Inorg. Chem. 1985, 24, 877-882 877

Contribution from the Institute for Physical Sciences and Technology and Department of Chemistry,
University of Maryland, College Park, Maryland 20742, and Vakgroep Anorganische en Theoretische Chemie,
Subfaculteit der Scheikunde, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands

Valence Electron Momentum Distributions in Cr(CO), from (e,2e) Spectroscopy and

SCF-MO Calculations

D. J. CHORNAY,! M. A. COPLAN,' J. A. TOSSELL,*! J. H. MOORE,! E. J. BAERENDS,! and A. ROZENDAAL

Received May 25, 1984

Electron momentum distributions, p(¢), have been measured for Cr(CO); at eight different binding energies within the valence
region by using (e,2¢) spectroscopy and have been compared with orbital electron momentum distributions calculated from
Hartree-Fock (HF) and Hartree~Fock—Slater (HFS) wave functions. Fourier transformation of p(g) for the 2t,, orbital gives
the wave function autocorrelation function B(r), which provides direct evidence for Cr 3d and CO 27 mixing. The measured change
in p(g) over the region of binding energies from 12.7 to 16.5 eV indicates that the 8a,, orbital has a binding energy near 16.0
eV. The measured momentum distributions for the MO’s derived mainly from the CO 4¢ orbital (with binding energies around
18 eV) are in good agreement with calculations. The substantial mixing of CO 4¢ and 50 character in the 7a,; orbital of this
group obtained by HFS calculations is strongly supported by the measured p(¢g). Momentum distributions measured for higher
energy features at 20.6 and 23.8 eV support their assignment as shake-up satellites as previously suggested.

Introduction

Cr(CO)¢ is an important prototype organometallic compound
that has been studied by a variety of experimental techniques,
including visible-UV absorption spectroscopy,! IR-Raman
spectroscopy,? X-ray diffraction,’ photoemission spectroscopy,*
X-ray emission spectroscopy,’ and electron transmission spec-
troscopy.® It has also been the subject of numerous theoretical
investigations in which Htickel-type,” Hartree—Fock,® Hartree-
Fock-Slater,’ and multiple-scattering X«!® methods were used.

The assignments of the lowest energy intense UV absorption
bands have been established, and the major features of the pho-
toerhission spectrum are now qualitatively understood. Recent
experimental® and theoretical studies®!% have basically supported
the simple qualitative model,!! which emphasizes donation of CO
50 orbital electron density to Cr and mixing of Cr 3d and CO
2x orbital character in the highest energy occupied MO, the 2t,,.
Nonetheless, there is no direct experimental evidence on the
distribution of electron density in the 2t,, orbital alone. There
also remain questions about the relative energies of the MO’s that
are mainly derived from CO 50 and 1= orbitals, the degree of
mixing of CO 5¢ character into the orbital set generally associated
with the CO 40 orbital, the degree of delocalization of the CO
40 cation states, and the assignment of two weak photoemission
features at about 20 and 23 eV. In this paper, we present data
bearing on each of these point using a relatively new experimental
technique called binary coincidence electron-impact ionization,
or (e,2e) spectroscopy.’? This technique has recently been used
to interpret the difference in basicity of NH, and CH;NH,.!?

(e,2¢) spectroscopy is based on an electron-impact ionization
reaction. By measuring the momenta of the incident, scattered,
and ejected electrons, one can determine the instantaneous mo-
mentum of the ejected electron from conservation considerations.
By repeating the process many times, one can determine the
distribution of these momentum values. The momentum distri-
bution function is called the momentum density just as the position
probability function is the electron density. To understand the
data in terms of the conventional orbital model, one must either
recast the models in the momentum representation or transform
the data into the configuration space representation. We will use
both of these routes in this paper.

From the point of view of quantum mechanics, the incident,
scattered, and ejected electrons are waves that under the appro-
priate experimental-coriditions can be represented as plane waves.
If the bound-state total wave function can be represented by a
single configuration product of one-electron wave functions.
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then in the binary encounter approximation the (e,2¢) cross section
is

O(e,2e) = Kl<e’”|¢(7) >|2 (2)

where X is a constant and the term in angular brackets is the
Fourier transform of the spatial wave function for the orrbital
from which the ejected electron has been removed. The transform
is equivalent to the momentum space wave function ¢(7), and its
square modulus is the momentum density p(g). Therefore

O(e2e) = K P(a) (3)

If the energy resolution of the spectrometer is inadequate to
completely separate closely spaced ionizations, then the (e,2e) cross
section will represent a summation of contributions from the
various cation states, weighted by Gaussian energy factors and
occupation numbers. Since this situation is encountered for most
binding energies in the spectrum of Cr(CQ)s, it will be discussed
more fully under Results.

The position space wave function ¢(¥) and the momentum
function ¢(g) are equivalent representations. Thus, ¢(F) and p(g)
have the same nodal and symmetry properties as Y(F) and p(7).
The momentum density of a totally sfmmetric orbital such as an
atomic s orbital, a diatomic o, orbital, or a polyatomic ay, orbital
has a maximum at the origin in fnomentum space. The mo-
mentum density for an orbital that is not totally symmetric, such
asap, oy, or 7 orbital, has a maximurh at some intermediate value
of . Because of the Fourier transform relation between y/(F) and
#(g), an orbital that is diffuse in oné space is compact in the other.
Similarly, the amplitude of p(§) at small values of 7 is related
to the amplitude of p(¥) at large distances.'?
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Figure 1. Separation energy spectra and experimental momentum distributions for CO and Cr(CO)s.

A position space representation of the momentum density can
be obtained by taking the Fourier transform of the momentum
density.!* The resulting function, B(F).is the position space
analogue of the well-known momentum space X-ray diffraction
form factor, F(q), which itself is the Fourier transform of the
charge density. Since p(§) and B(F) contain the same information,
it is legitimate to question the utility of B(F). The usefulness of
B(7) is based on our bias toward thinking in position space rather
than momentum space and the important practical point that the
spherically averaged momentum density p(g) can be measured
directly in (e,2e) experiments, permitting one to obtain the
spherically averaged B(7) function, B(r), from the data in a
straightforward way. Weyrich et al.!’ have discussed in detail
the B(F) function for the investigation of the electronic structure
of atoms and molecules. This B(F) function can be calculated from
the position space wave function y(F) via the autocorrelation
function

B() = @) Y&+ 7 d @

or, as we have mentioned, from momentum densities p(g) via a
Fourier transform

B() = f 0@ 7 dg ©)

Because the (e,2¢) experiment measures the spherically averaged
momentum density, p(q), comparisons between theory and ex-
periment will be restricted to discussions of the spherically averaged
function B(r). It is also useful to consider the difference between
B(r) functions for two orbitals i and j

ABy(r) = B(r) - By(r)
The calculation of ABy(r) from the theoretical wave functions is

facilitated by the following approximation, which is correct to
second order in the orbital differences:

ABy(F) ~ [ 19G) MG +5) + UF +5) ApE)] &5 (6)

where

VS =G + ¢ G =u@® -4 ()
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Experimental Section

The instrument has been described previously.!? Cr(CO) was ob-
tained commercially from Strem Chemical Co. and was used out of the
bottle. To obtain sufficient gas density in the collision region of the
spectrometer, the Cr(CO)q sample was maintained at 40-50 °C during
the course of the experiment. The sample was always under vacuum and
shielded from ambient light to eliminate photodecomposition. The in-
cident electron energy was 800 eV. The cross sections obtained are,
within the plane wave impulse approximation, proportional to momentum
distributions p(g) for the individual orbitals undergoing ionization.

Results

In Figure 1 we give a binding energy spectrum for Cr(CO),
obtained by summing over 25 values of momentums in the region
from O to 3 ha,™!, where Aa,™! is the momentum of an electron
in the ground state of H. Our spectrometer function is approx-
imately Gaussian'® with full width at half-maximum of about 2.0
eV—thus our energy resolution is intermediate between that
typical for X-ray and UV photoemission spectra. The momentum
resolution is 0.1 Aa,™!. We have acquired momentum distributions
by measuring (e,2e) cross sections at binding energies of 8.4, 12.7,
14.5, 15.5, 16.4, 17.6, 20.6, and 23.8 eV, corresponding to the
labels A-H in Figure 1. The measured momentum densities at
these binding energies are shown in Figure 1. Results for CO are
also included. Spherically averaged orbital momentum distri-
butions have been calculated from a Hartree-Fock-Slater (HFS)
wave function similar to that previously reported®® (see Appendix
for details) and are shown in Figure 2. Using the program
GAMESS,!® we have also calculated p(g) values from a HF type
wave function obtained with a basis set that was minimal for all
functions except Cr 3d, C 2p, and O 2p, for which split-valence
representations were employed.!” The calculated HF total energy
at a Cr-C distance of 1.92 A was —1708.3061 Hartrees, inter-
mediate between those of ref 8a (-1702.6129 hartrees) and 8b
(—1719.4277 hartrees).

Only for peak A can we associate the experimental p(q) with
a single orbital, the 2t,;. For the other energies there are sig-
nificant contributions from several MO’s, We therefore represent
the theoretical momentum density at momentum ¢ and energy
E as

%nk pi(q) exp{-0.693[(E - E,) /HW]? (®)

where n, is the occupation number of orbital k, p(g) its momentum
distribution, E; its (assumed) binding energy, and HW the

(18) Dupuis, M.; Spangler, D.; Wendowski, J. National Resource Compu-
tational Chemistry Software Catalog, Vol. 1, Program No. QGOl.
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Figure 2. Orbital momentum distributions for Cr(CO)¢ from HFS
calculations in order of calculated binding energies with smallest at top.

0

half-width at half-maximum of the spectrometer function. Thus,
the quality of fit of the experimental and theoretical p(g) at a given
E depends upon the accuracy of both the orbital p(g) and the
orbital binding energies.

We have used the experimental binding energies as reported
by Higginson et al.#* The assignment that these authors made

Inorganic Chemistry, Vol. 24, No. 6, 1985 879

Table I. Assumed Binding Energies and Orbital Assignments
for Cr(CO),

binding energies, eV

exptl

orbital type He BR? caled BR
2t,g Cr 3d, CO 2n 8.4 8.4 8.9
8ty CO 5S¢ 13.4 13.4 12.9
Seg CO 50 14.8¢ 14.2 13.9
It,g CO1n 14.2 14.4 14.6
8a,g COSo 16.2 1484 147
Ttyy CO1n 14.4 15.1 14.8
Tt CO1ln 15.1 15.6 15.0
It,g CO 1n 15.6 16.2 15.2
deg CO 40
6ty CO 40 17.8 17.8 18,3¢
Ta,g CO 40 19.7 19.7

@ Experimental BE’s assigned according to Higginson et al,“®

Experimental BE’s assigned according to Baerends and Ros.*
€ Seg taken as middle of region 14.4-15.1 eV. 9 8a,, taken as
middle of region 14.4-15.1 V. € Symmetry-unrestricted calcu-
lation on localized cationic state.

of specific orbital ionizations to the experimental peaks did not
agree with the ordering of orbital ionization energies obtained in
HFS calculations by Baerends and Ros.** We will consider both
the Higginson (H) and the Baerends and Ros (BR) assignments.
The two assignments are given in Table I, together with the
calculated® IP’s, which deviate by 0.5-1.0 eV from experiment.
The two resultant syntheses at points B, C, D, and F are shown
in Figure 3. The synthesized result (using either set of BE’s)
at point A is virtually identical with that for the 2t,, orbital alone,
shown in Figure 4. We note that there is one important difference
between the assignments of ref 4a (H) and 9a (BR). The 8a;,
orbital is more stable in the H assignment, leading to the highest
BE in the CO 54, 17 band, instead of being in the middle, as in
the BR assignment. However, larger basis set HFS calculations?®
give the 8a,, orbital on the high BE edge of the CO 5¢, 17 band.

HFS calculations in which localization of the cation hole is
allowed for ionization from the CO 40 (and 3¢) type orbitals are
in better agreement with experiment than the delocalized-hole
calculations.” This raises the possibility that the assignments (in
both ref 4a and 9a) of the 4e;, and 6t,, orbitals to the 17.8-eV
PES peak and the 7a,, orbital to the 19.7-eV peak may be in-
correct. Unfortunately, the CI calculation necessary to determine
the A, T, and ’E, states of the Cr(CO)¢* ion from the
localized 44 hole determinantal wave functions has not been done.
However, our experimental results strongly suggest that all the
above states of the ion occur near 17.8 eV and that the 19.7 eV
peak is a satellite. The synthesized spectra in Figure 3 all assume
BE’s of 17.8 eV for 4de,,, 6t,,, and 7a,, orbitals. The necessity
of this choice will be explained below.

Discussion

Before discussing the experimental momentum densities, we
note that the relative heights of the peaks in the binding energy
spectrum also contain qualitative information on p(g). These
heights are proportional to the sum of the 25 momentum values
sampled by the spectrometer. However, for each orbital i there
is the requirement that fp;(¢) ¢> dg = n;, where n, is the number
of electrons in orbital i. If orbital i has its momentum density
maximum at small g and orbital j has its maximum at large g
(assuming »; = m;), the maximum value of p(g) for i must be larger
than that for j because of the ¢* weighing factor in the normal-
ization integral. Thus, the very small height of peak A, associated
with the 6 electrons in the 2t,; orbital, indicates that the 2ty
momentum distribution has its maximum at large ¢. In general,
orbitals with large average momentums will generate weak features
in an (e,2e) binding energy spectrum of this type where a wide
range of momentum values are sampled and summed. Similar
reasoning accounts for the difficulties in studying core states by
this technique.
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Figure 3. Comparison of experimental momentum distributions with those synthesized for HFS orbital momentum distributions at energies B, C, D,
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Figure 4. p(q) from calculation and experiment for 2t,, orbital.

For the 2t2,é orbital, the experimental p(q) (peak A) is compared
in Figure 4 with that from HF and HFS calculations on Cr(CO);
and with a HF calculation on thee 3d® state of the free Cr atom.!™
The molecular calculations reproduce the position of the p(g)
maximum quite well but are far below the experiment at both low
and high g. The high experimental values of p(g) in the region
beyond 1.6 hay™! may arise partly from failure of the plane wave
impulse approximation as has been shown to occur in helium at

high momentum.’® The discrepancy at low g, although rather
small when the radial momentum distribution p(g) ¢* is considered,
is nonetheless real. To determine whether an increase in the Cr-C
bond length could account for the difference between experiment
and theory at small values of g, a HF calculation on O, Cr(CO),
with a Cr-C distance 0.14 % larger than that in the neutral
compound (the distance in Cr(CO)¢t according to the PES
analysis of Hubbard and Lichtenberger®®) was performed. The
result was a p(g) almost indistinguishable from that for the
neutral-molecule geometry in the low-g region.

For binding energies between 12.7 and 16.4 eV there is only
one totally symmetric orbital, the 8a,,. The position of this orbital
can be estimated by an inspection of momentum densities at low
values of ¢ within this region, assuming for the moment a single
8a,, feature uncomplicated by correlation or vibrational effects.
Since the momentum distribution at D is most like that of the
8a,, orbital, this orbital must lie close to 15.5 eV.

We will now look in detail at peaks B, C, D, and F (neglecting
E, which corresponds to a minimum in cross section). Experi-
mental and calculated p(g) plots for B, shown in Figure 3, are
in qualitative agréement with a good correspondence in the position
of the maximum although the experimental p(g) is broader than
that calculated and does not appear to go to zero at the origin.
For peaks C and D somewhat better agreement with experiment

(19) (a) Dixon, A. J. McCarthy, 1. E.; Noble, C. J.; Weigold, E. Phys. Rev.
A1978, 17,597. (b) Leung, K. T.; Brion, C. E. Chem. Phys. 1983, 82,
87.

(20) Hubbard, J. L.; Lichtenberger, D. L. J. Am. Chem. Soc. 1982, 104,
2132,
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is found by using the Higginson et al. assignment.* In particular,
p(q) for D has its maximum at ¢ = 0 for this assignment, in
agreement with experiment. Agreement with experiment can be
further improved by shifting the 8a;; BE (assumed as 16.2 eV
in the assignment) even closer to the position of D (15.5 eV).
Calculated and experimental p(q)’s are also in reasonable
agreement for peak F with the ref 4a assignment giving slightly
better agreement due to a larger contribution for the nearby 8a,
orbital, For this peak the value of p(q) near the origin is dominateti
by the 7a,, contribution, since the 8a,, orbital is far away in energy
and the 4e; and 6t,, orbitals have nodes at the origin. If the 7a,
orbital were entirely CO 4¢ in character, its momentum density
near ¢ = 0 would be very low, as for the CO 4¢ orbital in Figure
1. Instead, peak F shows fairly high momentum density near the
origin. Population analysis of the 7a,, orbital?® indicates somewhat
unexpectedly that it has about 50% contribution from the CO 5¢
orbital, which has a maximum at g = 0. Synthesis of peak F by
summing the contributions of 11 CO 4o-like electrons and 1 CO
5o-like electron indeed gives a reasonable position for the p(q)
maximum and significant density at ¢ = 0. In order to quanti-
tatively reproduce the F distribution, however, we must consider
the full MO result for the 7a,,; orbital (incorporating some Cr 4s
character) and the contribution of the nearby 8a,, orbital. The
large value of p(q) near g = 0 can only be reproduced in the
synthesis if the 7a,; BE is quite near 17.8 eV. This argues quite
strongly for an assignment of the 7a,, orbital to this peak rather
than to the one at 19.7 eV. In addition, assignment of the 7a,
ionization to the peak at 20.6 eV would give a synthesized mo-
mentum distribution with a maximum around 0.3 Aag™! (like that
for the 7a,, orbital) rather than the “s-like” momentum distribution
observed at peak G and too low an intensity for peak F. Con-
versely, assignment of 7a,, to the 17.8-eV peak and the 4e, and
6t,, orbitals to the 20.6-eV peak gives a maximum at too low a
value of ¢ for peak F and the wrong qualitative shape for peak
G

Thus, the shapes and intensities of peaks F and G are best
explained by assuming that F corresponds to 4e;, 6t,,, and 7a,
ionizations and G to a satellite. Inspection of p(g) for G indee(f
shows it to closely resemble that of D. The p(q) distribution for
a satellite will generally resemble that of its parent.!> Therefore,
G is probably a satellite of orbitals near D. Similarly, H has a
distribution much like that of F, suggesting that it is a satellite
of the CO 40 levels. The G-D and H-F separations are 5.1 and
6.0 eV, respectively, close to the satellite energies for O 1s and
C 1s ionization observed in many metal carbonyls. Rajoria et al.*
have suggested that all of these satellites are involved with Cr 3d
— CO 27 excitation. Recent HF-CI calculations?! basically
support this assignment although the calculated satellite energies
are considerably larger than experiment.

Before leaving our overall discussion of peaks A-H, we shall
consider some further effects that may explain the discrepancies
observed between experiment and calculation at very small and
very large g for peaks A and B. First, we have employed an
independent electron model for Cr(CO); ionization except for our
identification of G and H as satellites. Full HF-CI or Green’s
function calculations of photoionization energies have not been
reported for Cr(CO),, but approximate SCF many-body calcu-
lations?? and small basis set—small CI GMO calculations® indicate
that correlation effects in the upper valence region (8.4-16.5 eV)
are small and that the Hartree—Fock ground-state configuration
is by far the leading configuration (97%). Thus, it seems doubtful
that such effects will be very important here. Nonetheless, since
Cr 3d — CO 27 type satellites apparently exist for Cr 2p, O s,
C 1s, and some valence region ionizations, it seems probable that
the 2t,, peak (A) has a similar satellite around 13-14 eV, which
may contribute to the momentum density of B at low g. We have

(21) Hall, M. B,; Sherwood, D. E., Jr. Inorg. Chem. 1979, 18, 2323. Ford,
P. C,; Hillier, I. H.; Pope, S. A.; Guest, M. F. Chem. Phys. Lett. 1983,
102, 555. .

(22) Saddei, D.; Freund, H.; Hohlneicher, G. Chem. Phys. 1981, 55, 339,

(23) Sherwood, D. E., Jr.; Hall, M. B. Inorg. Chem. 1983, 22, 93.
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Figure 5. B(r)y,, ~ B(r)¢, 3¢ from HF calculation and experiment.

also ignored vibrational effects, except for our calculation of the
2t,, orbital p(q) at an enlarged Cr~C distance. The mean am-
plitude of vibration for the Cr—C bond is, however, quite large?*
(about 0.06 A), and variation of R(Cr—C) and R(C-O) may affect
momentum densities and binding energies. Our HF calculations
indicate that generally p(g) changes little even for orbitals strongly
involved in bonding such as 2t,, but that binding energies may
be more strongly affected. Our calculations indicate that in-
creasing R(Cr—C) by 0.14 A destabilizes the 2ty,, Seg, and 83,
orbitals by 0.9, 0.8, and 0.6 eV, respectively. Thus, a proper
vibrational averaging might change the contributions of these
orbitals due to their close spacing. The basis sets used are also
of only modest size. In particular, no polarization functions (/
2 2) are used on C and O. Wave functions near the Hartree~Fock
limit have been found necessary to quantitatively describe the
orbital p(g) for CO while even Hartree-Fock-limit wave functions
give a poor description of the =* orbitals of NO and 0,.25

At present, we believe that the discrepancies between experiment
and theory at high g (1.6 Aay™) arise mainly from distorted wave
effects,'® while those at small g are probably related to molecular
vibrations. Excitation of degenerate vibrations gives average
geometries that do not possess the full point-group symmetry. If
the cation produced by orbital ionization is stabilized by a similar
distortion, the appropriate geometry for evaluation of p(q) will
be intermediate between the symmetric ground-state geometry
and the distorted cation geometry. Thus, orbitals with no a,
character in the neutral molecule may show a, character, with
finite p(q) at ¢ = 0, in the (e,2e) data, as previously observed for
cyclopropane.® However, for Cr(CO); there is not evidence for
significant distortion of the cation formed by 2t,, orbital ionization.

Having examined the general nature of p(g) for peaks A~H,
we can now address the question of Cr 3d—CO 27 bonding in the
2t,, orbital. From p(q) for peak A we can gain semiquantitative
information on the position space distribution of electrons in the
2t,, orbital, using the B(r) approach. We first take the Fourier
transform of the calculated and experimental p(g)’s to obtain B(r)
functions and then take differences of these B(r) functions. Since
distorted wave effects and experimental uncertainties in p(g) are
certainly significant for ¢ > 2.0 Aaq ™!, we integrate only from 0
to 2.4 Aay™'. For this integration range, we find that B(0), which
is an overlap integral and must therefore be equal to unity when
integrated over all space, has a value of about 0.6. The discrepancy
between the experimental 2t;; p(g) at small g has almost no effect
upon AB(r) since the p(g) g* contribution to the integral from this
region is small. Conversely, the g% factor may lead to a larger
discrepancy at large q.

In Figure 5 we give the AB(r) functions obtained by subtracting
B(r) calculated for the free Cr atom (in a d° configuration) from

(24) Jones, L. H.; McDowell, R. S.; Goldblatt, M. Inorg. Chem. 1969, 8,
2349

(25) Tossc;ll, J. A;; Moore, J. H.; Coplan, M, A.; Stefani, G.; Camilloni, R.
J. Am. Chem. Soc. 1982, 104, 7416.

(26) Tossell, J. A.; Moore, J. H.; Coplan, M. A. Chem. Phys. Lett. 1979, 67,
356.
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the B(r) functions obtained from the HF wave functions at Cr—C
distances of 1.92 and 2.06 A and from the experimental data (peak
A). For both the equilibrium distance HF calculation and ex-
periment, we find a maximum in AB(r) (defined as B(r) for the
molecular orbital minus B(r) for the Cr 3d atomic orbital) around
1.6-1.8 @y and a2 minimum around 3.6-4.4 q,. For the elongated
Cr—C bond, the AB(r) function is flatter and everywhere negative.
Although our approximate method of normalizing calculated and
experimental p(q)’s certainly introduces some uncertainty, it
appears that the 2ty, orbital in the elongated geometry is more
like the free atom Cr 3d orbital, as would be expected. Indeed,
the HF calculation of Sherwood and Hall?* indicates that an
increase in the Cr—C distance of 0.25 A greatly reduces the Cr
3d—CO 2« back-bonding interaction. Given the increase of 0.14
A in Cr~C distance estimated for the 2t,, Cr(CO)¢* cation,? it
seems that the most appropriate Cr—C distance for comparison
with the experimental p(gq) should be somewhat larger than 1.92
A (see ref 27). This increase in the Cr—C distance would probably
result in somewhat better agreement of the calculated and ex-
perimental AB(r)’s. However, the effect of correlation, which
would tend to increase Cr 3d—CO 27 bonding,?* should also be
taken into account. Finally, we should note that the q?p(q)
distributions for the free Cr atom and for the Cr(CO); 2t,; MO
at equilibrium and expanded Cr—C distances differ most in the
region above 1.5 hag™!, where the experimental data are least
accurate.

A simple interpretation of the AB(r) function for equilibrium
Cr(CO)¢ may be obtained by plotting the average and difference
of the Cr(CO)s 2t,, and free atom Cr 3d orbital amplitudes shown
in Figure 6. The y map (Figure 6a) looks qualitatively like y
for the 2t,, MO but with the CO 2x contribution reduced. The
Ay plot accentuates the CO 2 contributions to the 2t,, orbital.
We have found for the CO, NO, and O, series?® and for NH, and
CH,;NH,!? that extrema in AB(r) can often be identified with
maximums and minimums in ¥ and Ay. The extrema in the

(27) Levin, V. G.; Neudatchin, V. G.; Pavitchenkov, A. V.; Smirnov, V. F.
J. Chem. Phys. 1975, 63, 1541.

(28) Rozendaal, A.; Baerends, E. J,, unpublished results.

(29) Baerends, E. J., personal communication.
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plot are the Cr 3d orbital lobes while the extrema in the Ay plot
are the p-orbital lobes on C and O. In the Ay plot (Figure 6b)
we have drawn a vector of length 1.6 a, from the C 2p lobe toward
the Cr 3d lobe. Qualitatively, the maximum in AB(r) around 1.6
ag is associated with the separation of these two features. The
minimum in AB(r) around 3.8 g, is then associated with a vector
from the Cr 3d orbital maximum in y to the O 2p orbital minimum
(above the Cr—C-O vector) in Ay. The separation of the max-
imum and minimum in AB(r) is 2.2 ay, virtually identical with
the C-O distance. Thus, the AB(r) plot can be interpreted in terms
of a bonding interaction of a predominantly Cr 3d orbital with
a CO =* orbital, in agreement with the qualitative picture.

Conclusions

Our results confirm the previous assignments of the PES; i.e.,
the lowest BE corresponds to the 2t,, MO, the BE’s from 13.4
to 16.2 eV correspond to predominantly CO 5S¢ and 17 orbitals,
and the BE near 17.8 eV corresponds to CO 4¢ type orbitals. The
best match between the experimental momentum densities and
those obtained by synthesis of HFS orbital momentum densities
is obtained if we assume that the 8a,; orbital has a binding energy
of about 16 eV. The large value of p(g) at ¢ = 0 for the 17.8-eV
peak indicates both that the 8alg orbital lies less than 2 eV from
this energy and that the 7a,, ionization occurs very close to 17.8
eV. This is consistent with the localized-hole HFS® calculations
for this state and with MS-Xa!% calculations (for delocalized
cationic states). The presence of significant CO 5S¢ character in
the 7a,, MO is also confirmed. Since the 7a,, ionization occurs
around 17.8 eV, the peak at 19.7 eV in the PES must be assigned
as a satellite. The momentum densities measured for peaks at
20.7 and 23.5 eV indicate that they are satellites of primary peaks
around 15.5 and 17.8 eV. The satellite separation energy of about
5 eV suggests a Cr 3d — CO 27 excitation as the source of these
satellites.

Fourier transformation of the 2t,; orbital momentum density
and that for the free atom Cr3d orbltal yield a AB(r) function
that can be interpreted in terms of Cr 3d-CO 27 mixing. The
magnitude of this mixing cannot presently be determined accu-
rately due to various experimental and interpretational uncer-
tainties. Nonetheless, the qualitative evidence for Cr 3d—CO 27
mixing is clear.
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Appendix

The Slater type orbital basis used in the HFS calculation
consisted of the following functions and exponents:

Cr C 0
1s 18.70 1s 5.40 1s 7.36
2s 8.45 2s 1.24 2s 1.70
2p 9.90 2s' 1.98 2s' 2.82
3s 3.25 2p 0.96 2p 1.30
3¢ 5.00 2p' 2.20 2p’ 3.06
3p 2.85
3p’ 4.65
3d 1.24
34’ 2.70
34" 5.70
45 1.00
45’ 1.75
4p 2.00

Registry No. Cr(CO)g, 13007-92-6.



