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c¢m™3) assuming one water molecule per unit cell. It may be
that the water position is filled in fresh crystals, but only
half-filled in the crystal which was exposed to an atmosphere
of 50% humidity during x-ray exposure. The zeolitic channels
through which these water molecules may move are apparent
in Figure 5, parallel to c, the line of view. This is plausible and,
if it is correct, the calculated density would be 1.655 (2) g
cm™3, somewhat closer to the value observed by flotation.

The water oxygen atom is 3,18 A from O(67), the oxygen
atom with the smallest thermal parameter in its perchlorate
group, which otherwise has large thermal parameters (Table
I) and Cl-O distances which are severely foreshortened (Table
III). Together, these observations indicate the presence of a
hydrogen bond between O(67) and O(69). This contact can
be seen in Figure 5, the stereoview of the crystal structure. The
contact distance O(69)-C(53) is also short, 3.27 A, and
0(69)-H(53) is calculated to be 2.4 A.
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Valence Level Photoelectron Spectra of Some Heavy
Group 4-6 Diatomic Molecules
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Abstract: The He I photoelectron spectra of GeS, GeSe, SnS, SnTe, and PbTe in the gas phase have been obtained by the pho-
toionization of the vapors above appropriate solids at temperatures ranging from 700 to 1000 K. Spectra are assigned using
observed relative band areas, vibrational fine structure, and spin-orbit splitting along with electron impact ionization poten-
tials and parallel mass spectrometric studies. It is demonstrated that there is significant mixing of the Z,,; and II, 7 states in
the heavier species. Distinct differences between the IT states of light and heavy diatomics are observed. Similarities and differ-
ences between the valence regions of group 4-6 diatomics and diatomics of group 5-5 and group 3-7 are also reported.

Molecular photoelectron spectroscopy reveals the elec-
tronic structure of ions. It also provides an approximate, but
valuable, representation of the filled molecular orbital structure
of molecules.! As such it provides a really useful test of mo-
lecular orbital calculations.? The technique is most informative
when applied to small molecules and small stable molecules
have received much attention in the past.! Recently, the
technique has been applied to less stable species, thereby

greatly increasing the number of small systems able to be
studied.?

Our major objective in this work was to study the photo-
electron spectra of the heavier congeners of CO in order to
explore the electronic structure of diatomics in a region of the
periodic table not readily accessible via calculation. Such
species have been the subject of numerous studies utilizing
mass spectrometry,* microwave spectroscopy,’ and other
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Figure 1. Schematic drawings of the furnaces used in the vaporization of
group 4-6 solids: (1) quartz sample holder, (2) ceramic mount for non-
inductively wound chromel resistance wire, (3) heater or thermocouple
vacuum lead-through, (4) thermocouple, {5) tantalum foil radiation shield,
(6) photon beam, (7) electron beam to energy analyzer, {8) copper sleeve,
(9) direction of motion of the heater and sample holder in order to vary
distance /.

techniques.® This work has demonstrated that the vapor over
group 4-6 solids is a rich source of such diatomics and, thus,
we have developed a photoelectron spectrometer capable of
examining the vapor over solids at temperatures up to 1100 K.’
Because both light and heavy group 4-6 diatomics can be ex-
amined, the results reported below provide an important link
between previously reported studies on some covalent group
5-5 diatomics'7% and some heavy, group 3-7 diatomics.®'0
Since beginning this report we have become aware of similar
experimental work which resulted in the photoelectron spectra
of GeS(g) and GeSe(g).!!

The interesting question of the possible breakdown of the
o-w orbital designation as spin-orbit interactions become more
important is also approached in this study. Recently, Berkowitz
has pointed out that the spectrum of Te; constitutes a depar-
ture from what he calls the principle of chemical similarity,
i.e., molecules from tl.e same column of the periodic chart tend
to exhibit similar spectra.'? The spectra reported herein provide
another critical view of such expectations.

Experimental Section

The photoelectron spectrometer used in previous studies'? was
adapted for the examination of high-temperature vapors in the fol-
lowing manner. Two separate integral furnaces, coaxial with the He
| photon beam and situated in close proximity to the photoionization
region, were constructed as illustrated in Figure 1. The device in
Figure la,b had the advantage of allowing more controlled vapor-
ization with some variation of the temperature of the photoionization
region {(by means of the copper sleeve shown in Figure 1b) at the ex-
pense of reduced sensitivity toward the less stable diatomics. The
vaporization device in Figure lc, however, allowed less controlled but
more direct vaporization into the photoionization region. It also was
constructed so that the distance between furnace and ionization region
could be varied—-a feature that was necessary for the observation of
species of low stability. For example, the spectrum of GeCl, could be
easily obtained in apparatus la and apparatus lc with a furnace to
ionization region distance of up to 3 cm.'* However, PbTe could only
be observed in apparatus lcat a furnace to ionization distance of 0.5
cm.

Both furnaces were constructed from machinable ceramic and were
heated by noninductively wound chromel wire driven by a dc power
supply. Temperatures of the furnace walls were measured with Pt/
Pt-10% Rh thermocouples, but little attempt was made to obtain
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Figure 2. Photoelectron spectra of vapor above GeS(s). Using apparatus
ain Figure 1. At the top of the figure the spectrum is shown under higher
resolution.

accurate temperature measurements. The furnace in Figure la,b was
shielded with 1 mil tantalum foil to reduce radiation losses. The fur-
naces could be operated at temperatures of up to 1200 K without
significant interference with spectrometer operation.

The solids being vaporized were held in quartz vessels and the
furnace temperature was raised slowly while monitoring the photo-
electron spectrum. The spectra of the diatomics reported here were
observed at temperatures ranging from 700 to 1000 K. In certain cases
the spectrum of the species of interest could be enhanced by intro-
ducing a fairly large partial pressure of Xe in the furnace. Presumably
this served to entrain the vapor and carry it into the photoionization
region with a reduced number of wall collisions. This observation and
the negative results on species such as GeTe lead us to believe that we
are not looking at a true molecular beam of vaporized material.

The operating resolution of the spectrometer depended strongly on
the deposition characteristics of the material being vaporized. The
highest resolution achieved was 30-meV fwhm at 5-eV electron energy,
while typical operating resolution was 40 meV at the same energy.
Continuous calibration was carried out by flowing a Xe~-Ar gas
mixture through the furnace into the ionization region. This was
necessary as large unpredictable shifts in the energy scale occurred
during vaporization. These shifts did serve as a good indication of the
temperature where vaporization was beginning. The spectrometer was
scanned by varying the analyzer voltage and, when possible, data was
accumulated in a multichannel analyzer.

As noted in the appropriate places below, many of the compounds
studied here have been examined mass spectrometrically. In those
cases where electron impact ionization potentials were unavailable
or where mass spectrometric vaporization studies had not been re-
ported, the appropriate compound was vaporized in a conventional
manner utilizing a AET MS 902 spectrometer for analysis. Electron
impact ionization potentials were measured using either the linear
extrapolation method or the extrapolated voltage difference meth-
od."’

The solids GeS, GeTe, and PbTe were obtained from K & K, GeS
and GeSe from Pfalt & Bauer, SnS and SnTe from ROC/RIC and
were used without further purification. In the case of one sample of
GeS(s) an impurity problem was encountered. Here, heating at 600
K produced an intense HCI spectrum, which decreased after a period
of hours. The three-band spectrum subsequently produced upon
heating to 700 K was initially attributed by us to GeS(g), but we later
showed it to be due to GeCly(g).'¢ The other sample of GeS(s)
vaporized with no evidence of any significant impurities.

Results and Discussion

Vaporization of GeS(s). Figure 2 illustrates the photoelectron
spectrum of the vapor over solid GeS at a temperature of 700
K in the apparatus illustrated in Figure la. Other than a weak
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Table I. The Vertical Ionization Potentials of GeS(g), GeSe(g), SnS(g), SnTe(g), and PbTe(g)
GeS GeSe SnS SnTe PbTe
IP, lonic IP, Ionic IP, lonic IP, Ionic IP, Ionic
Band eV state eV state eV state eV state eV state
A3,
1 10.28 Al 995 A2, 10.20¢ X%z, 8.65 AZll3,; 8.04¢ A’y
10.39 X%z 1020  x2% Al 8.95 A2 8.346 AL,
2 13.4 B2X 9.39 Y21 9.01 22
3 14.9 (62D
@ This ionization potential corresponds to the center of the band, which most likely is a superposition of the x2Z and AZII states.  See
text.
Table II. Compilation of the First Vertical Ionization Potential Derived from Photoelectron Spectroscopic and Electron Impact
Methods (eV)
CO SiO GeO SnO PbO
PES 14.01¢
11.10 £ 0.1%
EI 11.58 £ 0.16 10.1 £ 0.8¢ 10.5 £ 0.54 9.0 £0.5¢
CS SiS GeS SnS PbS
PES 1131/ 10.254 10.20¢
EIl 11.8 £0.2¢ 10.9 £ 0.5% 9,7 £ 0.5+ 8.6 £ 0.5%
GeSe SnSe PbSe
PES 9.954
EI 10.2 £ 0.5% 9.7+ 0.5/
GeTe SnTe PbTe
PES 8.65# 8.19%
EIl 9.1 £0.5/ 8.2+ 0.5

@ Reference 1. ® Reference 4. ¢ J. Drowart, F. Degreve, G. Verhaegen, and R. Colin, Trans. Faraday Soc., 61, 1072 (1965). ¢ R. Colin,
J. Drowart, and G. Verhaegen, Trans. Faraday Soc., 61, 1364 (1965). ¢ J. Drowart, R. Colin, and G. Exsteen, Trans. Faraday Soc., 61, 1367
(1965). / Reference 27. € L. P. Blanchard and P. LeGoff, Can. J. Chem., 35,89 (1957). # This work. ! This energy corresponds to the center
of the observed band, which most likely is a superposition of ¢ and 7 ionizations. / Reference 37. ¥ R. Colin and J. Drowart, J. Chem. Phys.,

37, 1120 (1962). ! Reference 39.

band identified as H,O, the spectrum under low resolution
exhibits a single unknown band distorted on the low ionization
side (Figure 2, bottom), This spectrum is similar to that re-
ported elsewhere,!! Under highest resolution (Figure 2, top),
the band is resolved into a sharp component at vertical ion-
ization potential of 10.39 eV and a broad component at vertical
ionization potential of 10,28 eV with areas in the ratio of 1;1.3
(see Table I). These are assigned to the ionization of the GeS
molecule for three reasons. First, in a separate experiment, the
vaporization of GeS(s) was examined with mass spectrometric
analysis of the vapor. The major constituent of the vapor is
GeS(g). Second, in the mass spectrometric experiments, the
electron impact appearance potential of GeS™ ion is measured
to be 10.9 + 0.5 eV, which is consistent with the ionization
potential of the complex band in the photoelectron spectrum
of GeS(g). Finally, as indicated by the ionization potentials
gathered in Table II, the first ionization potential of GeS(g)
fits into the smooth trend of decreasing ionization potential
with increasing atomic number.

In the valence region, GeS should have two ¢ levels and one
w level. As ionization probabilities for closed shell species are
approximately proportional to the occupation number of the
orbital,!” the bands corresponding to these types of ionization
should have approximate relative intensities of 1:2. On this
basis we would tend to assign the band at 10,28 eV to ionization
of the lowest 7-type orbital and the band at 10.39 eV to ion-

ization of the o-type orbital, The vibrational structure in the
two bands is consistent with this assignment (see below), The
other expected ¢ ionization, however, could not be located.
However, as pointed out below in the discussion of GeSe(g),
this band will have lower net relative intensity and, in addition,
will be split into two bands, Thus, the third band expected here
is probably lost in the noise.

Considerable effort was devoted to obtaining sufficient in-
strumental resolution in order to observe vibrational fine
structure, In the spectrum at the top of Figure 2, the resolution
(fwhm) at 10 eV under operating conditions was about 70
meV, which is comparable to the vibrational frequency of GeS
(575 ecm™!).'8 Under these conditions vibrational structure
should be evident on the o band. However, vibrational structure
on the = band will tend to be obscured as each vibrational
component will be split by a spin-orbit interaction of 300-400
c¢m~!.1% The band at lowest ionization potential at the top of
Figure 2 does appear to exhibit a vibrational progression with
a spacing of about 500 cm™!, This suggests the assignment of
this band to the x2Z state of GeS*; however, this reasoning is
unacceptable as deconvolution of the sharp band at 10.39 eV
into symmetrical components with fwhm equal to the instru-
mental resolution reveals two vibrational components with a
splitting of about 600 cm~'. The dilemma would be resolved
if there is little mixing of the S 2p orbitals with Ge 2p orbitals
in the 7 state such that the spin-orbital splitting is 440 cm™!

Journal of the American Chemical Society | 98:24 | November 24, 1976



(the value of CS, with localization on sulfur).! The broad band
could then be assigned to the A2II state, each fine structure line
consisting of unresolved II3/2v, and I /2v,+ | components.?°
The sharp band would then be necessarily assigned to the x°Z
state of GeS™.

If this assignment is correct it would suggest a small increase
in bond length in going from the molecule to the AZII ionic
state and a small decrease in bond length in going to the x2Z
ionic state. This is qualitatively similar to the situation with
CO and CS. However, the envelope of the band assigned to the
AZT] state of GeS* is considerably narrower than similar bands
in CO and CS. This would suggest less w-type interaction be-
tween the group 4 and group 6 atoms in GeS compared to CS
and CO, which is consistent with the assumption made in as-
signing the bands. It is also consistent with the smaller change
in vibrational separation in going from GeS to the AZII state
of GeS* compared to similar transitions in CO and CS.

The characteristics of analogous bands in some group 3-7
diatomics have been explained using a model that focuses on
the ionic character of these molecules.®! This ionic bond
model has been generally accepted;?! however, it should be
pointed out that this model does fail in the case of BF. The
antibonding character of the x2Z ionic state of BF has been
established by both experimental work?? and theoretical cal-
culations.?? The dipole moment of BF is —1.0 D with a net
negative charge on boron.? Thus, the ionic bond model would
predict that the removal of an electron from the outermost 5¢
orbital, which is localized on the boron atom, would produce
an increase in the bond length rather than the decrease in bond
length expected on the basis of the known antibonding char-
acter of this orbital.

Thus, we would like to suggest an alternative qualitative
explanation of the observed antibonding character of the x2Z
state of GeS. It has been suggested, on the basis of calculations
utilizing the Hellmann-Feynmann theorem, that the distri-
bution of molecular charge can be assigned to binding and
antibinding regions as illustrated in Figure 3.24 These regions
are defined such that electronic charge in the binding region
exerts a net force that tends to shorten the internuclear dis-
tance. Charge in the antibinding region has the opposite effect.
Ionization that causes a relative reduction in the electronic
charge in the binding region will result in an increased inter-
nuclear distance in the ion and the ionization process would
then be classified in the terms of the photoelectron spectros-
copist as the removal of a bonding electron. Relative removal
of antibinding charge would result in classification of the band
as resulting from the removal of an antibonding electron. As
polarity is introduced into the diatomic, the antibinding region
behind the nucleus of higher nuclear charge expands, while
that behind the nucleus of smaller charge shrinks (Figure 3).
This is readily understandable, as the direction of net force on
the nuclei caused by a unit of charge at a fixed position depends
on the effective nuclear charges at this position. Finally, as
charge densities of different orbitals lie in different regions of
space, this binding-antibinding division can be used to ratio-
nalize the character of the associated bands in the photoelec-
tron spectra.

For example, the 5¢ ionizations in N,, CO, and BF are
empirically characterized as bonding, nonbonding, and anti-
bonding, respectively.!:22:23 As one goes from N to CO, part
of the 5o overlap charge density in the binding region is
transferred to the antibinding region behind the carbon nu-
cleus. In going from CO to BF this transfer of charge density
behind the less electronegative element is further increased;
however, because of the reduced size of the antibinding region
behind boron the small transfer to the antibinding region be-
hind fluorine should not be neglected. This is readily evident
from a consideration of qualitative orbital maps.2>26 Thus, the
increasing localization of the 5¢ orbital on the electropositive
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Figure 3. Qualitative division of space around diatomic molecules into
binding and antibinding regions after Berlin (ref 24).

element as the polarity of the molecule increases predicts an
increasing antibonding character for the corresponding ion-
ization in the series N, > CO > BF as observed, This quali-
tative conclusion is confirmed by quantitative orbital force
analysis in these three diatomics, in which separate examina-
tions of the binding force exerted by the individual molecular
orbitals are carried out.?*

This analysis can also be used to rationalize the character
of the 7o ionization in CS, Although the dipole moment of this
species is negative (—1.6 D), the vibrational lines in the band
associated with the 7¢ ionization exhibit a spacing of 1384
cm~! relative to 1272 cm™! in the neutral molecule.2’” Again
this is inconsistent with the ionic bond model, but it is readily
explained in terms of dividing charge into binding-antibinding
parts. The 7o orbital has a strong 2po character,?8 thus, ion-
ization removes charge density mainly from the antibinding
region behind the carbon nucleus, thereby shortening the bond
length and increasing the vibrational frequency.

Similarly, then, we suggest that the antibonding character
exhibited by GeS in the ionization of the highest occupied ¢
orbital results from charge localizaton in the antibonding re-
gion behind the Ge nucleus. That is, even though the anti-
bonding character could be explained by the ionic bond model
(the dipole moment of GeS is 2.0 D),’ we suggest that the
character of the ionization is better related to the charge dis-
tribution in the binding and antibinding regions rather than
the overall dipole moment.

Vaporization of GeSe(s). The spectrum illustrated in Figure
4 was obtained with little difficulty by the vaporization of
GeSe(s) at 800 K in apparatus 1a and is similar to that pro-
duced by others.!! As indicated in Table I, the vertical ion-
ization potentials of the components of the strongest band are
9.95 and 10.20 eV. These are assigned to the ionization of
GeSe(g) for the following reasons. First, the vaporization of
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Figure 4. Photoelectron spectra of vapor above GeSe(s) using apparatus
a in Figure 1: (a) wide scan, (b) spectrum, a X 10, {c) lowest ionization
under higher resolution.

GeSe(s) is known to be congruent.?® Second, previous micro-
wave experiments’ have established the relative stability of
GeSe(g) and the major decomposition product, Se,, has a
rather different spectrum.30 Third, in separate experiments,
the vapor over GeSe(s) was examined mass spectrometrically,
thereby confirming the vapor composition of GeSe. The ap-
pearance potential of the GeSe* ion was measured to be 10.2
+ 0.5 eV using the extrapolated voltage difference method.
This value compares favorably with the energy of the first band
in the photoelectron spectrum. Finally, the first ionization
potential correlates well with the ionization potentials of other
group 4-6 diatomics (Table II).

As there is only one strong band in Figure 4, the highest
occupied ¢ and 7 levels must lie close together, The = orbital
is expected to have a splitting of <0.26 eV, since this is the
spin-orbit splitting of the x2II ionic state of CSe; in which
there is 100% Se localization,?! There are two reasonable as-
signments of these bands, which are shown schematically in
Scheme I. The difference in these two assignments is that one

Scheme I

il
b) 0 e 3/2
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o' _—————x
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L2 140

(b) allows an interaction (8) between the 212 state and the
I1, > state, which have like symmetries in terms of the double
group.? It has been pointed out that the interaction parameter
for such mixing should be £/+/2, where £ is the spin-orbit
splitting and where there is a predominant p-type interaction.?3
Thus, if A is such that the Z1,2and Iy states lie close to one
another, an interaction is possible. Note that both assignments
allow a I3, o, I} ), ordering, while (a) allows g, Il32, I ;2
and (b) allows a I3/, 12, o ordering, depending on the
magnitude of A. An unambiguous assignment is not possible;
however, the spectrum places limits on A. The level at 10.20
eV is clearly fixed, the level at lowest ionization potential
cannot be less than 9.85 eV, and the middle level cannot lie
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Figure 5. Photoelectron spectra of vapor above SnTe(s) using apparatus
b in Figure 1. At the top of the figure the spectrum is shown under higher
resolution.

higher than 10.05 eV. This leads to a maximum A of 0.22 eV
for assignment 2 with ordering o, I3, II1 > toa minimum A
of —0.16 eV for assignment b with ordering Il3,,, I 2, o and
& = 0.06 eV. Despite the risk of putting too much emphasis on
state labels, we prefer the assignment with A = —0.16 eV, =
0.06 eV, as it is most consistent with our other results.

As pointed out above another ¢ level is expected in the va-
lence region. There are two weak bands at about 13.4 and 14.9
eV, a small part of the latter band intensity being due to the
second band of the small water impurity. One of these bands
is attributed to the B2Z ionic state of GeSe(g), while the other
is attributed to a “‘shake-up” band,3* i.e., a state pictured as
resulting from ionization plus excitation. This is similar to the
situation that obtains in the case of CS.27-28 The low intensities
are due to two factors, First, large, outer orbitals have greater
cross sections than inner orbitals3’ and, second, the total in-
tensity expected in the other valence ¢ level is now split between
the observed Z state and the “‘shake-up” band.36

Vaporization of SnTe(s). The photoelectron spectrum of the
vapor above SnTe(s) in apparatus 1b at 1000 K is presented
in Figure 5. Two bands are observed. The band at lower ion-
ization energy appears to have two components centered at
8.61 and 8.89 eV, while the band at 9.39 eV appears singular.
Observations similar to those presented above for GeS(g) and
GeSe(g) allow these bands to be assigned to SnTe(g). First,
attributing these bands to SnTe is consistent with the known
composition and stability of the vapor over SnTe(s).56:37
Second, electron impact ionization potential measurements
yield a value of 9.1 £ 0.5 eV for the lowest vertical ionization
potential of SnTe(g).3” This agrees within experimental error
with the mean energy of the first band. Third, the temperature
dependence of the bands is consistent with the vaporization of
a single species. Finally, the first ionization potential correlates
well with that of other group 4-6 diatomics (Table II).

The two bands in Figure 5 attributed to SnTe(g) result from
ionization from the highest occupied o and = levels, The other
o band expected is either lost in the substantially higher
background, due to loss of intensity to “shake-up” bands (see
above), or obscured by the water impurity. There are two
reasonable assignments shown schematically in Scheme II.
These two assignments differ in the relative energies of the
original o and = levels and in the requirement in (a) for a sig-
nificant Z;,-1IIy; interaction. In both cases the magnitude
of the spin-orbit splitting is taken to be 0.5 eV, a value observed
in Te,.!2 We prefer the first assignment, as group 5-5, group
3-7, and CO, CS, GeS, and GeSe exhibit a uniformly de-
creasing energy of the 7 level with respect to the first o level.
In fact, in the series Ny, PN, P,, there is an unambiguous
crossover of the o and = levels.!'78 Thus, it seems unlikely that
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there should be a sudden change in behavior in the case of
SnTe.

As noted in the discussion of GeSe, the Z,,,-1I, /; interac-
tion parameter is expected to be £/+/2 for p-type interaction.
The parameter called for by assignment a is 0.22 eV, which is
about 40% smaller than the expected value.

1t is interesting to compare the spectrum of SnTe(g) to that
of the isoelectronic group 3-7 analogue, Inl(g) which has been
reported by others.'? Everything seems to be reversed in Inl.
The first band is the most intense band and appears to have two
components, the one at lower ionization potential being as-
signed to ionization from the 2, ; state and the higher to the
I3, state. The second band has one component, assigned to
I1, /2, with an intensity slightly higher than that assigned to the
II3,5 level. The schematic assignment given was that shown
in Scheme I11. It will be noted in this case that the T /»-1II;

Scheme III
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interaction increases the observed II; s2-11; ;2 separation,
whereas in the case of SnTe it decreases this separation. This
is qualitatively evident from a comparison of the spectra. The
calculated Z,,-1II; interaction parameter for Inl is 0.2 eV
compared with 0.45 eV expected for a pure p-type interaction.
Note that the value of the measured parameter is uncertain,
as the I13,, state appears as a weak shoulder on the high energy
side of the first band.

Vaporization of PbTe(s). The vaporization of PbTe in ap-
paratus la,b yielded only the spectrum of Te;. The spectrum
of this species has already been reported by others!? and was
also obtained in this work during the vaporization of GeTe(s).38
Thermogravimetric investigations, however, have indicated
that the overall complexity of vaporization increases in the
series PbTe, SnTe, GeTe rather than the reverse.® We sus-
pected that the observed decomposition might be due to the
lower dissociation energy of PbTe(g) relative to that of
SnTe(g). Thus, PbTe(s) was vaporized in the device that
minimizes like gas collisions (Figure 1¢). At about 1000 K,
with a distance of 0.5 cm between crucible and ionization zone
and at relatively high Xe pressures, the spectrum in Figure 6
was obtained. This spectrum is attributed to PbTe(g) because
of the rather rigorous conditions necessary to see it, because
the electron impact ionization potential (8.2 £ 0.5 eV3) agrees
within experimental error with the vertical ionization potential
of the first photoelectron band, and because of the correlations
of Table II.
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Figure 6. Photoelectron spectrum of the vapor above PbTe(s) using ap-
paratus c in Figure 1.

The quality of this spectrum is lower than those discussed
above, but clearly there are two bands present, which may be
assigned to the highest occupied ¢ and = levels. Again the other
o band is not observed, but for the same reasons given in the
case of SnTe(g), this is not unexpected. Our assignment of this
spectrum proceeds logically from the assignments of GeS,
GeSe, and the preferred assignment of SnTe(g). In schematic
form it is shown in Scheme IV. The Z,,>-II;; interaction

Scheme IV

901

parameter is 0.29 eV, approximately equal to that for SnTe.
Such an assignment assumes that the band at lowest ionization
potential is actually two bands. Verification would require a
better spectrum. This, unfortunately, is outside of our present
capabilities,

Here, too, we may compare the spectrum of PbTe(g) with
its group 3-7 analogue T1I(g), which has been reported pre-
viously.? Like the SnTe-Inl pair, everything appears reversed
in the PbTe-TII comparison. Again it is qualitatively evident
from a comparison of the spectra that in the case of PbTe the
22~ 2 interaction decreases the Il3/-II; 2 separation,
whereas in the case of Tll it increases the separation. For TlI,
the calculated X ,,-II;,; interaction parameter is 0.30 eV
compared with 0.45 eV expected for pure p interaction.

Vaporization of SnS(s). Because of the known lower stability
of SnS(g),’ the vaporization of SnS(s) was examined in ap-
paratus lc only. At the minimum crucible to ionization zone
distance, at high Xe pressures, and at ca. 950 K, the spectra
similar to those illustrated in Figure 7 were obtained. Bands
are observed at about 9.55 and 10.20 eV and the relative in-
tensities of these bands depend strongly on vaporization con-
ditions, which is indicative of the production of two species. The
band at 9.55 eV is associated with the more stable of the two
species and further work?3® in these laboratories along with
previously published spectral?40 allows the assignment of this
band to the ionization of S,(g). The other band is attributed
to the ionization of SnS(g) because of the stringent conditions
necessary to observe it (particularly the dependence on Xe
“carrier” gas), because the electron impact ionization potential
(9.7 £ 0.5eV) agrees with the ionization energy of the center
of the observed band, and because of the correlations in Table
I1.

This is the poorest quality spectrum of all the diatomics
discussed and would not have been included except to make
one important qualitative point. The breadth of the observed
band attributed to SnS(g) and the absence of any other bands
in the 10-12-eV region strongly suggest that the o7 separa-
tion is small. As will be seen below, this conclusion is consistent
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Figure 7. Photoelectron spectra of the vapor above SnS(s) using apparatus
cin Figure 1, spectrum a being at the higher temperature.

with the observations reported on the other group 4-6 di-
atomics.

Vaporization of Other Solids. The vaporization of SnSe(s),
GeTe(s), GeO(s), and SiS(s) has also been examined. Either
the group 6-6 disproportionation product was observed (i.e,,
Ses, Tes, S,) or the bands could not be definitely attributed to
the group 4-6 species desired. These results qualitatively verify
the stability order described by others.’

Conclusions

In Figure 8 the trends in the group 4-6 o-m energy separa-
tions, computed for each molecule as indicated above, are
compared to those for group 5-5 and group 3-7 diatomics.
Three points deserve comment. First, in each of the three cases
the g—= separation decreases with increasing atomic number.
This is understandable in a qualitative sense in terms of the
Mulliken united atom correlation diagram for diatomics.?! The
highest filled & and = orbitals (the xo and wr for CO orbitals
in Mulliken’s notation) correlate with / = 1 levels in the united
atom, which differ in quantum number » by one. As the atomic
number increases the difference in energy between shells de-
creases, requiring a similar decrease in o— separation. This
model cannot explain the observed crossover of the g7 levels
observed for groups 5-5 and 4-6. Such a crossover suggests
significant s character in the o level—a suggestion that also
resulted from the analysis of the 21/2-11;,2 mixing in the
heavier group 4-6 molecules.

The second point to notice in regard to Figure 8 is that the
o-7 separation at a given Z depends strongly on the polarity
of the diatomic molecule and increases in the order group 5-5
> group 4-6 > group 3-7. This may be understood in terms
of a greater localization of the highest filled ¢ orbital on the
more electropositive atom as the 7 orbital becomes localized
on the more electronegative atom as on proceeds from 5-5 to
4-6 to 3-7. Again this is expected in terms of the united atom
model.

The third point involves a comparison of the light vs. the
heavy group 4-6 species. The trend in the o—7 separation for
CO and CS follows that for N, PN, and P», whereas the trend
for the heavy 4-6 molecules corresponds more closely to that
for the heavy 3-7 molecules. It was pointed out above that
there is a difference between the 7 bands in CO and CS and
the analogous bands in the heavier group 4-6 molecules; the
former being characteristic of the removal of a bonding elec-
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Figure 8. A plot of the o~ separation of group 5-5 (D), 4-6 (@), and 3-7
(0) diatomic molecules as a function of Z, where Z is the atomic number
of the united atom formed by the molecule. Data for the group 5-5 mol-
ecules are from ref 1, 7, and 8, that for CO and CS from ref | and 27, and
that for the group 3-7 molecules from ref 9 and 10.

tron, while the latter were characteristic of the removal of a
more nonbonding electron. Thus, we suggest that the precip-
itous decrease in the o-= separation for the light molecules is
due to a rapid decrease in the 7 interaction between the two
atoms (7 bonding), while the more gentle decrease for the
heavier molecules is attributed to relative shielding effects.*2
If so, simple extrapolation would suggest that the 4-6 = in-
teraction is small above Z = 385,

Finally, the fact that the o-= separations correlate well as
Z increases to large values indicates that the o-r concept is
still a useful one for molecules containing atoms of large Z,
despite the fact that the electronic states themselves are only
poorly represented by such a description. Thus, although the
principle of chemical similarity is not immediately obvious
from an inspection of the spectra, it still constitutes a foun-
dation for understanding these spectra.*3
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Abstract; The He (I) photoelectron spectra of bis(w-methallyl)nickel, bis(w-crotyl)nickel, and bis(«-1,3-dimethylallyl)nickel
are presented and related to bis(w-allyl)nickel (1). It is shown that a previous assignment for 1 should be modified by placing
the =(a,) ionization energy within 0.4 eV of the first ionization energy. This new assignment substantially reduces the continu-
ing disagreement between experiment and theoretical Koopmans type calculations. Methyl substituent effects are shown to
be useful in assigning photoelectron spectra of organometallic systems. A detailed discussion of the assignment criteria is pre-
sented which includes a He (II) spectrum of bis(w-methallyl)nickel.

Transition metal complexes involving the allyl radical as
a three-electron ligand represent the simplest “sandwich”
compounds known. Because of this, and their extensive and
interesting chemistry,?-# they are an obvious choice for the
application of theoretical methods to organometallic systems,
Although the mode of bonding has been discussed in general
books on the subject,>® only a description couched in broad
terms could be used because of uncertainties about relative
energies of the occupied molecular orbitals. Recently a number
of theoretical methods have been used to calculate the elec-
tronic structure of bis(w-allyl)nickel (1); among them:;
SCCCMO (self-consistent charge and configuration MO
method),” EHT (extended Hiickel type),” and an ab initio
method using contracted Gaussian functions.® Although there
was a variation in orbital energies and their relative sequence,
the methods were unanimous in predicting a ligand (allyl)
orbital as the highest occupied MO (HOMO). Shortly there-
after, a He (I) photoelectron (PE) spectroscopic investigation
of 1arrived at the quite different ordering that the HOMO was
mainly a metal 3d type with the w-ligand orbitals lying lower
by about 1.3 eV.10 This interpretation invoked Koopmans’
theorem!! which equates the vertical ionization energy (IE)
with a negative SCF-orbital energy. Subsequently another ab
initio calculation was published taking into account electron
reorganization after ionization!? which is neglected in the

Koopmans approximation,!!:!3 Tonization energies stemming
from mainly d orbitals were found to be stabilized by reor-
ganization vastly more than those corresponding to ligand
ionization, This implied that the HOMO was mainly a ligand
type although the first ionization energy referred to a metal
d orbital—i.e,, Koopmans’ theorem fails for 1. Although there
had been earlier examples of this failure,!3-15 they applied to
smaller differences in energy and were not nearly so dramatic
as in this case. The PE spectral interpretation was now, how-
ever, in substantial agreement with the most extensive calcu-
lation done on such a molecule. Since that time, bis(w-
allyl)nickel has become an oft quoted example for the large
scale failure of Koopmans’ theorem.'® However, some skep-
ticism has remained and Fenske for instance has suggested
further examination of this system,1”

During the course of an investigation of methyl substituent
effects on 1 as studied by PES, we began to question this
seemingly settled question. In this paper we present evidence
which supports an ordering more consistent with the earlier
MO results and hence a nearer validity of Koopmans’ theorem.
It is also of some interest to examine the effect of subtle
changes in a ligand upon the overall electronic levels since li-
gand change is of profound influence on the catalytic activity
of a given metal atom. Bis(w-allyl)nickel is a reasonable choice
here also because of the catalytic activity of nickel complexes
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