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MO CI calculations are carried out using an optimal space of valence virtual MOs obtained by
means of a projection technique, as a linear combination of the AOs which are more occupied
in the molecular Fock space. Localization of the occupied MOs and nonvalence virtual MOs is
also achieved. The overall procedure is proven to be quite advantageous and well suited to
obtain potential energy curves which keep the same physical meaning along the range of
distances studied. Using a slightly better than double-zeta quality basis set, a valence CAS-CI,
and selected CI wave function by the CIPSI algorithm have revealed a possible weak van der
Waals interaction for the >’ * state of CuCO, which remains when polarization functions are
added to the basis set for the carbon and oxygen atoms. Even though the CuCO 2II and
CuCO™ 'S+ states are energetically close, the nature of the interactions is quite different, 7
bonding and mainly electrostatic, respectively. The results give further support to the view of
the neutral metal-CO interaction as a balance of o repulsion and 7 backbonding. However, it
is proposed that the driving force for the positive ion metal-CO interaction becomes essentially

electrostatic.

I. INTRODUCTION

The interaction of one or more metal atoms with carbon
monoxide is an area of great interest and rapid development
because of its implication in many fields of current chemical
research. The study of such complexes may give some in-
sight into aspects related to homogeneous and heterogen-
eous catalysis, and also surface chemistry. For instance, the
M/CO systems, where M represents a transition metal, are
involved in important reactions such methanol,’ methane,?
and Fischer-Tropsch® sythesis. In these reactions the che-
misorption of CO on several metals seems to play a funda-
mental role: whether the dissociation of CO is followed by
hydrogenation, or hydrogenation is followed by dissociation
is the key to the many mechanisms proposed.*

From the experimental point of view, adsorption of CO
on a metal surface has been one of the more studied problems
in surface chemistry. In the case of CO/Cu (100), combina-
tion of theory, employing a cluster model, with experimental
data has been used to give a major understanding of the
bonding of CO on a copper surface.’

Interaction of a copper atom with carbon monoxide pre-
sents an especially intriguing problem. Theoretical calcula-
tions®” do not predict a bound complex for the CuCO 2=+
ground state.” However, copper carbonyls, CuCO and
Cu(CO),, have been identified by electron spin resonance
spectra (ESR) generated in argon matrices as reported by
Kasai and Jones.®

In copper monocarbonyl the semifilled copper hybrid
orbital sp, would be pointing away from CO. Earlier, Huber
et al.,'® using matrix isolation infrared and UV-visible spec-
troscopy, obtained evidence for CuCO, Cu(CO),,
Cu(CO);, and Cu,(CO); the CO stretching frequencies for
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these complexes may indicate the presence of 7 backdona-
tion. Thus, the study of these carbonyls is very important,
both as a potential tool for incorporation of copper into sup-
ports for catalytic purposes,'' and especially relevant for
catalytic hydrogenation of carbon monoxide to obtain meth-
anol#€¥440) and of intrinsic interest by themselves for
theoretical chemists.

In this paper a CI and CAS-CI study of the CuCO 2=+
ground state is presented. The interaction of Cu(2S) with
CO('=") is expected to be weakly bound or weakly repul-
sive, so, special attention has been paid to build, as much as
possible, size- and distance-consistent potential energy
curves in order to avoid the major problems implied when
working with limited CI approaches. Moreover, adequate
valence virtual orbitals are used and the influence of differ-
ent types of CI and basis set is analyzed. Since in both
Cu(CO), and Cu(CO), the Cu(*P) is involved, the interac-
tion of Cu(®P) with CO('X ™) is also considered as prelimi-
nary to the study of Cu, (CO),,,n=1,m=23andn =2,
m = 6. In addition, the CuCO™* (') is also studied for
comparison purposes to analyze the copper—CO bond. As
pointed out elsewhere,® the difference in stability of the neu-
tral and ionic complexes may also be important in modelling
the secondary ion mass spectra.

The paper is organized as follows. In Sec. II, we discuss
the computational details of this study. We describe the basis
sets used, and outline the method to obtain an adequate
space of valence virtual orbitals and how the orthogonal set
of occupied and virtual localized MOs has been built to per-
form the CI calculations. Our results for the 22+ and *I1
states of CuCO are presented separately for each complex in
Sec. I1I. Section IV contains the results for CuCO™ (12+).
In Sec. V, the main variational correlation effects for these
complexes are analyzed in comparison with the correspond-
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ing ones for isolated CO; also, the findings are related to
previous work. Our conclusions are summarized in Sec. VL.

Il. COMPUTATIONAL DETAILS

The SCF calculations have been carried out using the
PSHONDO program,'? a modified version of the HONDO pro-
gram package'® including the pseudopotential method of
Durand and Barthelat.!*'> Thus, the calculations have been
restricted to the valence electrons of the carbon and oxygen
(25 and 2p shells), and copper (3d and 4s shells) atoms; the
helium-like and argon-like cores of carbon and oxygen, and
copper, respectively, have been represented by nonempirical
potential functions. Standard parameters are used for car-
bon and oxygen.'® The parameters used for copper were de-
termined by Pelissier.'” Valence atomic basis sets of Gaus-
sian type orbitals (GTO), optimized for the ground state of
the atoms with these specific pseudopotentials, were
used.'®!” Two different types of basis sets are employed,
namely, DZ and DZ + P. In the DZ basis set, the GTOs are
contracted in a double-zeta form except for copper where the
three s GTO are kept uncontracted in order to obtain a better
description of the 4s orbital; the (4s,4p/4s,4p/3s,4p,5d)
primitive set is contracted to (2s,2p/2s,2p/3s,2p,2d), where
information separated by slashes belongs to the carbon, oxy-
gen, and copper atoms, respectively. Actually, the so-called
DZ basis set is slightly larger than a double-zeta basis set.
The second basis set, DZ + P, introduces a set of polariza-
tion d functions in the carbon and oxygen atoms of expo-
nents 0.7'® and 1.25,'® respectively, to the DZ basis.

For the complexes studied in the present work, inclu-
sion of the correlation energy is needed since it definitively
plays an important role in determining type of binding. The
basis set full CI is computationally prohibitive and a parti-
tion of the correlation energy is necessary.

The full treatment of the nondynamical correlation en-
ergy,'? i.e., correlation within the shell of valence occupied
and virtual MOs, is highly desirable. An ideal way to carry
out this is variationally, by the valence CASSCF proce-
dure.?® Unfortunately, the process can be quite expensive
and the active space of MOs is frequently reduced to only a
fraction of the valence part. If done in an arbitrary way, the
process does not maintain all its advantages. The multicon-
figurational valence complete active space (CAS) SCF pro-
cedure optimizes both the valence occupied and virtual
MOs. However, the characteristics found for the occupied
orbitals do in the present systems not differ significantly
from the occupied MOs obtained in a monodeterminantal
self-consistent-field (SCF) calculation. Thus, employing
some cheaper approximate definitions of valence virtual
MOs, the full valence CI can be achieved directly by a CAS-
CI calculation. Then, the dynamical correlation energy can
be obtained by less rigorous methods.

The problem of how to build distance-consistent poten-
tial energy curves is especially important for weakly bonded
systems since the distance inconsistency of trucated CI (or
of any selection) could result in an error larger than the
binding energy. A practical solution proposed to this prob-
lem?! consists in always using localized MOs, both occupied
and virtual, since in that case the double excitations will

always keep the same basic physical meaning, and as we
show later, it becomes possible to practice distance-consis-
tent selections.

The valence virtual MOs have been obtained through
slight improvement®! of the procedure proposed by Cham-
baud et al.,?? consisting of the projection of the SCF atomic
orbitals of the free atoms onto the virtual molecular space.
The valence virtual MOs are linear combinations of the pro-
jected AOs having the largest eigenvalues coming from the
diagonalization of the overlap matrix of the projected AOs,
ie., virtual MOs having essentially valence components.
This procedure is very efficient and has been proven to give
results almost identical to those obtained by a MCSCEF cal-
culation.?

The preparation for a CI calculation takes several steps.
After the corresponding SCF calculation the HAOs for car-
bon and oxygen atoms are obtained by diagonalizing the part
of the density matrix belonging to the carbon and oxygen
atoms, respectively. A preliminary coefficient matrix is built
by collecting the following sets of MOs: (1) First, the SCF
SOMO, if any, (it is mainly the semifilled s AO of the copper
atom) which was obtained by the Nesbet operator.”® (2)
The result of the projection of the HAO lone pairs onto the
molecular Fock space. (3) The canonical HF occupied orbi-

‘tals of the free CO projected into the molecular occupied

Fock space. (4) The canonical occupied molecular orbitals
of the corresponding CuCO complex are added. (5) The
transformed valence virtuals MOs*? obtained using the
HAOs.?! (6) The result of the projection of the canonical
virtual molecular orbitals of the free CO into the space of
canonical virtual MOs of the complex. (7) The same as (6)
but with the virtual AOs of the metal. (8) In addition, the
canonical virtual MOs of the complex are placed.

The set of orbitals so obtained, in this order, are ortho-
gonalized by means of a Schmidt process. After elimination
in this way of the redundant linear combinations, the result
is a set of localized MOs which resemble the corresponding
fragments (CO and Cu), and keep the same physical mean-
ing, except for the orthogonalization tails, along a Cu~CO
potential energy curve, with well defined MOs, lone pairs,
valence, and oscillating character. The total CPU time in-
volving in these transformations (obtaining the HAO and
construction of the final matrix of molecular orbitals) is
about 3% of that of an SCF calculation.

The selected CI calculations were performed with the
multireferential CIPSI algorithm,?* which proceeds by an
iterative selection of the reference determinants, according
to the Epstein—Nesbet definition?® of the unperturbed Ham-
iltonian. The correlation energy is calculated in two parts.
First, the Hamiltonian operator is built in the reference
space and diagonalized, leading to the variational part of the
correlation energy including the more important contribu-
tions. Secondly, all single and double excitations from the
reference space are generated and their contributions to the
correlation energy calculated to second order in energy us-
ing the Moller—Plesset barycentric definition®® of the unper-
turbed Hamiltonian.

In this work the number of configurations (NCF) in the
reference space is 30 to 74, including the effect of about
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12 10°~23 X 10° determinants depending on the case con-
sidered.

The optimal distances have been obtained by polynomi-
al fitting. If it is not otherwise stated the C-O distance has
been kept at the experimental value.?’

lil. RESULTS FOR THE CuCO COMPLEX

The CuCO complex in C'_, symmetry implies five low-
lying states correlating to the closed shell ground state of
CO, 2+, and the Cu(3S), and Cu(?P) atomic states. The
28(3d "°4s') atomic configuration of copper gives a =+
state. The 2P(3d '°4p') configuration lying at 3.80 eV%’
above the 2§ generates three states, two of I symmetry and
one of 2 symmetry.

Due to the repulsion between singly ocupied 4s copper
orbital and the highest occupied molecular orbital
(HOMO) of CO, a localized lone pair on the carbon atom,
the 2= * (4s") state of the complex is expected to give a weak-
ly repulsive wall, as found in previous studies®™® or a weakly
bonded van der Waals complex. This repulsion may disap-
pear in the *II(4p, ) states’ which may therefore induce
stronger bonding. The >2 * (4p, ) state should be higher than
the two last ones, due to a stronger repulsion between the 4p,
and the carbon lone pair, and in fact the nature of this bond
should be quite similar to the > * (4s'). The more interest-
ing states are the 2+ (4s') and *I1(4p,, , ) ones, dealing with
adifferent type of interaction, weak and strong, respectively,
and therefore implying different type of bonding. For that
reason, in what follows, we present the results separately:
Part A is concerned with the CuCO =+ state and part B
with the CuCO 211 state.

A.CuCO 2z * state

At a qualitative level, one notices that the canonical oc-
cupied MOs obtained from the RHF calculation of the com-
plex, taking as trial vectors the corresponding eigenvectors
of the fragments Cu(?S) and CO('X "), are quite unper-
turbed with respect to the isolated fragments. Once the local-
ization procedure on the doubly occupied MOs has been
carried out, the following MOs are clearly identified: lone
pairs on the carbon and oxygen atoms, nc and ng; 0o, the
carbon—oxygen o bond; four 7 orbitals, the two (7 ),x,p
MOs and the d,,, d,, belonging to the copper atom; two &
MOs, d,. _ . and d,, of copper. The HOMO is mainly a Cu
4s' with a little participation of the copper p, orbital:
s — Ap,, with a slight polarization away from the CO carbon
lone pair. This orbital is unchanged from the Nesbet proce-
dure,? since the open shell is not mixed with the doubly
occupied MOs. Three valence virtuals MOs are determined:
the o* and 7}, MOs of CO.

Firstly, a valence CAS-CI calculation is done within the
set of bonding MOs and their antibonding counterparts, us-
ing the DZ basis set. In the present calculation seven active
MOs are considered, s on Cu, and o,7,0*,7* of CO, which
make a total of 142 determinants. Two e~ of opposite spins
in each 7 subsystem and three e~ in the active o MOs are
maintained, discarding for technical reasons the two septu-
ple excitations. Modifying the Cu—C distance in the range

E/E},
—209}
=
-575}
-576
1 1 [ L1 )
6.0 8.0 10.0 12.0 r/a,

FIG. 1. Variational (upper part, []) and second-order corrected (lower
part, O) CAS-CI (NCF = 142) potential energy curves vs r(Cu—C), for
the CuCO 3+ state, using the DZ basis set. The energies are relative to
— 7100000 E,.

from 4.0 to 12.0 a,, a shallow potential energy curve was
obtained, showing a minimum at 7.695 a, (see Fig. 1). When
the CAS is perturbed to the second order in energy in a Ray-
leigh-Schrodinger Moller—Plesset perturbation expansion,
the optimal Cu—C distance is displaced to a slightly longer
distance 7.978 a,, the interaction energy being less pro-
nounced.

As Fig. 2 shows, a weakly bound minimum is also ob-
tained using the other multireference zeroth-order wave
function, which is perturbed to the same level in the CIPSI
algorithm.?* The reference space obtained at 4.0 a, has been
used to build the potential energy curve in order to keep the
same basic information at all points of the curve which can
be ensured by the procedure used (see Sec. IT). The optimal
distances are 8.461 and 7.611 a,, obtained by diagonalization
of the Hamiltonian built on the 63 most important determi-
nants selected iteratively, and including the second order
perturbation corrections from single and double excitations
of the reference space, respectively. In the latter case, there is
amore pronounced depth. On the other hand, comparison of
Figs. 1 and 2 put forward the efficiency of multireferential
methods such as CIPSI, since a lesser number of determi-
nants recovers, variationally, a larger part of the correlation
energy.

Since we are dealing with weak intermolecular interac-
tions, we have improved the basis set by adding polarization
functions on the carbon and oxygen atoms, i.e., using the
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FIG. 2. Variational (upper part, 3J) and second-order corrected (lower
part, O) selected CI (NCF = 63) potential energy curves vs #(Cu-C), for
the CuCO I+ state, using the DZ basis set. The energies are relative to
—71.00000E,.

DZ + P basis set. It is well known?® that calculations of this
type are meaningful only if a large basis set is used, otherwise
the actual interaction energy might be obscured by the basis
set superposition error (BSSE).? The variational potential
energy curves, both using the CAS space and a selected CI
wave function at 5.0 g, with a number of configurations
(NCF) of 64, are not bound. However, including the sec-
ond-order perturbation correction, a minimun at 8.269 a,
(see Fig. 3) is found. This trend is also maintained perturb-
ing a single determinant wave function although the stabili-
zation energy is somewhat weaker (see Fig. 4), reflecting the
fact that well correlated wave functions are needed to obtain
with confidence that part of the correlation energy responsi-
ble for the weak intermolecular interaction.

Table I summarizes the results obtained with the DZ
and DZ + P basis sets. The energies are referredto Eat 12 g,
and represent a lower bound to the accurate interaction ener-
gy in each case. As Table I shows, the DZ + P AE best value
represents a decrease of about 9 X 10~ *E,, (~0.6 kcal/mol)
with respect to the DZ result. In a recent study reported by
Blomberg et al.>**' a similar trend was found for NiCO.
Inclusion of d functions in the basis set for carbon and oxy-
gen decreases the NiCO binding energy by 0.6 kcal/mol.
However, in that case it was not important because of the
larger interaction. The opposite situation occurs in the

E/E},
— 6875
—6880
1 | | 1 1 4 ]
6.0 8.0 100 120  r/q,

FIG. 3. Second-order corrected selected CI (NCF = 64) potential energy
curve vs  (Cu—C) for the CuCO 2Z* state using the DZ + P basis set. The
energies are relative to — 71.00000 E,,.

CuCO bonding. However, further tests with a more flexible
basis set are still desirable.

Another important factor to take into account is the
variation of the C-O distance, so far kept fixed at the
experimental value, 2.132 a,. At r(Cu-C) = 7.5 a, where
the complex is slightly bound using the DZ + P basis set,
NCF = 64: AE, = E(1.5) — E(12.0) = —44X1073% E,;
the optimal C-O distance is 2.185 a,. An increase has
taken place and the stabilization with respect to (7, c/co )
= (7.5, 2.132) is AE,,, = E(7.5, 2.185) — E(7.5, 2.132)
= — 8.6 X 107*E,. To elucidate how much of this stabili-
zation energy comes from a weak Cu---CO interaction
rather than the optimization of the C-O distance, this
optimization has also been carried out at r(Cu-C)
= 12.0 @,. The optimal C-O distance was found at 2.171 a,,
being AE,,, = E(7.5, 2.185) — E(12.0, 2.171) = AE,
— (AE,,, —AE_,,) =4.3X107°E,. If we assume that
the energy retrieved from the C-O optimization at 7(Cu-0)
= 7.5 a, would be very similar to the one at ,,;, (Cu-C)
=8.269 a, which is not unlikely, AE,, = E(8.269)
— E(12.0) ~E(8.269, 2.132) + AE,,,, — {E(12.0, 2.132)
+ AE,,,} = —0.48X107“E,. Thus, although the inter-

E/E),

—-7275

I

—.7280

| ] 1 | | | |
60 8.0 10.0 12.0 r/a,

FIG. 4. Single configuration second-order corrected CI (NCF = 1) poten-
tial energy curve vs r(Cu-C) for the CuCO 23+ state using the DZ + P
basis set. The energies are relative to — 71.00000 E,.
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TABLE I Summary of the results obtained for the CuCO 2Z * ground state with the DZ and DZ + P basis sets
(see Sec. IT). AE is defined as the difference of E(r,,;, ) and E(12 a,); a negative AE indicates a stable, bound

species.

DZ DZ+P
CI space Energy Pemin /8o AE10°/E, omin/ Ao AE 10*/E,
CAS* variational® 7.695 — 8.66 nonbound
total® 7.978 —5.34 .
Selected variational® 8.461¢ —3.75¢ nonbound*’
total® 7.611¢ —10.42¢ 9.427° —0.93°
8.269° — 1.35F

2 CAS-CI with seven active MOs (s¢, and a,7,0*,m* of CO), keeping 2¢~ of opposite spins in each 7 subsys-

tem and 3¢~ in the o active MOs (142 determinants, hence the two septuple excitations are discarded).

®From the variational part of the correlation energy.
©Including the 2nd order perturbation correction.

9 Number of configurations (NCF) diagonalized is 63.
*NCF =1

fNCF = 64

action at the minimun of the Cu~C distance has decreased by
a factor of 3 with respect to the optimal C-O distance at
r(Cu-C) = 12.0 a,, the presence of a weak minimum is
again evident and gives stronger support for the idea that a
very shallow weak van der Waals minimum involving the
CuCO 22+ ground state is actually present.

The DZ + P basis set is not yet adequate enough to give
quantitative results, but we think that it is good enough to
ensure that a weak van der Waals complex is present in the
range of 4.0 to 10.0 g, Cu—C distance, although it was not
previously found.® The present results are also in agreement
with the matrix isolation spectroscopy experiment of Kasai
and Jones® although the influence of the matrix should be
checked.

B. CuCO 21T state

The MOs used for the CI calculations of the CuCO ?I1
excited state were the localized MOs obtained for the CuCO
ground state using the DZ + P basis set. Thus, the I1 state is
described as a monoexcitation from the 4s' to 4p} (or 4p}).
Although the MOs used are not optimal for this state, this
procedure can be supported for the following reasons: both
states involve a d '° closed shell for copper, so the main d
electronic reorganization is taken into account, and the na-
ture of the bonding in the CuCO ?II state is more clearly
noticed at CI level, as will be discussed in Sec. V.

The CI potential energy curves have been built using the
reference space selected at the Cu—C distance of 4.0 a, with
30 determinants. We have studied the range between 3.0 and
12.0 a,, keeping the C-O distance fixed at the experimental
value. As Fig. 5 shows, when the second-order perturbation
is included a pronounced well is obtained. With respect to
the variational curve, the minimum is displaced towards a
shorter Cu—C distances. Table II summarizes these results.
Note how important it is to consider the second order pertur-
bation correction in order to obtain adequate interaction en-
ergies. In this case, to consider — AE~E, (E, = binding
energy), will not involve a dramatic difference due to the
strong bonding in the *I1 state. In any case, we keep the AE

The CuCO™ '3 state may be described in terms of a
carbonyl ligand, CO ('£%), and Cu™ (d '°) metal atom.
Thus, bonding in the CuCO* complex is expected to be quite
strong due mainly to the electrostatic interaction and per-

In fact, as Fig. 6 shows, bonding in the CuCO™ complex
is present at the SCF and CI levels. The basis set employed is

E/Ey,
~15
—
20}
notation which is more strictly correct.
+
| IV. RESULTS FOR THE CuCO* COMPLEX
=551
—~60k haps.o bonding and/or 7 backdonation.
| N U WA NS NN NS R SO
3.0 50 70 9.0 1o  r/a,

FIG. 5. Variational (upper part, 0)) and second-order corrected (lower

part, O) selected CI (NCF = 30) potential energy curves vs 7(Cu~C) for

the CuCO 211 state, using the DZ + P basis set. The energies are relative to
— 71.00000 E,.

the DZ + P one. Recall that localization of the MOs before
the CI step has been undertaken. A systematic study in the
range of 3.0 to 12.0 a, was carried out, fixing the C-O dis-
tance equal to the experimental value. The 74 more impor-
tant determinants selected at Cu—C distance of 4.0 g, have
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TABLE I1. Results obtained for the CuCO 11 state using the DZ + P basis
set, including in the reference space the 30 more important determinants
selected at 7(Cu—-C) = 4.0 a, keeping the C-O distance fixed at the experi-
mental value. AE is defined as the difference of E(r,,,) and E(12 ;). A
negative AE indicates a stable interaction.

CI energy rmin /80 E(124,)/E, AE (eV)
Variational® 4.347 — 71.190 697 —-035
Total® 3.484 — 71.565 662 —1.22

TABLE III. Results obtained for the (CuCO)* '=* state using the
DZ + P basis set, including in the reference space the 74 more important
determinants. AE is defined as the difference of E(7,,, ) and E(12 ). A
negative AE indicates a stable interaction.

Energy Pmin /g E(12a,)/E, AE (eV)
SCF 4.067 — 70.935 982 -0.75
CI variational® 4.556 - 71219316 —0.44
Cl total® 3.762 —71.441 043 - 1.19

*From diagonalization of the reference space.
®Including the second-order perturbation correction.

been used to build the CI potential energy curves.

Table III lists the r_,, and AE values for the CuCO™
complex. It can be noted how the variational part of the
correlation energy increases the Cu—C optimal distance and
diminishes AE, with respect to the SCF values. On the con-
trary, inclusion of the second-order perturbation correction
works in the opposite way. As we will see in the forthcoming
section, this behavior can be stated in a more general manner
and has its cause in very subtle effects of the correlation
energy.

Although CuCO™* ('27*) and CuCO (*IT) complexes
have rather similar AE values, the optimal Cu—C distance is
longer in the first case, so a different type of bonding is ex-

E/Ep,

A0+

05

—.20#

| 1 1 1 | I 1 | - |
30 50 70 9.0 1.0 r/a,

FIG. 6. From top to bottom: SCF potential energy curve (A) vs »(Cu—C)
for the CuCO™ ground state using the DZ + P basis set, and variational
(O) and second-order corrected selected CI (O) (NCF = 74) potential
energy curves. The energies are relative to — 71.000 00 E,.

* From the variational part of the correlation energy.
® Including the second-order perturbation correction.

pected. In Cu—CO™ the positive charge causes a strong elec-
tric field on CO and probably we are in a region where pure
electrostatic interactions are dominant, mainly, charge—di-
pole and charge-induced dipole interactions. If the copper
ion is replaced by a simple point charge, a computed AE
value of — 0.93 eV is obtained. Thus, this simple model is
quite reasonable and gives a picture of the nature of the
Cu™*-CO interaction as will be established in the next sec-
tion.

V. ANALYSIS AND DISCUSSION

The results reported in the previous sections show how
much the interaction energy and the optimal metal-ligand
distance is affected when electron correlation is taken into
account and also the different behavior of the variational
part of the correlation energy in relation to the total correla-
tion energy, including the second-order perturbation correc-
tions. Apart from the HF determinant, an important percen-
tage in the CI wave function involves the intramolecular
correlation of the CO molecule. Thus, in a first step, analysis
of the main electronic correlation effects on the isolated CO
molecule is drawn in order to be compared with the com-
plexes considered. If we succeed in understanding how the
CO molecule feels the presence of the Cu(2S), Cu(2P), and
Cu™* ('S) atoms, we would hopefully get some insight into
the nature of the metal-carbon monoxide bonding.

As was stated earlier, localized MOs (LMOs) are used
in all cases. Thus, in order to see how suitable are these MOs
for CI purposes, and using the DZ + P basis set, an iterative
selection has been performed with both the LMOs and
CMO:s for sake of comparison. As can be seen from Fig. 7,
the number of determinants necessary to obtain a variational

correlation energy of — 0.129 E, decreases from ~ 100
(CMOs) to 65 (LMOs), in agreement with previous CAS-

CI analyses?! of the CO molecule at the DZ level. It is also
noticed that the dispersion of the second-order corrected
correlation energies results is smaller than the variational
results giving an estimation of the accuracy of a second-or-
der multireference perturbative algorithm like CIPSI.
Table IV shows the more important contributions in
decreasing order in the CI wave function using LMOs and
also the corresponding coefficients with CMOs, both of simi-
lar quality, i.e., they pick up nearly the same variational cor-
relation energy. Most of the contributions have a larger
weight when using LMOs than with CMOs, since in this
procedure the maximization of the virtual-occupied ex-
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FIG. 7. Variational (lower part) and second-order corrected (upper part)
correlation energies of the CO molecule as function of the number of deter-
minants in the variational wave function (NCF) (CIPSI algorithm). —@
canonical MOs. A- — ~A occupied and virtual MOs from the HAO proce-
dure.

change interaction is implicitly involved. The transformed
virtual orbitals are especially suited to describe the
($)%= (#*)?, and introduce important interactions between
the ground state configuration and the excited ones of the
type (ij) - (i%*). The more important contributions ac-
count for the nondynamical correlation of the CO bond.
Also, it is interesting to recall that a priori in the valence

Merchan et a/.: CuCO and CuCO* complexes

TABLEIV. Using the DZ + P basis set, the more important contributions,
by spin or symmetry constraints, to the multideterminantal CI wave func-
tion ¥ = Co®, + =T, C,®, for CO, employing localized molecular orbi-
tals (LMOs), are listed. The corresponding coefficients obtained with ca-
nonical molecular orbitals (CMOs) are also shown. Only one of an
equivalent set of configurations is shown.

C,

J @, LMOs (NCF = 65) CMOs (NCF =97)
0 &0 0.969 0.969

1 (7 )%= (72)? —0.089 —0072

I T T, TETE — 0.065 —0.050

o1 (ne)?— (m*)? —0.059 —0.062

v (0)?> (0*)? —0.046 c

v T, »mrw? —0.046 —0.034

VI (ne)*—(n%)? —0.041 — 0.044

vl oFF, — O 0.038 c

vIII 7 Tt —0.029 —0.025

*Refers to the ground state determinant.

b Represents the ground state determinant: |n2 nd 0’72 >
P! g co O T, T,

°Not present (see the text).

CAS-CI, excitations of type III (n,)>—(7*)% or VI
(nc)?— (n%)?, associated with delocalization and radial
correlation of the carbon lone pair, respectively, would not
be included. These lead to strong perturbations, a point of
reflection when the CAS approach is chosen and the dynam-
ical correlation energy is calculated by perturbative meth-
ods.

Monoexcitations 7, —»#¥, 7, -7* (and the corre-
sponding y contributions), type VIII, can be related to the

TABLE V. Using the DZ + P basis set, the more important contributions to the multideterminantal CI wave
function ¥ = C,®, + Z)';C,®,, being NCF = 64, for the CuCO ?Z * state, employing LMOs, are shown for
various r(Cu-C) distances. The C-O distance is kept fixed at the experimental value. Only one of an equivalent

set of configurations is shown.

C,

J D, r=170a, r=8.269aq, r=10.04q,
0 @, = [{COHd L ¥5cu | 0.963 0.963 0.963
Intramolecular correlation of CO

1 ()2 = (7%)? —0.077 —0.077 —0.077

1 7, T —0.056 —0.056 —0.056

I (ne)?= (m%)? —~0.056 -~ 0.056 - 0.056

v (0)2— (0*)? —0.044 —0.044 —0.044

v 7 T, Tt -~ 0.040 —0.040 —0.040

A (nc )2~ (12)? —0.038 —0.039 —0.039

VIl oFF, —O*Tt 0.036 0.036 0.036

VI T Tt —0.019 —0.020 —0.020

7y T —0.020 —0.020 —0.020
Intraatomic correlation of CU

IX T 0.049 0.049 0.050

X (d,)’~(d*)? —0.037 —0.037 —0.037

X1 (dg)?—(@d¥? —0.037 —0.037 —0.037

XII d,))2—(d*? —0.034

—0.035

—0.035
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well known fact that for reproducing the experimental sign
of the CO dipole moment (C~0O™"), monoexcitations are
needed.>? Indeed, it has been found*? that the Hartree—Fock
approximation overestimates the ionic structures which fol-
low the electronegativity difference and the main work by
correlation is the increase of the neutral components; the
polarity appears through the unequal coefficients of the
monoionic situations.

In the first order correlated wave function for the CuCO
23+ state it is found that the HF determinant has the more
important contribution (92.7% ), the remaining is due to the
intramolecular correlation of CO (4.4%), and to the intra-
atomic correlation of the copper atom (2.9%). Table V
shows the main coefficients at several #(Cu-C) distances. It
is noted that from 7.0 to 10.0 a,, the intra-CO and Cu corre-
lation keeps quite constant. For the CO fragment, the num-
bering of the type of contributions is associated to that corre-
sponding to the isolated CO (Table IV) all having the same
behavior, and implying the same physical meaning as dis-
cussed above. The main contributions to the intraatomic
correlation of the copper atom (5—5*) tends to enlarge the
two inner Gaussian coefficients and to reduce the outer one

TABLE VI. Using the DZ + P basis set, the more important contributions
to the mulitideterminantal CI wave function ¥ = C,®, + 3V, C,®,
(NCF = 30), for the CuCO ZII state, employing the LMOs of the CuCO
23 state are listed for several 7(Cu—C) distances.

TABLE VIIL Net atomic charges and total overlap population of CO
ground state and CuCO™* complex, for various »(Cu—C) distances.

r(Cu-C)/a,
Atoms CO 3.500 4.067 5.000
C 0.066 0.061 0.078 0.062
(0] —0.066 0.070 0.058 0.027
Cu 0.867 0.866 0.917
Cc-0 0.671 0.779 0.775 0.756
Cu-C 0.141 0.099 0.050

on
J b, r=30a, r=3484a, r=60q,
0 &, = [{COHd L 1. cu! 0.894 0.918 0.953
Intramolecular correlation of CO
I (7.) = (7%)? —-0087 —0090  —0.09
(m,)— (1) — 0.087 - 0.090 —0.090
n T T, TETy — 0.062 — 0.064 — 0.064
T, T —0.062 — 0.064 —0.064
I (ne)?= (7%)? — 0034 —0.036 —0.045
(ne ) - (m*)? —0.034 —0.036 —0.045
v (0)% (o*)? —0.044 —0.045 —0.048
v T T, TS —0.041 —0.042 — 0.043
Ty 2 TATy —0.041 —0.042 —0.043
V1 (nc)2—(n2)? —0.028 —0.033 —0.040
Vil OTF, —O*7T* 0.038 0.040 0.041
o, oY 0.038 0.040 0.041
o, o Ty 0.038 0.040 0.041
onm,~o*my 0.038 0.040 0.041
VI T -y —0.034 —0.033 —0.031
T T —0.033 —0.033 - 0.031
LAY 4 —0.034 - 0.034 —0.031
7,7y —0.034 —0.034 —0.031
Intraatomic correlation of Cu
IX D, —~D* 0.114 0.090 0.115
X (d;):—(d2)? —0.040 - 0.042 —0.045
Charge transfer from Cu to CO
X1 Prou = Trc 0.275 0.237 0.121
XII Decu— T —0.220 -0.172 — 0.058
XIII Drcu =T —0.112 —0.096 — 0.046

which represents the copper s shell (recall that a triple-zeta s
basis set is used ), and can be ascribed to the spurious term of
autorepulsion of the Nesbet operator.?* The other contribu-
tions take into account the d shell radial correlation of the
copper atom.

A quite different situation is found for the CuCO 211
state. At r(Cu~C) = 3.484 q,, the HF determinant accounts
for 84.2% of the CI wave function, intramolecular of CO
4.4%, intraatomic correlation of the copper atom 1.9%, and
the contributions responsible for the charge transfer from
the copper atom to CO 9.5%. Table VI shows the presence of
aslight 7~ and spin polarization in this case due to the beta
electron placed on the p, copper atomic orbital, mainly
through the monoexcitations of the 7 system. The intraato-
mic correlation of copper involves the radial correlation of
the d shell and the p adaptation. The highest weight of the
charge transfer from copper to CO implies the second virtual
MO, 7%_, which is polarized toward the carbon atom; contri-
butions XII and XIII implying the valence 77* and the third
7 virtual, 7%, MO, which is polarized towards the oxygen
atom, are also important.

Stabilization is found at both SCF and CI levels for the
interaction of the Cu* ('S) metal atom with the CO('Z™")
ligand. To a first approximation, the SCF level should be
adequate to describe the major effects in these types of elec-
trostatic interaction. In order to understand better the bond-
ing at the SCF level, Table VII shows net atomic charges and
total overlap populations, from Mulliken population analy-
sis, for the CuCO™ complex at several Cu—~C distances and
also for the free CO, for sake of comparison. Charge transfer
from CO to the copper monoion seems to take place. The
Cu-C overlap population diminishes when the Cu-C dis-
tance increases. However, at the optimal SCF Cu-C dis-
tance, 4.067 a,, the positive net atomic charge on the carbon
atom is largest and also charge transfer to the copper atom
becomes more favorable. The total population of atomic va-
lence orbitals indicates (Table VIII) that the orbitals in-
volved in the metal-ligand bonding are the carbon lone pair
(notice the s, p, orbital reorganization in the complex with
respect to the isolated CO) and the s, p, atomic orbitals of
the copper monoion (notice that the role of the p, orbital is
important). On the other hand, if 7 backbonding would be
present, a decreasing of the 4, population (d,, and d,, orbi-
tals) might be expected. That is not the case and 7 back-
bonding is negligible, which is appearing to be a characteris-
tic find in the copper-monoion-ligand interactions.>*
Nevertheless, a more pronounced population diminution
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TABLE VIIL Total population of atomic valence orbitals of CO ground
state and CuCO* complex, at different #(Cu—C) distances.

TABLE IX. The highest (1 — 1) values of the smallest nonzero corre-
sponding orbital eigenvalues, A, see Eq. (4), related with CO and CuCO™*
(a), and Cu* and CuCO™ (b) occupied orbitals, at different Cu~C dis-

r(Cu-C)/a, tances.

Orbital co 3.500 4.067 5.000 (1-4)x10*
C(s) 1.840 1.556 1.594 1.666 3.500 q, 4.067 a, 5.000 2,
Cw.) 0.474 0.556 0.541 0.524
C(p,) 0.474 0.556 0.541 0.524 (a)ng —Sc, 1.132 1.134 0.928
C(p,) 1.040 1.165 1.146 1.124 (b)Cu(d;) 1.044 0.450 0.073
Cd._,) 0.000 0.000 0.000 0.000 Cu(d,) 0.367 0.070 0.018
C(d;:) 0.032 0.028 0.028 0.028
cwd,,) 0.000 0.000 0.000 0.000
C(d,.) 0.037 0.039 0.036 0.036 suming that the deviation from 1 is due entirely to such CO o
Cd,,) 0.037 0.039 0.036 0.036 to metal donation, at the optimal SCF Cu-C distance it is
O(s) 1.708 1.735 1.732 1.731
0(p.) 1482 1409 L415 1430 only 0.02 electrons, Q.02 =2(1—-A4).
o, 1.482 1.409 1.415 1.430 The corresponding orbitals between the metal and
0,) 1.370 1.350 1.353 1.356 CuCO™ are consistent with the results from Mulliken popu-
0(d,_;) 0.000 0.000 0.000 0.000 lation analysis. The smallest 4 for the Cu™—CuCO™ corre-
0(d;) 0.010 0.011 0.011 0.010 sponding orbitals is associated with the 4. orbital of copper,
odd,,) 0.000 0.000 0.000 0.000 showing some hybridization with the s atomic orbital (the
0(d,,) 0.007 0.008 0.008 0.008 role of the p, orbital is less important) which diminishes
g:‘:;) ) 0.007 8:?(2)3 g:ggg gﬁi going to longer Cu~C distances. Table IX also shows the
Cu,) 0.001 0.000 0.000 penultimate (1 — A) value for the metal-complex corre-
Cu(p,) ‘ 0.001 0.000 0.000 sponding analysis which is associated to the d,, orbital. It
Cu(p,) 0.064 0.057 0.038 could be related to the 7 backdonation, appearing to be neg-
Cu(d,.;) 2.000 2.000 2.000 ligible (10~ electrons at the SCF minimum).
Cu(d;) 1.964 1.989 2.000 Let us now consider the main features of the CuCO* CI
Cu(d,,) 2.000 2.000 2.000 corrections. In the first-order correlated wave function at
ngj”)) ;'ggg i'ggg ;g r(Cu-C) = 3.762 a,, the HF determinant has a weight of

” ) ’ ) 92.9%, intramolecular correlation of CO 4.7%, intraatomic

from 2.0 is found for the d,; atomic orbital of copper which
enable us to wonder whether s, d ors, p,, d,: copper hybri-
dization is taking place.

In order to avoid the arbitrary division of overlap popu-
lation used in 2 Mulliken population analysis, especially re-
garding metallic complexes,**~’ the corresponding orbital
transformation®®®*® has been carried out. In the corre-
sponding orbital analysis, the 1 — 4, values give a quantita-
tive measure of the extent of the change due to the interac-
tion between the two fragments A and B of a complex AB.
The A, are obtained from the diagonalization of the SS1, S
being the overlap matrix of the orbitals of a fragment and
those of the complex.

The highest (1 — A4) values of the smallest nonzero 4 ’s
for CuCO™ are given in Table IX; the remaining larger A ’s
are all essentially 1. If we consider the corresponding eigen-
value between the CO and CuCO™ occupied orbitals the
(1 — A) values show a very small change of the CO orbitals,
and seems to be slightly more pronounced at the SCF mini-
mum. The corresponding orbitals associated with this A, ¢;,
for CO and ¥;, for CuCO™ (m = 5) are mainly represent-
ing the carbon lone pair, and in ¥, the participation of the s
atomic orbital of copper is also noted with some p, hybridi-
zation, and polarization towards the carbon atom. Even if
there is some charge donation nc —s¢,, the corresponding
(1 — A) value demonstrates that there is very little CO o to
metal donation. In fact, if we estimate the donation by as-

correlation of the copper atom 2.3%, and the polarization,

TABLE X. Using the DZ + P basis set the more important contributions to
the CI wave function¥ = Cy®, + 2S5 C,®, (NCF = 74) for the ground
state of the CuCO™ molecule are shown. LMOs are used; r refers to the
Cu-C separation.

<

J b, r=30a, r=3762a, r=60a,

0 @,|{COMHd '} 0.966 0.964 0.963
Intramolecular correlation of CO

I (7, )2~ (m*)? — 0.090 —0.089 —0.083

II T T, > TETS —0.064 —0.063 — 0.060

111 (nc)—(7%)? —0.042 — 0.045 - 0.051

v (0)2 = (o*)? —0.044 —0.044 —0.044

\4 T, ST —0.044 — 0.044 - 0.042

VI (ne)*=(n%)? —0.022 —0.029 —0.039

Vil O, — T 0.038 0.037 0.037

VIII T, —Te —0.021 —0.020 —0.019
Intraatomic correlation of Cu

IX (ds)2—(d3)? —0.035 —0.035 —0.035

X (d,)*—(d*)? —0.026 —0.031 —0.033
Charge transfer from CO to Cu

X1 NeTic —Scy Tk —~ 0018 —0.020 —0.014
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and charge transfer from CO to Cu about 0.1%. Table X
shows that the behavior of the intra-CO correlation is essen-
tially the same as for free CO. Notice how the o system is
quite unperturbed by the presence of the Cu™ atom. How-
ever, the 7 system feels the metal more. For instance, type I
contribution, which merely increases the weight of the neu-
tral situations and diminishes the ionic ones for the 7 system,
the weight (square of the coefficient) tends to smaller values
when lengthening the Cu—C distance. This implies that the
ionic situations are penalized at shorter distances. On the
other hand, delocalization of the carbon lone pair and the
carbon radial correlation becomes more effective at longer
distances. The intraatomic correlation of Cu involves the
radial correlation of d shell, for the d; is constant but for the
d_ the weight increases when increasing the Cu—C separa-
tion. Charge transfer from CO to Cu, and polarization, pre-
sent a larger contribution at »(Cu-C) = 3.762 a,. Among
the more important contributions taken into account by the
second order perturbation correction has also been noted the
diexcitation nZ —s%, which properly accounts for the ex-
pected charge transfer from CO to copper. Thus, with the
enlargement of the reference space that type of contribution
would be treated variationally. However, this point does not
hold for any type of excitation representing m-backbonding,
which means that even using reasonable larger reference
spaces, 7 backdonation could be treated perturbatively.

We can now explain the displacements of the optimal
Cu-C distance (see Fig. 6) at the CI level with respect to the
SCF approach, which can be seen as a general trend as far as
our own experience is concerned. As has been shown, the
intramolecular correlation of the ligand plays an important
role in the first-order correlated wave function of the com-
plex. The main effects of the intramolecular correlation of
CO can be related to the left-right correlation of the C-O
bond, implying a decreasing of certain highly unfavorable
ionic situations and increasing the weight of the neutral
ones, thus, it is not surprising to obtain a longer optimal
distance (or a decrease of the stabilization energy). Now, all
the many small contributions taken by perturbation tech-
nique, as a whole, are quite relevant and end up giving, even
more pronounced, the SCF behavior shorter optimal dis-
tance (or a higher stabilization energy).

In the last few years great efforts have been devoted in
order to understand the metal-CO bond in terms of o-and/or
7 bonding, since it is an extremely useful concept to rational-
ize this important type of bonding. The constrained space
orbital variation (CSOV) technique**®’ has been successful-
ly applied, at SCF and CASSCEF levels, as a method for de-
composing the bonding into intermolecular donations and
intramolecular polarizations. From various studies concern-
ing the interaction of CO with transition metals® as well as
for sp metals,?® the net bonding of CO to the metal has been
described as the result of the sum of the o repulsion and the 7
bonding. The total bond becomes weaker as the number of
metal o electrons is increased, i.e., as the o repulsion in-
creases. In general, little o donation charge transfer from CO
to the metal has been found which can be attributed **®’ to
the relatively high ionization potential of CO. Similar con-
clusions®® are obtained from analysis of the dipole moment

1699

and the electrons distributions determined from a variation-
al CI wave function. Thus, the metal-CO bonding can be
characterized primarily as a 7 donation from metal to CO 7*
and if there are metal o electrons, o polarization takes place
in order to reduce the repulsion in this space.

The present work shows that the *II state of CuCO ex-
hibits a pronounced minimum in its potential energy curve.
On the contrary, the 22 of CuCO has a weakly bound po-
tential curve. These findings are in agreement with the regu-
larities noted for metal-CO systems.3%®)3%! In fact, the
CuCO °1I state with no metal o electrons is strongly stabil-
ized realtive to the interaction of Cu(?*P) and CO('Z+) at
12.0 g, although it does not compensate the energy differ-
ence between the Cu(*P) and Cu(%S) and the weakly bound
23+ state, with one metal o electron, becomes the ground
state as it has been previously reported.’ On the other hand,
although the interaction energies for CuCO Il and CuCO™*
'3+ states are similar, the type of bonding is quite different 7
bonding and electrostatic nature, respectively.

We can also compare the CuCO 22+ and CuCO™* '+
states with the results recently reported for the NiCO =+
and NiCO™ 2X* states. These latter two present a total D,
very similar, ~1.2 eV,**' meanwhile the bonding is very
different in character: 7 bonding for the neutral, and due to
the attraction of the ligand lone pair by the positive charge,
along with charge—dipole electrostatic interaction for the
ionic form. Thus, for the metal-CO ions the electrostatic
attraction seems to play the more important role, and not the
number of metal o or 7 electrons, since for the CuCO™* '3+
and NiCO*2X* the stabilization energies are of the same
order. However, for the neutral complexes the number of
metal o electrons is crucial. Thus, since the s promotion to
the d filled shell of Cu is not feasible for the CuCO 2+ state,
as in NiCO =¥, only a weak van der Waals interaction is
found. Also, it can be noticed that the isoelectronic
NiCO('=*) and CuCO™* ('27) complexes have a similar
interaction energies but rather different bonding character.

Vi. SUMMARY

The use of occupied and virtual localized MOs, with an
optimal space of valence virtual MOs, is proven to be an
advantageous and suitable way to build reliable potential
energy curves since the same basic type of correlation is kept
and therefore the same physical meaning holds at all dis-
tances. Moreover, the present protocol allows us to look at
the major effects which involve the variational and also per-
turbational part of correlation energy. The importance of
picking up the many thousands of minor contributions, as a
whole, in order to obtain a correct description of the bonding
has been stressed.

There is some theoretical support for a very weak van
der Waals interaction energy for the CuCO 2™ state. A
completely quantitative evaluation of this interaction should
take into account the influence on the results of: (i) very
large “adequate” basis sets, (ii) geometry optimization, and
(iii) type of CI employed: highly correlated wave functions
would be desirable.

Although very similar interaction energies are obtained
for the CuCO 2I1 and CuCO™ X7 states, the driving forces
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for bonding are quite different. Due to the special choice of
the MOs used for the CI calculation of the CuCO 11 states it
is clearly seen that the p,. donation plays a fundamental role.
Moreover, no d,. backbonding excitations are present either
in the variational wave function or among the more impor-
tant ones included by perturbation theory. On the contrary,
for the CuCO™ '=* complex the main interaction is of an
electrostatic nature; from the Mulliken population analysis
and also using the corresponding orbital transformation
analysis, it is concluded that the 7 backdonation is negligible
and although certain o charge transfer occurs, it is not im-
portant.

The present findings are consistent with the previously
accepted idea of the neutal metal-CO bonding as a balance
of o repuision and 7 backdonation. However, for the ionic
metal-CO bonding the pure electrostatic interactions seem
to play a fundamental role.
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