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Energies of unstable negative ions formed by the addition of electrons to SiX,, PX;, X,S, and XCl (X = H, CH,) have been
determined by electron transmission spectroscopy (ETS). The orbitals occupied in these unstable anions are found to be of o*
type. For the Si, P, and S compounds these orbitals have the proper symmetry to act as acceptors of w-electron density from
transition metals or aromatic systems. The electron-attachment energies determined for the Si, P, and S hydrides differ by only
0.2 eV and are lower than those found for their permethylated derivatives by 1-2 eV, consistent with the weaker w-acceptor ability
of methylated compounds. Differences observed in X-ray absorption and UV spectra between these hydrides and their methyl
derivatives are consistent with the ETS results. Multiple-scattering—X« calculations for SiH4 and HCl accurately reproduce both

electron transmission and UV spectra.

Introduction

In many transition-metal organometallic compounds in which
the metal is in a low oxidation state, back-donation of electron
density from a metal d orbital to an unoccupied ligand orbital
of = symmetry (with respect to the metal-ligand bond) is thought
to make a significant contribution to the bond strength.! For
example, a ¢* orbital of PH, interacts with the filled metal 3d
t, orbitals in Cr(CO)sPH;. Analogously, a o* orbital of a -PH,
group interacts with benzene =* orbitals in phenylalkylphosphines.
The m-acceptor strength of the ligands has been assessed by
analysis of bond distances,? vibrational frequencies,® and elec-
tron-binding energies.* According to qualitative MO theory
describing metal-to-ligand back-bonding,’ the energy of the
unoccupied ligand orbital is paramount in determining the bond
strength. However, there has thus far been no comprehensive
discussion of the energies of such orbitals within this context. In
this paper we will illustrate the utility of electron transmission
spectroscopy® in conjunction with quantum-mechanical calcula-
tions as a means of assessing the energy and orbital character of
low-lying, empty ligand orbitals. Our subject in particular is the
o* orbitals of a series of saturated, main-group, perhydro and
permethylated compounds that commonly serve as ligands and
models of ligands in organometallic chemistry.

Electron transmission spectroscopy (ETS) measures the energies
of temporary negative ion states arising from electron capture by
an atom or molecule. These attachment energies are often found
to correlate with the atomic or molecular orbital energies, cal-
culated or inferred from other experimental observation. Although
orbitals are only artifacts arising from an independent electron
model, many trends in molecular properties and many similarities
between electronically related molecules can be simply interpreted
by such an orbital model. Throughout this paper we often (in-
correctly) treat orbitals as physical entities and thus use language
such as “the orbital becomes more stable” to mean “the energy
of the anion state decreases™ or “an electron is captured into an
unoccupied molecular orbital” to mean “an anion is produced in
a state which is described in terms of molecular orbital theory
as electron occupation of a previously unfilled orbital”. The
language used here is, however, sufficiently widespread that we
assume the reader is familiar with our terminology.

Thus, we can measure an attachment energy for the lowest
unoccupied orbital of PH, and identify a similar feature in the
electron transmission spectra of Cr(CQO)sPH; and of phenyl-
alkylphosphines. The attachment energy for the PH; “parent
molecule” correlates with a ¢* orbital that can interact with a
metal d orbital in the transition-metal compound or a = orbital
in the substituted benzene. We can assess the extent of such an
interaction in the phenylalkylphosphine where we observe a
perturbation of the benzene w*-orbital energies. Additional in-
formation on the nature of these o* orbitals can be obtained by
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comparing the electron transmission measurements to energies
from X-ray absorption, core electron energy loss, and UV spec-
troscopies. Further information on the s*-orbital character is
garnered from electron-scattering calculations on the parent
molecule using Hartree~Fock or continuum multiple-scattering
(MS)-Xa MO methods.

Experimental Section

The electron transmission experiment involves the measurement of the
transparency of a gas to an electron beam as a function of energy. The
transparency depends in an inverse fashion upon the electron-scattering
cross section. Temporary negative ion formation occurs with large cross
section only over a narrow energy range. Since the negative ion promptly
decays by giving up the trapped electron, the formation and decay process
appears as a sharp fluctuation in the electron-scattering cross section.
The process, as well as the corresponding feature in the transmission vs.
electron energy spectrum, is referred to as a “resonance”.

The electron spectrometer consists of an electron source followed by
an electron monochromator, a gas cell, and an electron collector.” In
practice, the first derivative of the transmitted current as a function of
energy is recorded since the derivative is sensitive to the abrupt change
in transmitted current associated with a resonance.! The energy asso-
ciated with a resonance is known as an “attachment energy” (AE) and,
with respect to the derivative spectrum, is defined as the point vertically
midway between the minimum and maximum that characterize the
resonance. For the present purposes an attachment energy may be
identified with the negative of the corresponding electron affinity.® The
chief limitation is that ETS gives only the energy associated with unstable
negative ions. That is, only negative electron affinities can be obtained
with ETS.

Results

We have obtained electron transmission spectra of the sec-
ond-row hydrides, SiH,, PH,, H,S, and HCl, as well as their
permethylated derivatives, SiMe,, PMe,, Me,S, and MeCl. The
energies of the first negative ion resonance of each of these
compounds are arranged in a correlation diagram in Figure 1.
In fact, for all except the phosphorus compounds, only one res-
onance was observed in the energy range 0-8 eV. In both PH;,
and PMe;, a second resonance appeared near 5.5 eV. Previous
measurements on H,S,'® MeCl,!! and SiH,!2 are similar to the
present ones.
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Figure 1. Correlation diagram giving measured attachment energies for
Si—Cl hydrides and permethylated derivatives.
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Figure 2. Relationship between valence t, orbital IP and values of valence
t, — empty t, excitation energy and empty t, AE from MS-Xa calcu-
lations on SiH,.

On the basis of the experimental data alone, some preliminary
observations can be made. The similarity of the resonance energies
of SiH,, PH,, and H,S suggests a similarity of the orbital giving
rise to the resonance in each of these compounds. The orbital
energies in these compounds are quite sensitive to substitution,
implying that the orbital is molecular as opposed to being atomic
3d in character.

To assist in assigning features observed in the spectra, we have
carried out both bound-state!® and continuum multiple-scatter-
ing-Xa MO calculations'# of valence spectra and elastic elec-
tron-scattering cross sections for SiH,!* and HCl. Numerous other
Xa, ab initio Hartree—Fock, and ab initio CI stabilization cal-
culations have also been consulted.'®?! In addition UV and X-ray
spectral data have been employed.?>26

SiH, and SiMe,. The continuum MS-Xa calculations for
SiH, !’ predict a scattering cross section maximum at 2.4 eV with
the dominant contribution from the t, channel. Comparison of
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Table I. Experimental IP’s and Excitation Energies for Si 2p Core
and t, Valence Orbitals of SiH, and Si(Me),

SiH,  Si(Me),

Si 2p IP¢ 107.1 105.8
Si2p—t, XAS® 103.2 104.1
t, term energy® (from X-ray spectra) 3.9 1.7

valence t, (HOMO) IP 12.8¢ 10.5¢

8.3-8.97 ~8.9¢
45-39 1.6

@ Reference 28. © Reference 22¢ (SiH,) and ref 23 (Si(Me),).
The energy given is the absorption maximum; see ref 15 froma
discussion of the assignment in SiH,. € The term energy is de-
fined as the IP of initial orbital minus excitation energy from this
orbital; e.g., Si 2p IP — Si 2p — t, XAS energy is the term energy
of empty the t, orbital. d Reference 29. € Reference 30. / Ref-
erence 31; Hartree-Fock CI assignment. € Second band, assigned
as t, — 3d in ref 25.

valence t, -~ empty t, AE
t, term energy (from UV spectra)

the Si 2p — t, XAS main-peak energy with this t, scattering
resonance energy using the transition state?’ approach indicates
that it is the lowest unoccupied t, orbital that is responsible for
both the Si 2p XAS peak and the elastic scattering cross-section
maximum. This orbital is reasonably well localized on the Si, as
suggested by Schwarz,2®® and has a significant Si d function
contribution to its XAS and scattering cross sections.!* Schwarz
has given a contour diagram for this orbital (using the isoelectronic
PH,* model; ref 22b, Figure 3b) which also has the qualitative
appearance of a o* orbital with predominant H 1s and P 3p
character but some P 3d contribution.

Correlations may be drawn between the AE for occupation of
this localized orbital and its energies as observed in XAS and UV
spectra. The relationship of XAS energy and AE has been shown
in Figure 8 of ref 15. A similar diagram showing the relationship
of valence IP, UV excitation energy, and AE of SiH, appears in
Figure 2. The IP for the 1t, orbital of SiH, is obtained as the
negative of the 1t, orbital energy in a photoionization transition
state with 5.5 electrons in the 1t,. The 1t — 2t, UV absorption
energy is obtained as a difference of 1t, and 2t, orbital energies
in a transition state with 5.5 electrons in 1t, and 0.5 electron in
2t, orbitals. The calculated 1t, IP and 1t, — 2t, UV excitation
energies agree well with experiment. To relate the 1t, IP, the 1t,
— 2t, excitation energy, and the 2t, electron-attachment energies,
it is also necessary to calculate the destabilization of the 1t, orbital
when 0.5 electron is added to the 2t; (2.7 eV) and the destabi-
lization of the 2t, orbital when 0.5 electron is added to the 1t,
(2.9 eV). These quantities are not necessarily equal since they
are calculated for different self-consistent electron distributions
and they are not directly accessible experimentally. The result
of such an analysis is the estimated 2t,-orbital energy in the
electron-attachment transition state (6.0 electrons in 1t, and 0.5
electron in 2t,), which is in good agreement with the calculated
position of the cross-section maximum (2.4 eV). The analysis of
ref 15 based on the Si 2p IP and the Si 2p — 2t, XAS energy
is quite similar.

A similar procedure allows us to relate the spectral properties
of SiH, and SiMe, to their difference of AE’s using experimental
Si 2p? and valence t, IP’s?®30 and Si 2p — empty t, XAS and

- valence t, — empty t, UV?! energies for SiH, and SiMe,. As

shown in Table I we can establish that the empty t, orbital of
SiMe, is closer to the ionization threshold (that is, it has a lower
term energy) than that for SiH,. For the X-ray case this difference
is about 2.2 eV. If the transition-state eigenvalue destabilizations
calculated in ref 15 for SiH, are added to these X-ray term
energies, we obtain AE’s of 2.0 and 4.2 for SiH, and SiMe,,
respectively, in good agreement with experiment. DVM-Xa
calculations?! on SiH, and SiMe, (at the X(SCC) level of ap-
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Table Il. Comparison of Experimental Valence Orbital Energetics
of HCl with Those Obtained from MS-Xa Calculations
(Energies in eV)

exptl caled

2n IP 12.7¢ 12.7 60 term energy (from 6.2° 5.3

S0 IP 16.259 16.1  X-ray spectra)

2n - 60 AE 8.0° 8.2 energy of cross-
section max

@ Reference 38. © Reference 39. ¢ Reference 22b. ¢ This
work.

exptl calcd

334 32

proximation) also give the empty t, orbital higher in energy for
SiMe, than for SiH, by 1.75 eV, consistent with our experimental
AE’s. From the t,-orbital destabilization of 1.2 eV calculated
between the ground state and the electron-attachment transition
state for SiH,, the ground-state DVM-Xa eigenvalues give
projected AE’s of 1.8 and 3.5 eV for SiH, and SiMe,, respectively,
in good agreement with experiment.

PH, and PMe,. Few data are available on the empty orbitals
of PH, and PMe,. Schwarz? cites a term energy of 4.4 eV for
the empty e orbital, which, by analogy to the empty t, orbital of
SiH,, is expected to have P 3p and 3d and H 1s character and
be strongly antibonding. The position of the maximum in the P
2p XAS gives a term energy of 4.9 eV. These term energy values
project an AE for this e-antibonding orbital of between 1.5 and
1.0 eV, somewhat lower than the experimental AE. Using the
experimental 5a;, (HOMO) IP of 10.6* and assuming that the
lowest energy UV peak around 7.3 eV>? contains the a; — e
transition, we get a term energy of 4.3 eV. In the MS—-Xa
calculation on PH,'® the empty e orbital was not found (since its
eigenvalue would be positive for neutral unstabilized PH;). The
eigenvalue of this orbital in the DVM-Xa calculation!® is 0.9 eV,
and it has significant P p and d character (see Figure 3 and Table
II of ref 19). Assuming a 1.2-eV destabilization in the elec-
tron-attachment transition state as in SiH,, this projects an AE
of 2.1 eV. XAS energies are unavailable for PMe,, and the
DVM-Xa results'? give virtually identical lowest empty e-orbital
eigenvalues for PH, and PMe,;. However, the lower HOMO IP
(8.6 eV32) together with the UV peak energy of 6.2 eV?? gives
a term energy of 2.4 eV—higher than in PH; by 1.9 eV, consistent
with experiment.

For PH;, the DVM-Xa calculation!® gives an additional set
of unoccupied orbitals (4e and 7a,) that have about 30% P 3d
and 10% P 3p character and have eigenvalues in the ground state
of the neutral molecule of 4.0 V. Assuming a destabilization
of 1.2 eV in the AE transition state projects an attachment energy
of 5.2 eV, in good agreement with the peak seen experimentally
at 5.5 eV.

H,S and Me,S. Hartree—Fock scattering calculations with
parameter-free polarization potentials give a resonance of pre-
dominantly b, symmetry at 2.2 eV for H,S,'¢ in good agreement
with experiment. According to Schwarz?® this b, state has a term
energy of 5.1 eV, suggesting an eigenvalue in the AE transition
state of less than 1 eV. Similarly, using the calculated HOMO
2b, IP of 10.4 and the calculated 2b, — 3b, excitation energy
of 5.9 eV (both of which are in good agreement with experiment),
we obtain a term energy of 4.5 eV. With the valence orbital
destabilization calculated for SiH,, this projects a b, AE eigenvalue
of 1.1 eV. As in SiH, and PHj, the orbital has the shape and
symmetry of a ¢* orbital (see Figure 3d of ref 20). As noted in
ref 20, this orbital can be described “either as a SH o*gy orbital
of b, symmetry or as a somewhat distorted 3d,, function”.

In comparing H,S and Me,S, we note that the b, HOMO IP
of H,S is 10.5 eV while that for Me,S is 8.7 eV.35 If we assume
that the broad 2000-A transition in Me,S% has an orbital
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Figure 3. Continuum MS-Xa« elastic electron-scattering cross sections
(o) for HCI.

analogous to the b, of H,S as its final state, then the by — b,
excitation energies in H,S and (CH,),S are the same to within
a few tenths of an electron volt so that the b, orbital lies about
1.8 eV closer to the ionization threshold in Me,S than in H,S,
consistent with the experimental AE’s of Figure 1.

HCl and CH;Cl. Valence orbital spectral properties for HCI
obtained from MS—Xa calculations are compared with experiment
in Table II. The equilibrium distance of 1.2744 A was used,
sphere radii were chosen to be 1.80, 0.47, and 1.16 A for the outer,
H, and Cl spheres, respectively, and standard a values®” were used.
The maximum azimuthal quantum number was 3 for both centers.
It is apparent that agreement with experiment is good. As shown
in Figure 3, the behavior of the scattering cross section in the 3-eV
region is in agreement with the ETS results, with its maximum
occurring at 3.2 eV, and is qualitatively like that obtained from
Hartree-Fock scattering calculations with a parameterized po-
larization potential*! (although the parameter dependence of such
calculations is large, see ref 16). The Hartree—Fock CI calcu-
lations!” ascribe 2 maximum in the vibrational excitation cross
section around 3 eV to occupation of a strongly antibonding o*
orbital. Clearly, the ¢ cross section is dominant in Figure 3. Using
the XAS term energy of 6.2 eV given by Schwarz?® and correcting
for the 6.5-eV orbital destabilization we calculate in HCl give a
o*-orbital energy of about 0.3 eV in the electron-attachment
transition state. The experimental 2x IP and 27 — 60 AE plus
the calculated destabilization of 5.7 eV give an eigenvalue of 1.0
eV. With either data set the electron-attachment transition state
orbital energy for the 6o orbital of HCl is much lower than the
energy of the cross-section maximum. A similar result was ob-
served for CH, in ref 15: although the calculated energy of the
cross-section maximum was in reasonable agreement with ex-
periment, this energy was higher by almost 3 eV than the t,-orbital
energy in the AE transition state. This behavior was associated
with high delocalization of the empty t, orbital of CH,. Similarly,
the empty o* orbital of HCI has 82% of its electron density in
the outer sphere (in the AE transition state). Thus, for HCI, X-ray
or valence term energies lead to underestimations of the ETS
resonance energies: the resonance energy of HCl is higher than
that of SiH, although term values apparently indicate that it
should be lower. Only for orbitals well localized in space can term
values be used to directly estimate resonance energies.

Given the above caution, direct scattering calculations will
probably be necessary to explain the 0.4-eV difference observed
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between the resonance energies of CH,Cl and HCI. Nonetheless,
electron energy loss studies in the X-ray region indicate that the
a*-orbital term energy is smaller in CH;Cl than in HCI (5.3 vs.
6.2 eV4?) so that a higher AE for CH,Cl is reasonable.

Implications. The measurement and analysis of the electron-
attachment energies for the empty o* orbitals of SiH, to HCI and
SiMe, to MeCl provide a basis for understanding the nature of
=-type interactions between empty ligand orbitals and occupied
orbitals of transition metals or aromatic systems. The nature of
the ligand orbital changes across each series from Si to Cl, with
the change being greatest on going from S to Cl. Although
continuum MS—-Xa calculations accurately predict the electron-
scattering resonance energy in both SiH, and HC], it is only in
SiH, that the resonance energy can be correlated with an orbital
eigenvalue or with orbital term energies from X-ray or UV data.
We see this clearly if we employ the Schwarz??® term energies
for the o* orbitals of this set of molecules and add to them the
eigenvalue destabilizations obtained from MS—Xa calculations
for SiH, and HCI (assuming a linear change in this destabilization
across the series). The calculated o*-orbital energies in the
electron-attachment transition states drop steadily across the
SiH,~HCI series, while the ETS resonance energies are first nearly
constant and then increase. Thus, the ETS resonance energies
become progressively higher than the corresponding orbital en-
ergies as we cross the series.

For the Si, P, and S compounds the resonance in the electron
transmission spectrum is associated with a ¢* molecular orbital
having approximately the symmetry of a d function. Thus, when
a ligand derived from one of these compounds is substituted on
an organic = system such as benzene, the ligand—r system in-
teractions may be thought of as a p—d interaction but is more
properly described as a hyperconjugative interaction since the
presence of the d-like orbital does not imply the existence of other
d-type orbital components. For example, the 3b, H,S o* orbital
of 3d,, symmetry does not imply the presence of an orbital of d,,
symmetry. Thus, in a phenyl alkyl sulfide, the analogue of the
H,S empty 3b, orbital could have either of two geometries, in plane
or out of plane, depending upon whether the R group is small (in
plane) or is so bulky as to be forced out of the plane of the ring.

(@ "

S

@

In the first case there will be no #*~¢* (or p—d) interaction
whereas there will be in the second case. This distinction is
observable on comparison of the electron transmission spectra*?

in-plane out-of-piane
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Table III. Correlation of Properties of Cr(CO),L with AE’sof L

tig L acceptance
AE of splitting,? of L,2
L L, eV eV mdyn/A

co 2.0° 0 0.74
NMe, 4.8¢ 0.31 0.0
PH, 1.9¢ 0.13
PMe, 3.1¢ 0.14 0.48
Me,S 3,3¢ 0.20 0.15

@ Reference 44. © Reference 45. © Reference 6. ¢ Present
results.

of phenyl methyl sulfide and phenyl-tert-butylbenzene.

In contrast to groups containing second-row atoms, analogous
first-row hydrides and methides of C, N and O have no low-energy
o* orbitals to generate broad intense XAS peaks or low-energy
ETS resonances. As noted by Schwarz,? the lowest energy o*
orbitals of such molecules lie above the Rydberg orbitals. Such
molecules have only broad maxima in the elastic scattering cross
section at high energy (e.g., ~8 eV in CH,#) and often give no
observable ETS resonance. They are thus expected to be poor
electron acceptors.

Analysis of the properties of substituted carbonyls such as
Cr(CO);L, where L is a two-electron-donor ligand such as PHj,
shows a correlation between ligand AE and Cr 3d-L = bonding
effects. Representative data are given in Table III. When L is
a reasonably strong = acceptor (e.g., PMe,), the effective sym-
metry at the Cr atom is nearly octahedral and the occupied metal
3d orbital (of ty; symmetry in octahedral symmetry) is almost
unsplit. When L is a poor 7 acceptor (e.g., NMe;,), the splitting
of this orbital is substantial.* Trends in the AE’s of other ligands
L are qualitatively consistent with their observed effects on Cr
3d orbital binding energies; e.g., Me,S has a moderately high AE,
has moderate w-acceptor ability, and gives an intermediate “t,;”
orbital splitting. IR and Raman spectra may also be used to
generate scales of o-donor and w-acceptor strength for ligands
L.# CO is found to have the strongest w-acceptor character, and
N bases are found to be the weakest. Again, a general correlation
is observed between the AE of the ligand and its w-acceptor
character.
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