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Bonding in metal hexacarbonyls

Ramiro Arratia-Perez and Cary Y. Yang
School of Engineering, University of Santa Clara, Santa Clara, California 95053

(Received 8 April 1985; accepted 3 July 1985)

A detailed analysis of the valence molecular orbitals (MO) in Cr(CO)q, Mo(CO)s, and W(CO), is
presented. A generalized bonding scheme, which includes participation of metal p electrons in the
metal-ligand bond, emerges from our results. The metal p electrons are also responsible for
effecting mixings between different sets of carbonyl 5o and 17 orbitals. In these hexacarbonyls,
this “o” + “7”” metal-ligand bonding contribution is quantitatively as significant as the well
known o donation and 7-back-donation components. The MO’s obtained with the Dirac
scattered-wave (DSW) method are also used to determine the importance of relativistic effects in
this series. The DSW results show that even in W(CO),, relativistic effects are qualitatively
unimportant. Extensive comparisons with existing theoretical and experimental data are made
for both ground-state and transition-state calculations.

I. INTRODUCTION

The nature of the metal-ligand bond in carbonyl com-
plexes has been extensively studied in the past two de-
cades.'™ The metal carbonyl molecules are sometimes used
as model systems for CO chemisorption on metal cata-
lysts,'™ and as such, they are thought to share some com-
mon bonding characteristics. The current understanding of
the electronic structure of terminally bonded metal carbon-
yls is largely based on two charge transfer mechanisms.
First, the so-called CO 50 donation to metal d orbitals was
believed to be the principal mechanism. Then theoretical
and experimental data for most carbonyl complexes indicate
that significant back-donation from metal d to CO 27* also
exists.”~” The participation of other orbitals has been recog-
nized®'? but detailed quantitative descriptions are lacking.

The metal hexacarbonyl molecules, M(CO)s, M = Cr,
Mo, and W, feature two attractive properties which make a
detailed investigation of the metal-ligand bond feasible.
There is only one metal atom, hence no metal-metal interac-
tions. The carbonyls are octahedrally bonded to the metal
atom, resulting in the O, point group symmetry. Bonding
analysis for a high-symmetry system is generally easier. A
third attraction for studying this series is that one can follow
the effects of relativity down the column of the periodic table
from Cr to W, with molecules that are computationally man-
ageable under most molecular orbital (MO) methods.

The purpose of this paper is to present a detailed bond-
ing analysis for the three hexacarbonyls, and to clarify some
issues concerning charge transfers between metal and li-
gands. From this analysis, a complete and generalized de-
scription of the metal-ligand bond will emerge. The bonding
analysis is based on MO calculations with the self-consis-
tent-Xa-Dirac-scattered-wave method. '*~'® Comparisons of
both ground state and transition state results with existing
theoretical and experimental data are made whenever possi-
ble. It should be pointed out at the outset that some of the
ground state comparisons can only be considered as partial,
since all existing data were obtained based on the traditional
(50 —d, d—2m*) bonding picture, which we will show to be
incomplete.
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The organization of this paper is as follows. Section II
outlines the calculational procedure. Section III presents the
ground state results for all three carbonyls under individual
subsections. The generalized bonding scheme is discussed in
Sec. IV and transition state results are given in Sec. V.

1. DSW CALCULATIONS

The self-consistent-field-Xa-Dirac-scattered-wave
(DSW) molecular orbital method is a relativistic extension
(in the Dirac equation framework) of the nonrelativistic mul-
tiple-scattering or scattered-wave technique originally pro-
posed by Slater'” and subsequently developed by Johnson.'®
The DSW methodology was developed by Yang and co-
workers'41¢1921 and has been applied to many systems
ranging from diatomic molecules to large (20-30 atoms) met-
al complexes.'>'%?? Relativistic effects are important in un-
derstanding most metal-ligand bonds, especially those in-
volving fourth- or fifth-row transition metals. It has been
shown in the clusters COPt, 2*?* that relativistic effects play
significant roles in the sd hybridization and metal-molecule
bonding. We will attempt to demonstrate in this paper how
relativistic effects increase going down the column of the
periodic table from Cr to W.

TABLE 1. Parameters for DSW calculations, b denotes sphere radii (in
bohrs) and a the exchange parameter (from Ref. 33). The interatomic sepa-
ration d is also given in bohrs.

Cr(CO), Mo(CO), W(CO),
di-c 3.6282* 3.8928° 3.9100¢
deio 2.1637 2.1637 2.1900
by 2.5763 2.8703 2.8894
be 1.4550 1.4550 1.4550
bo 1.2470 1.2470 1.2470
bow 7.0389. 7.3035 7.3470
ay 0.7135 0.7034 0.7000
ac 0.7593 0.7593 0.7593
ag 0.7445 0.7445 0.7445
Qs = Aoy 0.7493 0.7350 0.7479
#Reference 7.
®Reference 32.
°Reference 2.

© 1985 American Institute of Physics 4005
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FIG. 1. DSW ground-state valence energy level diagram. 2e;, is the HOMO
for each carbonyl. The 30 band is not shown.

The parameters used for the calculations are given in
Table I. Two bases were used for each molecule: one “mini-
mal,” with partial waves /<4, /<2, and /<1, for the outer,
metal, and ligand spheres respectively; the second ‘“‘ex-
tended,” with partial waves expansions truncated at / =4
and / = 2 for the metal and ligand spheres, respectively. Sim-
ilar extended basis calculations have been reported in pre-
vious nonrelativistic Xa-SW and Hartree-Fock—Slater-dis-
crete variational method (DVM) calculations on the lighter
members of this series.®~'? Our results using these two bases
showed that while the orbital wave functions are not signifi-
cantly affected going from the minimal to the extended, the
ionization energies (IE) generally improve by about 0.5 eV.
Thus, to simplify matters, our analyses of ground state re-
sults will be based on minimal basis results, while both mini-
mal and extended results will be given for IE’s.

The nonrelativistic limit (C— oo ) was taken for each cal-
culation. As one would expect, relativistic effects become
increasingly important going down the column of the peri-
odic table from Cr to W. But as we showed previously,”’ even
in W(CO)q, relativistic effects are qualitatively unimportant.
In the next section, we will elaborate further on the role of
relativity.

Overlapping spheres (10% M-C and 20% C-O) were
used as before.”” The calculational parameters are listed in
Table I, and the basis functions for O, double group symme-
try were generated according to the symmetrization scheme
described by Yang."

Ill. GROUND STATE RESULTS

Valence molecular orbital (MO) energies for CO,
Cr(CO)g, Mo(CO)4, and W(CO)4 are shown in Fig. 1. Some

TABLE II. Total valence populations for M(CO), (units of electrons per atom). NR denotes nonrelativistic SCF-Xa-DSW (C— o ) results.

Cr(CO); Mo(CO), W(CO),
NR DSW NR DSW NR DSW
M s, 0.802 0.812 0.770 0.802 0.778 0.907
P 0.628 0.631 0.618 0.627 0.607 0.642
2.00° 1.98 2.00 1.97 2.00 1.90
P 1.256 1.254 1.237 1.238 1.214 1.220
Total p 1.884 1.885 1.855 1.865 1.821 1.862
digs 2433 2.442 2.467 2.486 2.460 2.487
1.50 1.48 1.50 1.47 1.50 1.40
dss 3.650 3.622 3.714 3.650 3.691 3.494
Total d 6.083 6.064 6.190 6.136 6.151 5.981
Total metal 8.768 8.767 8.815 8.803 8.750 8.750
G % 1.297 1.297 1.300 1.298 1.312 1.298
P 0.767 0.769 0.763 0.767 0.758 0.768
% 2.00 % 1.99 2.00 1.99 2.00 1.97
Pa)a 1.534 1.532 1.526 1.525 1.517 1.515
Total p 2.307 2.301 2.289 2292 2275 2283
Total carbon 3.598 3.598 3.589 3.590 3.587 3.581
0 51,2 1.551 1.552 1.551 1.551 1.569 1.569
Pija 1.464 1.466 1.464 1.466 1.462 1.467
2.00 1.9 2.00 1.99 2.00 1.99
Psa 2.928 2.925 2.928 2.926 2.924 2.925
Total p 4392 4391 4.392 4392 4.386 4392
Total oxygen 5.943 5.943 5.943 5.943 5.955 5.961

*Ratio of j = / + | to j = [ — | populations.
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common features are apparent. For example, the valence
complex of each molecule is divided into five subcomplexes
or bands, namely, the unoccupied 27*, and the occupied ¢ 5, ,
1750, 40, and 30. The characteristics of these bands will be
analyzed in detail in the ensuing subsections. In general, the
nonrelativistic ““,,” orbital undergoes spin-orbit splitting,
ranging from a negligible amount in Cr(CO), to almost 0.3
eV in W(CO),. As we pointed out previously for W(CO)4,*
relativistic effects tend to stabilize the metal-ligand interac-
tions. Both the nonrelativistic (NR) SCF-Xa-DSW (C— )
and DSW results given in Table I show a d © electron config-
uration for each molecule with some sp admixtures (2.8 elec-
trons) distributed among the ligand orbitals. The ligands and
metal interact through charge transfers among the 40, 5o,
17, and 277* ligand orbitals, and the metal s, p, and d orbitals.
Due to the large volume of data available for the lighter
carbonyls, we will analyze the ground state results for each
molecule separately.

A.Cr(CO)s

This molecule has been extensively studied, both experi-
mentally>~*%7?° and theoretically,*'* as a model system for
transition metal-carbon monoxide bonding, in which the o
donation by the carbonyl is described as being accompanied
by 27* back-donation from the metal.>”*~'* The nature of
the metal-ligand interaction has been the subject of some
controversy among many calculations with varying degrees
of sophistication, namely, Xa-SW'%'2, Xa-DVM?*'!, ab ini-
tio Hartree-Fock,® restricted Hartree-Fock (RHF),?® and
Fenske-Hall MO.'? Despite the fact that the Dirac rather
than the Schrodinger equation is used, our calculations for
Cr(CO), which is very much a nonrelativistic system, are
basically equivalent to previous Xa ones.’~'? Another consi-
deration in comparing our results with others is how charge
distributions are computed under different methods. These
distributions may be obtained from projections onto basis
sets,'? from partitioning the intersphere and outer sphere
charges among the atoms (as in this study),?’ or from Mulli-
ken population analysis.®*'"!* Hence, charge distributions
from these calculations may differ considerably.

Comparing our results with other SW calculations, we
note that ours show a rather uniform energy shift with re-
spect to the nonrelativistic results reported by Johnson and
Klemperer (JK).'” Since this molecule is basically nonrelati-
vistic, we attribute this shift to be a result of the different
accounting of intersphere charges due to overlapping
spheres and slightly different calculational parameters. An-
other significant difference between ours and JK is the 40
bandwidth. JK report very little ligand—field splitting for
this band while our results show a bandwidth of 0.8 eV. Xa-
DVM calculations,?® on the other hand, give a bandwidth of
1.5 eV compared with the experimental value of 1.8 eV.?°

The total valence populations are given in Table II. The
small differences between NR and DSW populations can be
understood by remembering that in the metal atom, relativ-
istic effects generally lower the s and p orbital energies, but
raise the d. Thus, in the molecule, the 4s and 4p populations
of chromium increase by 0.01 and 0.001, respectively, while
the 4d population decreases by 0.02 electrons. Within the d
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FIG. 2. Contours of the dominant 6¢, wave function component of Cr(CO),
in a plane containing Cr and four sets of ligands CO. Contour values in
(electron/bohr?)'/? are: (0,5), (1,4), (2,3)= + 0.100, + 0.010, + 0.001.
These values are the same for all contours presented here. The contour maps
for its counterparts in the other two carbonyls are very similar.

populations d,, orbitals are slightly favored over ds,,; the
ratio of / + 1/2 to / — 1/2 is 1.48 in the DSW calculation,
while the NR limit is 1.5. From these ratios given in Table II
and the orbital energy diagram, it becomes apparent that
relativistic effects in this molecule are negligible, as expect-
ed, since Cr is a member of the first transition metal series.

The ¢,, band consists of a two-fold 2e;, and a fourfold
6g, . These two orbitals contain primarily metal d character,
with some 27* and 17 ligand contributions. They represent a
0.04 eV splitting of £, due to the small metal d;,,—d, spin-
orbit interaction. From the charge distributions [Table III
(A)] for each orbital we observe that the metal contributions
in 2e,, (65.8%) are purely d (t,,), i.e., d., d,,, d,,, as re-
quired by symmetry, whereas 6g, contains mostlyd (z,,)and
negligible amounts of d (e, ) orbitals (d,. _ ., d,-). Both orbi-
tals exhibit similar ligand contributions: 27% 27* and 7%
l77. The ligand 7 character in this band is clearly shown in
the wave function contour map for 6¢, (Fig. 2). These charge
distributions further confirm that the small splitting of 0.04
eV is due mainly to spin-orbit interactions.

The metal d populations given in Table III (A) are divid-
ed into two components. The d (¢,,) component contains a
total of 4.35 electrons distributed mainly among the ¢,, and
177 bands, while there are a total of 1.72 d (e, ) electrons pres-
ent mostly in the 50 and 40 bands. This d (e, ) character is
clearly evident in the wave function contour map for 3¢,
(Fig. 3). Metal p populations are found primarily in those
orbitals originating from the nonrelativistic #,, symmetry,
such as 3¢, and 3e,,, where significant 17-50 mixing
among ligands exists,”'” as shown in Table III (A) and illus-
trated by the wave function contours in Figs. 4 and 5. Both
Xa papers,'®?® however, assign these ¢,, orbitals as primar-
ily from ligand 17 and So. Metal s character is present only

J. Chem. Phys., Vol. 83, No. 8, 15 October 1985
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TABLE III. Ground state valence orbital populations(%).
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Cr (CO)g

Level E (eV) s P Px.y d(ty) d(e,) 2m* 17 o

(A) Cr(CO)q

2es, —3.023 99.9 0.1 0.0

7q. —3.035 0.0 99.8 0.2 0.0 2%

64, —3.707 0.0 85.9 0.2 13.9

5e,, —3.721 0.0 0.0 87.6 0.8 11.6

2e, —-17.317 65.8 27.6 6.6 0.0 tr
N —7.352 66.2 0.0 27.0 6.8 0.0

5q. — 11.490 6.9 0.2 50.5 424

4e,, — 11.509 2.3 4.5 0.2 67.5 25.5

5q, —11.639 0.0 0.0 0.1 99.9 0.0

de,, —11.658 0.0 0.0 100.0 0.0 I

les, —11.822 5.0 95.0 0.0

4q, —11.838 0.0 0.2 81.6 18.2

les, —12.362 6.4 1.3 92.3 0.0

4q, —12.377 6.4 0.0 1.3 92.3 0.0

3q. — 13.041 22.3 0.4 11.0 66.3

3e,, — 13.091 7.5 15.0 0.2 22.2 55.1 50

3q, — 13.805 0.0 38.2 0.0 0.0 61.8

ey, — 14994 194 0.0 0.0 80.6

2q, — 16.393 0.0 4.6 0.0 0.0 95.4

2g, —16.427 22 0.0 4.0 93.8 4o

2e,, —16.431 0.7 1.5 0.0 0.2 97.6

2e,, —17.105 213 0.0 0.0 78.7

(B) Mo(CO)s

2es, —2.930 99.9 0.1 0.0

7q. —2.942 0.0 100.0 0.0 0.0 2%

6q. —3.627 0.4 91.9 0.6 7.1

5e,, —3.642 0.1 0.3 89.9 0.0 9.7

2es, —17.212 64.0 28.3 7.7 0.0 tre

6q, — 7.288 64.8 0.0 27.1 8.1 0.0

54, —11.295 9.1 0.2 57.0 33.7

4e,, —11.352 2.6 5.1 0.1 63.0 29.2

5q, —11.484 0.0 0.0 0.2 99.8 0.0

dey, —11.502 0.0 0.0 100.0 0.0 17

les, —11.618 4.8 95.2 0.0

4q, —11.634 0.0 0.0 82.0 18.0

les, — 12.092 7.4 1.2 91.4 0.0

4q, —12.111 7.5 0.0 1.1 91.4 0.0

3q, —12.343 20.3 0.3 15.8 63.6

3e,, —12.491 7.3 14.7 0.0 26.4 51.6 50

3q, — 14.167 0.0 37.7 0.0 0.0 62.3

ey, — 14450 269 0.0 0.0 73.1

2q, — 16.258 1.6 0.0 0.0 98.4

2e,, — 16.269 0.6 1.1 0.0 0.0 98.3 4o

2q, — 16.363 0.0 7.7 0.0 0.0 92.3

2ey, —16.611 13.2 0.0 0.0 86.8

(C) W(CO)s

2e,, —3.438 99.9 0.1 0.0

7q. — 3.450 0.0 99.8 0.2 0.0 2%

6q., —4.078 0.5 92.2 0.4 6.9

Se,, — 4.096 0.2 0.3 90.4 0.0 9.1

2es, — 7.446 58.7 33.2 8.1 0.0 Lo
s —7.675 61.5 0.0 29.5 9.0 0.0

5q. — 11.535 7.0 0.0 54.5 38.5

de,, —11.643 1.3 25 0.0 80.1 16.1

5q, — 11.652 0.0 0.0 0.1 99.9 0.0

dey, —11.669 0.0 0.2 99.8 0.0 17

les, — 11.784 3.7 96.3 0.0

4q, —11.802 0.0 0.1 81.3 18.6

les, —12.280 7.9 1.3 90.8 0.0

4q, —12.310 8.5 1.0 90.5 0.0

3q. —12.623 21.6 0.5 11.8 66.1

3e,, — 13.156 8.5 17.0 0.2 12.5 61.8 50

3q, — 14.607 0.0 34.5 0.0 0.0 65.5

ey, —15.101 20.8 0.0 0.0 79.2

24, — 16.468 1.9 0.0 0.0 98.1

2e,, — 16.518 0.9 1.9 0.0 0.0 97.2 4o

J. Chem. Phys., Vol. 83, No. 8, 15 October 1985
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TABLE II1I. (continued ).
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Cr (CO)s
Level E(eV) s p. Py d(ty) d(e,) 2m* lr o
2q, — 16.667 0.0 11.7 0.0 0.0 88.3
2e,, —17.210 245 0.0 0.0 75.5
(D)W(CO)s (c—e0)
2es, 99.9 0.1 0.0
—3.423
7q., 0.0 99.9 0.1 0.0 2%
6q., 0.45 90.9 0.2 8.4
— 4.061
Se,, 0.15 0.30 90.7 0.3 8.5
2e;, 62.5 28.4 9.1 0.0 f2
—17.729
64, 62.5 0.0 28.4 9.1 0.0
5q, 8.4 0.1 58.6 329
— 11.490
4e,, 2.8 5.6 0.1 58.4 33.1
5q, 0.0 0.0 0.1 99.9 0.0
— 11.650
dey, 0.0 0.1 99.9 0.0 1
les, 0.1 99.9 0.0
— 11.787
4q, 0.0 0.1 99.9 0.0
les, 8.7 1.2 90.1 0.0
—12.299
4q, 8.7 0.0 1.1 90.2 0.0
3q, 20.4 30.1 49.4
12.515
3ey, 6.8 13.6 0.1 30.0 49.5 5o
3ey, — 14.487 259 0.0 0.0 74.1
3q, — 14.615 0.0 349 0.0 0.0 65.0
2q, 1.72 0.0 0.0 98.2
— 16.429
2e,, 0.57 1.15 0.0 0.0 98.2 47
2q, — 16.637 0.0 11.9 0.0 0.0 88.1
2e,, —16.795 129 0.0 0.0 87.1
Cr(CO)} Cr(CO)}

Sa

FIG. 3. 3¢, of Cr(CO).

J. Chem. Phys., Vol. 83, No. 8, 15 October 1985
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Cr (CO)

3%

¥

FIG. 5. 3g, of Cr(CO),.

in the e,, orbital in each of the 5o and 40 bands, as dictated
by symmetry.

The ligand orbitals of 7, nonrelativistic symmetry are
split, largely due to spin-orbit interaction of the 4p,,, and
4p,,, metal contents, into the twofold degenerate e,, and
fourfold degenerate g, orbitals. In Cr(CO), these splittings
are all inconsequentially small. The metal-ligand admix-
tures in these orbitals are probably related to the 5o—17 mix-
ing. For example, from Table III (A), the 5¢, and 4e,,, orbi-
tals contain 42% and 26% 5o character, respectively, while
their 17 contents are 51% and 67%. The balance consists
entirely of metal p character. The total amount of metal 4p
character in the three #,, orbitals represents a ligand dona-
tion to metal of 1.89 electrons, of which 1.34 electrons are
donated by the 50 band, and only 0.41 electron is donated by
the 1. The ligand donation to Cr 4s takes place only in the

TABLE IV. Summary of charge transfers (in electrons).”

3e,, and 2e,, orbitals, and amounts to 0.39 and 0.42, elec-
tron, respectively. The amount of charges back-donated by
metal 3d to the ligands 27* and 17 can also be computed
from Table I1I (A), the result being 1.63 electrons to 27* and
0.40 to 1. Overall, as summarized in Table IV, the M—L
back-donation represents a loss of 2.03 electrons by the
3d (t,, ) orbitals and the L—M donation amounts to a gain of
4.80 metal electrons, mostly by 4s, 4p, and 3d (e, ). This gives
rise to a net electron transfer of 2.77 electrons from ligand to
metal, or a net loss of 0.46 electron per ligand molecule.

Our analysis of the metal-carbonyl bond so far is based
on the DSW orbital populations of the molecule. No ap-
proximations or simplifications beyond those inherent in the
MO method have been employed. Thus, from the charge
transfer summary in Table IV, we can conclude that metal s,
p,and d as well as ligand 40, 50, 177, and 27* all participate in
the metal-ligand bonding. However, in order to compare
our results with existing data, we have to keep in mind the
simplified description of the metal-carbonyl bond in terms
of charge transfers between only metal d and ligand 5o and
27* orbitals.”" In view of this “partial” bonding picture
adopted by others, we present a detailed comparison of some
of our orbital populations with existing theoretical and ex-
perimental values (Table V). The metal 4s and 4p contribu-
tions are omitted since they are not addressed under this
simplified bonding picture. In general, our results compare
rather well with others. We hasten to reiterate, however, that
the (d—27*, 50—d ) bonding picture is incomplete, as we
will discuss in more detail in Sec. IV.

In arriving at the net charge transfer of 0.46 electron per
carbonyl from ligand to chromium, we have taken every mo-
lecular orbital into account. It would be both difficult and
misleading to compare this value with other estimates, 0.2'2,

—0.2to —0.3'"", and zero,” which were all obtained with
the partial bonding picture.

B. Mo(CO)e

Valence molecular orbital energies for Mo(CO), are also
shown in Fig. 1. The overall features are similar to those for

LM
Net charge transfer
s p d Total M-L L—M (electron/CO)
Cr(CO)s
17—Cr 0.00 0.41 0.39 0.80 3d—lm 0.40
50—Cr 0.39 1.34 1.53 3.26 3d—2m* 1.63
40—Cr 0.42 0.14 0.18 0.74
Total: 0.81 1.89 2.10 4.80 2.03 0.46
Mo(CO),
12) 17—Mo 0.00 0.51 0.45 0.96 4d—17 0.48
50—Mo 0.54 1.25 1.51 3.30 4d—2m* 1.65
40—Mo 0.26 0.10 0.32 0.68
Total: 0.80 1.86 2.28 4.94 2.13 0.47
W(CO),
lr—W 0.00 0.36 0.50 0.86 5d—1m* 0.53
50—W 0.42 1.37 1.38 3.17 5d—2m* 1.84
40—->W 0.49 0.13 0.47 1.09
Total: 0.91 1.86 2.35 5.12 2.37 0.46

30 ligand donations are negligible.
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TABLE V. Orbital population comparisons for Cr(CO);.

DSW HF* Xa-DVM®  Xa-SW° FH-MO* Expt®
CO-50 1.78 1.69 1.52 1.60
CO-27* 0.32 0.48 0.52 0.40
Cr-3d (e, 1.71 0.75 1.28 1.32 1.2,1.5°
Cr-3d (t ) 4.35 3.31 3.37 4.4 384.5°
deyq(%) 28 18 28 23 2543

“Reference 8.

bReference 9.

“Reference 12.

dReference 13.

“Reference 7.

fReference 7, with 3d °4s' and 3d © Cr configuration.

Cr(CO)s. Nonrelativistic and relativistic (DSW) valence pop-
ulations are given in Table II. The Mo atom in the molecule
contains 8.80 valence electrons, resulting in a net gain of 0.47
electron from each ligand molecule. Relativistic effects are
still insignificant, as evidenced by the (/ + 1/2)/(l — 1/2) ra-
tiosand the smallz,, spin-orbit splitting (0.08 eV). This small
splitting has introduced difficulties in interpreting the vi-
bronic levels originating from the 2E ” and 2U "’ states.®

From the detailed population analysis given in Table ITI
(B), we find that in the 17 band there are 0.51 electron and
0.45 electron donated from the ligands to the Mo 5p and 4d
orbitals respectively. The latter donation constitutes the
d (t,,) contribution to the 17 band, as in Cr(CO),. Since there
is no metal s character in the 177 band, the total ligand dona-
tion to the metal in this band amounts to 0.96 electron. The
50 band shows ligand donations to the 5s, 5p, and 4d metal
orbitals of 0.54, 1.25, and 1.51 electrons, respectively. As in
Cr(CO)g, the 4d population in 5o consists almost entirely of
metald (e, ), withnegligibled (¢, ) contamination. Theligand
donations from the 40 band to the 5s, 5p, and 4d metal orbi-
tals are 0.26, 0.10, and 0.32 electron, respectively, which are
considerably less than those from 5¢. For M—L, we find
that there are 1.65 and 0.48 electrons back-donated from the
metal to the 27* and 17 ligand orbitals, respectively. To
summarize, the total L—M donations add up to 4.94 elec-
trons, while the M—L back-donation amounts to 2.13 elec-
trons. Hence, as we point out earlier, a net transfer of 0.47
electron from each ligand molecule results. The total metal d
population consists of 30% d (e, ) and 70%d (t ,, ), compared
with the corresponding values of 28% and 72% in Cr(CO);.

The 40 bandwidth of 0.4 eV is only half of its counter-
part in Cr(CO)s, as it contains considerably less metal s char-
acter. The situation in the 5o band is different, however,
since both bandwidths (~2 eV) and metal contents are simi-
lar in the two molecules. Small relativistic effects are evident
in the 0.15 eV spin-orbit splitting of 3#,, into 3¢g, and 3e,, .
As in Cr(CO)q, the spin-orbit splitting originates from the
metal p character contained in these two orbitals. The large
separation between this 7, complex and the other two orbi-
tals within the 50 band is probably due to increased 17-50
hybridization in 3¢ ,,.

C. W(CO)e

Since the general features of the valence electronic
structure of this molecule (see Fig. 1) were discussed in a

previous communication,> we will focus here on a compara-
tive study of W(CO) with its lighter counterparts. As we
have demonstrated previously,” the relativistic effects in
this molecule, which is the heaviest of the three carbonyls,
are qualitatively unimportant. From the preceding discus-
sion, we see that Cr(CO); is clearly a nonrelativistic system,
while relativistic effects in Mo(CO); are far from being quan-
titatively significant. In W(CO)q, although measurable spin-
orbit splittings exist,**° the general nature of the metal-li-
gand bond could be correctly described using a purely
nonrelativistic treatment.

Since W is the heaviest metal atom of the three, the 7,,
(HOMO) spin-orbit splitting (~0.3 eV) in this carbonyl is the
largest. Also the (/ + 1/2)/(I — 1/2) ratios shown in Table IT
deviate more from their NR limits. From the orbital popula-
tions given in Table III (C), we note that as in the other two
carbonyls the 17 band contains the smallest amount of metal
character, while the 50, 40, and ¢,, bands show significant
metal contribution from the 6s, 6p, and 5¢ W orbitals. The
computed total ligand donation from 17 to W is 0.86 elec-
tron, of which 0.36 electron is transferred to 6p. The remain-
ing charge goes to 5d. Similar to the other carbonyls, the
metal-ligand interactions are most pronounced in the 5o
complex, where metal s, p, and d orbitals are all present. In
particular, the total ligand donation to W from 5o amounts
to 3.17 electrons, of which 1.37 electrons are donated to 6p,
1.38 electrons to 5d, and 0.42 electron to 6s. A unique feature
of this 5¢ band is the 0.53 eV separation of 3¢, and 3e,,.
This splitting is mainly a result of the 6p,,,—6p, , spin-orbit
interaction, which is considerable for W. This large splitting,
combined with the 5o—17 hybridization present in these two
orbitals, effectively widens the 5o bandwidth to about 2.5
eV, which is almost 0.5 eV larger than those in the lighter
carbonyls. The 40 bandwidth is about 0.8 eV, a consequence
of both ligand field effects and the relativistic stabilization of
the 2e,, orbital, which contains 25% W 6s character. The
total ligand donation from this band amounts to 1.09 elec-
trons.

Again, similar to the others, the M—L back-donation
takes place in the #,, band. The back-donated charges to the
27* and 1w ligand orbitals are 1.84 and 0.53 electron, respec-
tively, giving rise to a total back-donation of 2.37 electrons.
If we add up the charges donated from 17, 50, and 40, we
obtain a total L—M donation of 5.12 electrons. Hence, the
net charge transfer is again L—M, with 0.46 electron per
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FIG. 6. Representation of general bonding scheme for metal hexacarbonyls.

ligand molecule. As one can see in Table IV, this result is
almost invariant for all three carbonyls.

IV. GENERAL BONDING PICTURE

An interesting consequence of the octahedral symmetry
of these molecules is that there is a clear grouping pattern of
oand 7 M-C and C-O bonds. This pattern is illustrated in a
schematic diagram shown in Fig. 6. There are essentially
three types of metal-ligand bonds, each of which was ana-
lyzed separately in the preceding paragraphs. First, the
d (t,,) + COm bond is formed largely as a result of 277* back-
donation. This is a 7 metal-ligand bond as clearly shown in
the 6g, contour map (Fig. 2). The second bond is one that
involves hybridization of o and 7 and, at least for these mole-
cules, is shown to be equally important as the others.>® This
bond is made up of three ¢,, orbitals, namely, (5¢,, 4e,,),
(39, 3e,,), and (2g,, 2e,, ). From the contour maps for 5¢,
and 3¢, (Figs. 4 and 5), and the population analysis, we con-
clude that this bond is formed by mixing o orbitals of one set
of carbonyls (“longitudinal”) with 7 orbitals of another set
(“transverse”) through p orbitals of the metal. The longitudi-
nal (parallel to p) metal-ligand bond is o, while the trans-
verse is 7. Hence, we denote this p + CO(o + 7) bond by
o + 7. Wealso note that the 5¢,, orbital (Fig. 4) shows 17—5¢
ligand-ligand antibonding character, whereas 3¢, (Fig. 5)
contains 17-50 ligand-ligand bonding contributions. The
third metal-ligand bonding type is the well known o dona-
tion, resulting obviously in a o metal-ligand bond (Fig. 3).

There are two issues surrounding the exact roles played
by each of these three bonding types. The first concerns

which orbitals within the valence complex (excluding 30)
exhibit these bonding characteristics. The answer to this can
be determined partly from symmetry considerations and
partly from population analysis. Single-group symmetry re-
quires that the 7 type could be present in any ¢ »¢ Orbitals, the
oine, and a,,, and the o + 7 in ¢ ,,,. Thus, for this class of
molecules, we can find 7in t,, and 17 bands, o in 5o and 40,
and o + 7in 17, 50, and 40. For Cr(CO), (and the other two
as well), 7 is found mainly in 154, With a small contribution
from les, and 4q, in 17 [Tables III (A)-III(C)]. However,
this 177 contribution, which consists of donation to d ( 2¢) by
almost the same amount backdonated by d (,, ) to 17, effec-
tively brings about an almost purely 27* back-donation met-
al-ligand 7 bond. The o bond is present in the qq(e,) and
€, (a,, ) orbitals of 50 and 40, whereas o + 7 manifests itself
inthree z,, orbitals as discussed above. While double-group
considerations alter this pattern somewhat, a close compari-
son between Tables III (C) and III (D) reveals that even for
W(CO), the charge transfer between metal and ligand is not
substantially affected by relativity. In fact, the major redis-
tribution of charges due to relativistic effects occur only
among ligands, in the form of different 17-50 mixings in g,

and e,, orbitals within the 17-50 complex. Thus the single-
group picture we subscribe to is essentially accurate for these
molecules.

The second issue focuses on the relative importance of
each bonding type. While the existence of an exact quantita-
tive representation is debatable, the extent of each bonding
type can be characterized qualitatively as follows. The role
of the 7 bond largely depends on the amount of 27* back-
donation. The importance of o + 7 bond is most probably
enhanced by increased ligand donation to the metal p orbi-
tals. The amount of charge transferred from ligand to metal
d (e,) and s must increase with stronger o metal-ligand bond.
For Cr(CO)s, where 277* back-donation amounts to 1.63
electrons, donation to metal p 1.89, and donation to metal
d (e,) and 5 2.53, all three types are unquestionably present.
In fact, one can conclude that 27* back-donation plays a
significant role in the metal-ligand bonding, and it might
also be an important factor in the C-O bond weakening as
observed in IR and Raman spectra.’’

V. TRANSITION-STATE RESULTS

One way of testing the quality of wave functions deter-
mined by a MO method is to compute molecular properties
from them and compare with available experimental data. A
substantial collection of experimental information exists for
these metal hexacarbonyls, such as, UV and x-ray photoelec-
tron spectra®®** and UV optical absorption measure-
ments.>** Table VI summarizes results of spin-restricted
transition state'” calculations for the ionization energies (IE)
and for the two symmetry allowed d—CO(27*) charge-
transfer excitations. Calculated IE’s for both minimal and
extended basis sets are included. The use of f and g polariza-
tion functions for each metal, and d functions for the ligands,
yields uniformly better comparisons with experimental IE’s
by about 0.5 eV.

As we pointed out earlier, the spin-orbit splitting of the
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TABLE VI. Ionization and transition energies (eV). Results for both minimum and extended basis sets are

presented.
Transition Minimum Extended Otbher calculations Experiment
(A) Cr(CO)s
8.60*
2e;,—vacuum 9.86 9.47 9.80° 8.50"
8.90°
6g,—vacuum 9.90 9.51 8.80,8.30¢ 8.40%
10.70°
2e5,—6q, 3.82 3.90* 4.44"
6g,—7q, 4.53 4.80° 5.48"
(B) Mo(CO),
2e;,—vacuum 9.66 9.13 8.508
8.80% 8.45°
6, —vacuum 9.74 9.21 8.40!
2e5,—6g, 3.80 3.95 4.32hd
4.14%
69,74, 4.55 4.53) 5.44"
5.41
(C) W(CO)s
2e;,—vacuum 9.84 9.35 8.30,68.33F
6(]‘g —vacuum 10.10 9.60 8.56,68.59"
2e,,—6q, 3.54 4.30"
6g,—7q, 4.42 483"

*Reference 10.

> Reference 26.

“Reference 28.

dReference 11.

¢Reference 8.

e Reference 29.
h Reference 3.
iReference 2.
iReference 34.
k Reference 35.

fReference 6.

t,, band into 2e;, and 6g, increases from Cr(CO)s to
W(CO), the values being 0.04, 0.08, and 0.25 eV, respective-
ly. The small splittings in Cr(CO), and Mo(CO)¢ might com-
plicate the interpretation of vibrational fine structure.® The
splitting in W(CO), has been well characterized,** and our
calculated values of 0.26 eV (minimum basis) and 0.25 eV
(extended basis) compare well with the experimental value of
0.26 eV.>%

The results of other nonrelativistic calculations for
Cr(CO), are also given in Table VI (A). In general, we ob-
serve that transition state calculations '*'"?® give better re-
sults that those that utilize Koopman’s theorem.®?® Our
DSW results for IE’s are about 1 eV larger than their experi-
mental counterparts. The IE reported by JK' is the closest
to experiment. This agreement is probably an accident re-
sulting from the unphysical “‘negative” interphere probabil-
ity density due to overlapping spheres. The more accurate
Xa-DVM,*'"?® which has no space-partitioning require-
ments, yields rather good comparisons with experiment.
While our DSW transition state results fare less well than
DVM, due mainly to the space-partitioning approximation
in the scattered-wave theory, they are obtained with substan-
tially less computational effort. Moreover, little additional
costs are required to extend the calculations to each of the
heavier carbonyls. Thus, the DSW method, though quanti-
tatively less accurate, is more versatile and practical for the
development and elucidation of detailed bonding trends and
relativistic effects down the column or across the row of the
periodic table.

Finally, results of transition state calculations, obtained
using minimal basis sets, for the lowest &—CO(27¥) transi-
tions are also given in Table VI. The allowed transitions are
compared with experimental UV optical absorption re-
sults.>** The differences (between ~0.4 eV and 1 eV) are
similar to those for the IE’s. We attribute this discrepancy to
the spin-restricted transition state calculations and correla-
tion effects that are not well represented by this local density
functional method. Furthermore, the space-partitioning ap-
proximation in the realm of the scattered-wave formalism
poses the usual problem,'>'®?? and it generally affects the
outermost valence and unoccupied orbitals more. This prob-
lem is somewhat alleviated by the semiempirical approach of
choosing overlapping sphere radii, but the extent of this
“correction” is very difficult to assess.

VI. CONCLUSIONS

The calculations presented here represent the first de-
tailed comparative study of an isoelectronic series of mole-
cules using the DSW method. The results have yielded two
major findings. First, they confirm a generalized description
of the bonding in these molecules. Metal p electrons not only
play a significant role in the metal-ligand bond, but they also
bring about important mixings between different sets of car-
bonyl 50 and 17 orbitals. This o + 7 metal-ligand bond has
been previously ignored in consideration of metal-carbonyl
bonding in molecules and in CO chemisorption systems. The
second finding provides a definitive answer to the often-
raised question of how important are relativistic effects in
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these molecules. From our results with the three metal car-
bonyls, Cr to W down the column of the periodic table, we
have concluded that relativistic effects are qualitatively un-
important for the valence orbitals even in W(CO).>* Since
the DSW method treats relativistic effects fully in the one-
electron local density framework, '® it poses little difficulty in
identifying them for each molecule.

While the method has demonstrated its remarkable abi-
lity in establishing bonding trends and elucidating relativis-
tic effects, one must not lose sight of its inherent limitations.
As we pointed out in comparing the DSW transition state
results with other calculations and with experiments, the
local density approximation and the space-partitioning
scheme contained in the method generally result in some
degree of quantitative inaccuracies. Further, the use of the
spin-restricted procedure in transition state calculations
may introduce additional correlation-related errors. In or-
der to account for correlation effects in the DSW frame-
work, a configuration interaction approach has recently
been proposed.*®

Further work on metal carbonyls is in progress. The
study involves DSW calculations on fifth-row transition
metal carbonyls,?” from which we hope to understand the
bonding trend going across this row of the periodic table.
Finally, we believe that the two major findings summarized
above are method independent, though the detailed numbers
may differ from one method to another. For example, re-
cently reported nonrelativistic results on Ni(CO), using oth-
er techniques®®*® showed large populations of metal 4p,
though these two cited papers disagree on the extent of the
metal 4p participation in the metal-ligand bonding. In the
hexacarbonyls considered here, the metal p electrons repre-
sent the keys in bringing about mixings between longitudinal
o and transverse 7 carbonyl orbitals giving rise to the o + 7
bond. While CO (o + 7) mixings are not disallowed by sym-
metry in Ni(CO),, its geometry suggests that the role of the
metal p orbitals in effecting such mixings is probably less
significant. Since the understanding of metal carbonyl bond-
ing serves as a precursor to gaining insight into the much
more complex situation in CO chemisorption,*® the tools as
well as the approach used here seem to be suitable for the
latter.
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