data Tables 1984, 31, 109.

(52) Kelfve, P.; Blomster, B.; Siegbahn, H.; Siegbahn, K.; Sanhueza,
E.; Goscinski, O. Phys. Scr. 1980, 21, 75.

(53) Davis, D. W.; Shirley, D. A. J. Electron Spectrosc. Relat.
Phenom. 1974, 3, 157.

(54) Gardelis, S.; Bangert, U.; Hamilton, B.; Pettifer, R. F.; Hill, D.
A.; Keyse, R.; Teehan, D. Appl. Surf. Sci. 1996, 102, 408.
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exhibits a low-lying feature (~1842 eV), which we
interpret as Si 1s — 1la*sj—pn transitions. This assign-
ment is consistent with the absence of a z* feature in
the Si 1s spectra of all Me3Si—X species and is supported
by EHMO and ab initio calculations, both of which
predict delocalization of phenyl z* orbital density onto
Si in Ph3Si—X species. We note that both the low-level
semi-empirical EHMO (Z + 1) calculation and the high-
level ab initio calculation played important roles in
developing our interpretation of these spectra. Calcula-
tions of large molecules are trivial with extended
Huckel, but occasionally the results are not entirely
convincing. While high-level ab initio calculations are
limited to smaller molecules, their results are often more
accurate. Simplified model systems can thus be exam-
ined by ab initio methods, but one must be careful that
spectral features associated with inappropriate aspects
of a simplified molecular model do not complicate the
spectral interpretation, as was the case in the ab initio
calculation for PhSiH3,

Low-lying o*si—sj states are observed in the Si 1s and
Si 2p spectra of Ph3Si—SiPhsz and MesSi—SiMes, further
supporting the generality of a previously formulated
hypothesis that molecules containing Si—Si bonds ex-
hibit low-lying core excited states associated with
excitations to an orbital with large o*si—s; character.16:17
Comparison of the Si 1s spectra of Ph3Si—SiPhs; and
Me;Si—SiMe; indicates that the o*s;_g; state in Ph3Si—
SiPhgs is perturbed by interaction with the phenyl levels.
Finally, silicon core excitation spectra are relatively
unaffected by the nature of the Y group in Ph3Si—O-Y
or Me3Si—O—Y compounds, indicating that the nature
of the Y substituent does not affect the unoccupied
electronic structure at Si. This result, which is rather
surprising given the well-known dependence of Si—O
bond strength on the nature of Y, may reflect an
appreciable ionic character of the Si—O bond.
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