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The coordination of carbon dioxide to first transition row metal cations and the insertion reaction of the
metal into one CO bond of carbon dioxide have been studied theoretically. The geometry and the vibrational
frequencies of the M—CQO, and OMfCO structures have been determined using the hybrid three-parameter
B3LYP density functional approach. Binding energies have also been determined at the CCSD(T) level
using large basis sets. The linear end-oh-MDCO structure is the most favorable coordination for,CO

due to the electrostatic nature of the bonding. In the inserted@Mstructures, the bonding arises from the
electrostatic interaction between the ground state of"@kd CO. For the early transition metals {S€i™,

and V), the insertion reaction is exothermic and the inserted"OM structure is more stable than the linear
M*—0OCO isomer, because of the very strong Mibnd that is formed.

Introduction Methods

Carbon dioxide is a very important natural source of carbon ~ The fully optimized geometries and the vibrational frequen-
on our planet, and therefore the possibility of using it as a cies have been determined using the three-parameter By/brid
starting material for the synthesis of chemically useful com- B3LYP density functional metho#f. We have chosen this
pounds has received considerable attentidn. Moreover, method since recent calibration calculations on transition metal
anthropogenic emissions of G@re known to contribute to the ~ compounds have shown that this hybrid functional provides
greenhouse effect. Thus, recycling &@rough conversionto  accurate results for the geometries and vibrational frequencies
useful chemical compounds is also important from an environ- of systems containing transitional metal atothsFor many
mental point of view. However, carbon dioxide is a thermo- Systems this hybrid functional also yields accurate binding
dynamically very stable compound that needs to be activated energies. However, it is very desirable to confirm the B3LYP
for its utilization, for example through its interaction with binding energies using highly accurate methods. Therefore,
transition metal complexes. For these reasons a good knowledgeingle-point calculations, at the B3LYP equilibrium geometries,
of the metat-CO, bonding is important to understand the role have been performed using the coupled cluster singles and

of the metal in the catalytic processes. doubles metho® with a perturbative estimate of the triple
Recently, the interaction between several first transition row €Xcitations, CCSD(TJ! In these CCSD(T) calculations we
metal cations and COhas been studied experimentaify:! correlate the 2s and 2p electrons of C and O, and the 4s and 3d

Although a linear M—OCO structure would be expected from electrons of the metal, except for Sc and Ti, for which thel 3s
electrostatic consideratiod,different structures have been @nd 3p electrons have been correlated as well. The restricted
proposed for these systeff&# 14 Moreover, the experimental ~ OPen-shell CCSD(T) approat##®is used. The orbitals used
binding energy determined for the FeCO, complex (8.0 kcal/ in thg CCS_D(T) calculations are determined using the self-
mol)’ is unexpectedly much smaller than those determined for consistent-field (SCF) approach.
Ni*—CO, (24.9 kcal/moli® or Cot—CO, (19.9 kcal/mol)® On For a given electronic configuration, it is kno#rthat the
the other hand, for ¥CO,, the inserted OYCO isomer has currently used functionals are not invariant over the set of
been shown to be more stable than the electrostatically bounddensities associated with a degenerate atomic state, which
V+—CO, structuré® As in the case of ScCO,! the larger implies that different occupancies corresponding to the same
stability of the inserted isomer is due to the fact that early Pure atomic state can lead to different energies. In the present
transition metals form strong metabxide bond<® and thus, a work, the B3LYP binding energies have been referred to the
different behavior between early and late transition metals is Orbital occupation of M that leads to the lowest energy.
expected. Other experimental works have studied the interaction Two basis sets are used in the present work, a smaller one
of carbon dioxide with non-transition metal catiotfs?? for the geometry and frequency calculations and a larger one
In this paper we present the study of the interaction of first for computing the binding energies at the CCSD(T) level. The
transition row metal cations with carbon dioxide. In all cases, Sma[l _metal basis set is a [8s4p3d] contraction of the.(1439p5d)
we study both the inserted ONCO and the electrostatically ~ Primitive set of WaCht?‘% supplemented with two diffuse p
bound MrCO; structures. We determine the MCO, and and one diffuse d function®. The final basis set is of the form
OM*—CO binding energies and compare them with the known (14511p6d)/[8s6p4d]. For C and O we use the (9s5p)/[4s2p]

experimental data. The trends across the row are also discussed@t developed by Dunnifgfrom the primitive set of Huzi-
naga3* supplemented with a set of diffuse sp functions=£

) : - . 0.0845 for oxygen and. = 0.0438 for carbon) and one 3d
T Permanent address: Department of Chemistry, University of Perugia, o .
1-06100, Perugia, Italy. polarization function @ = 0.85 for oxygen and = 0.75 for
€ Abstract published ilAdvance ACS Abstract§eptember 1, 1997. carbon). While experience has shown that basis sets of this
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size yield good results for density functional theory based TABLE 1: B3LYP Geometries (in A) for the Linear

approaches, it is well-known that large basis sets are requiredM +—1)O'C(3 gylsttt-ifmS,EM—Q’C? S&retﬁhln% Fr_?hqléency (Itnt
: cm™), an elative energies (In Kcal/mol) wi espect to

to obtain accurate results at the CCSD(T) Ievgl of theory. Tr_le the Ground-State M* + CO, Asymptote

large metal basis sets are averaged atomic natural orbital

(ANOQ)35:36 contraction¥’ that are derived from the large AE
primitive sets optimized by Partridgé,supplemented with CCSD(T)
diffuse and polarization functions. For V to Cu, the final basis system Rwo Roc Reco @ B3LYP  (ANO)

sets are of the form [(61)s(5+1)p4d3f2g]. For Sc and Ti, Sc'—OCO @A) 2.206 1.189 1.151 254 —249 —21.4
the basis sets are modified to allow 3s and 3p correlation; that Ti*-~OCO (®)  2.155 1.187 1.153 257 —27.9  -21.8
is, the basis sets are contracted-f@s(2+6)p(4+2)d3f2g]. TF—oco(A) 2218 1.185 1158 230 -232 176
While the uncontracted s and p functions are those with the x;ggg gi)) g'igg i'igg ﬂgi %gé :g%'g :ig'g
smallest exponents, the two uncontracted d functions are thosec+_oco es+) 2.096 1.186 1.154 253 —20.2 —15.8
in the same region as the 3p orbital, namely those with Mnt—-OCO (=) 2.240 1.190 1.153 181 —14.0 —13.7
exponents of 1.342 621 and 0.561 524 for Sc and 1.689 268 9Mn*—0OCO ¢f=*) 2.057 1.188 1.151 264 -29

and 0.715 670 6 for Ti. The large O and C basis sets are theFe'=OCO (A) ~ 2.141 1.192 1.151 213 -17.5 -16.6
aug-cc-pVTZ sets of Dunning and co-worké?s.Only the Fe'—OCO(Il) ~ 2.193 1.190 1.153 190 -15.3

l _ _
spherical harmonic components of the basis sets are used. E2+—8g8 gg),)) g'gig i'igg 1122 %g? _ﬁ'é 153

Density functional calculations were performed with the Cot—0OCO @A) 1.992 1.184 1.154 277 —253 —22.1
Gaussian9® package, while the CCSD(T) calculations were Co™—OCO ¢®) 1.992 1.186 1.153 273 —23.9

performed with the MOLPRO96 prograth. Co'—OCO(x7) 2009 1.188 1.152 262 —15.0
Co'—OCO f®) 2111 1.191 1.151 216 50

_ _ Ni*—OCO ¢=*) 1.953 1.185 1.153 295 —28.1 —25.0
Results and Discussion Cu—OCO (=) 1.950 1.186 1.153 285 —25.1 —22.2

Carbon dioxide can behave both as a bidentate liggAd (
0,0 ory?-C,0) or as a monodentate ligand{O or#1-C) when
interacting with neutral metal atordg¢243 However, cationic
metals are bound to G@lectrostatically, and since the leading

significantr back-donation from the metal ion to G@ present.
This is consistent with the polarization of the charge in,CO
from the carbon atom to the oxygen atoms. The Mulliken
term is charge quadrupole and C£has a negative quadrupole population a_nalygls shows about 0.3 electrons on each oxygen
moment, the linean'-O (end-on) coordination is the most atom. That is, with an excess of charge on the oxygen in free

favorable. Test calculations on'SeCOy, Fe'—CO,, and Nir— CO,, there is little energetic benefit from accepting charge from
Cco, havé confirmed this expectatic;n. Tr@z,,symmetry ametal cation. The metaligand bond distances are determined

structures were not found to be minima on the potential energy bofjhbbyhthe S'Z{jl_Of tf(lje |on,| which r(]j_eﬁreases acrosi the ro‘l""
surface; that is, they were found to have an in-plane imaginary and by the metatligand repulsion, which depends on the metal

frequency. These T-shaped structures have the metal ion Iyingion electronic configuration. That is, those electronic states that
perpendicular to C® which remains almost linear in the arise mainly from the metal Scasymptote, such as for Sc

complex, and small displacements following the transition vector MN"; Or the sextet states of Feshow larger metaiCO,
lead to the linear MOCO structure. Moreover, ionic MCO,™ distances than'those derlvgd from the metdl disymptote, to
structures were found to lie much higher in energy than the "educe theds—ligand repulsion.

M+*CO; ones. For example, the'-C mode in F&'CO,~ was The interaction of the five metal d orbitals with carbon
found to lie about 70 kcal/mol higher in energy than the linear dioxide is not equivalent, which also contributes to determine
FetOCO structure. This is not surprising considering the large the optimal bonding mechanism. On the basis of the different
ionization potential of the cation, which makes the ionic bonding overlap between the metal d orbitals and the occupied orbitals
M2+CO,~ mechanism not stabilizing enough to compensate for of CO;, the order of repulsion is expected to bes3d 3dr >

the electron transfer from Mto CQ,. The#2C,0 mode was 3dd. This ordering has been confirmed by carrying out state-
also not found to be a minimum on the potential energy surface. averaged SCF calculations for'SeOCO, which have shown
Any attempt to optimize such an structure forfe different that the lowest electronic state34, derived from the 4slo*
electronic states collapsed to the linear isomer. This is due to occupation, while théll(4s'dr") and3s*(4s'do?) states lie 4.2
the fact that the repulsion between the occupied d orbitals of and 14.6 kcal/mol higher in energy, respectively.

the metal and C@is larger in this coordination mode than in Although several factors contribute to the bonding, the ground
the n1-O one, while the electrostatic stabilization is smatfer.  state of each system is, in general, determined by minimizing
For Sc, then?-C,0 mode was found to be a minimum only at the metatligand repulsion, both by 4s to 3d promotion opsd
the Hartree-Fock level, while inclusion of electron correlation  hybridization and by allocating the electrons into the orbitals
lead to the inserted OSEO structure® On the basis of these  with the lower M—CO; overlap. Because the promotion energy

test calculations, we have only considered the linear@CO and the 3d occupation vary from one metal cation to another,
coordination and the inserted structure @0 in the remaining the metal-CO; binding energy does not always increase with
systems. the decrease of the metdigand distance. The variation of

Let us first consider the linear M-OCO systems. The the M"—OCO binding energies across the row parallels that of
optimized geometrical parameters, the"™MOCO stretching M*—H,0 systemd? even though the metaligand electrostatic
frequency, and the relative energy with respect to the ground- interaction is weaker for the present systems becauseh@®
state M + CO, asymptote are given in Table 1. Since the no permanent dipole moment. That is, first the interaction
bonding is mainly electrostatic, the interaction between carbon energy slightly increases from S¢o Tit. Then, it decreases
dioxide and the metal cation produces only a small asymmetry up to Mn, for which the binding energy is the smallest one,
in the two CO bond lengths; the CO bond length adjacent to because the only way to reduce repulsion is by 4s4p polarization.
the metal ion increases about 0.02 A, while the other CO bond From Fe& to Ni*, the interaction energy increases again,
length decreases about 0.02 A. This variation in the, CO paralleling the decrease of the ion size withand finally, there
geometry remains almost constant across the row and is veryis a small decrease for Cibecause thealorbital is doubly
similar to that found for Mg—OCO which indicates that no  occupied, which increases the methgjand repulsion.
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TABLE 2: B3LYP Geometries (in A and deg) of the Inserted OM*—CO Systems and Relative Energies (in kcal/mol) with
Respect to the Ground-State M + CO, Asymptote

AE

system Rom Ruc Reo Jomc OMco B3LYP CCSD(T) (ANO)
OScCO (A") 1.634 2.489 1.130 945 172.4 -50.3 —57.9
OScCO (51)2 1.632 2.784 1.131 180.0 180.0 -43.1
OTi*CO GA") 1.586 2.250 1.132 96.2 173.9 -51.8 -57.8
OTi*CO (A") 1.585 2.419 1.129 110.6 172.8 ~46.0 ~52.4
OTi*CO (A)? 1.588 2.639 1.130 180.0 180.0 —-41.1
OV+CO (A") 1.551 2.210 1.130 105.4 172.8 276 -30.2
OV+CO =) 1.555 2.522 1.129 180.0 180.0 -19.8
OCrCO (‘A" 1.575 2.185 1.129 112.5 1755 26.9 30.1
OCrtCO () 1.589 2.306 1.130 180.0 180.0 31.8
OCrCO €A’ 1.839 2.136 1.129 100.2 176.0 57.6
OMn*CO €M) 1.737 2.240 1.128 180.0 180.0 36.8 49.0
OMn*CO €A’) 1.601 2.122 1.128 99.8 1755 38.1
OMN*CO (=F) 1.598 2.213 1.129 180.0 180.0 43.6
OFe'CO (=) 1.656 2.134 1.128 180.0 180.0 14.7 225
OFefCO (A" 1.570 1.954 1.130 95.3 176.3 19.6 26.3
OFe"CO (‘A) 1.566 2.172 1.128 180.0 180.0 30.5
OFefCO (*2°) 1.663 2.060 1.131 180.0 180.0 52.1
OCo"CO (A) 1.655 2.084 1.128 180.0 180.0 25.4 30.1
OCo"CO (A") 1.685 2.015 1.128 117.9 1745 42.2
ONi*CO (.2") 1.661 2.037 1.127 180.0 180.0 36.1 42.1
ONi*CO (") 1.708 2.002 1.128 180.0 180.0 44.4
ONi*CO@A") 1.692 1.955 1.129 109.6 175.2 49.6
OCu"COEs") 1.798 1.969 1.128 180.0 180.0 56.3 67.4
OCu"CO(A") 1.724 1.963 1.127 142.8 177.8 100.7

2 These systems have at least one imaginary frequency.

As found for other M—ligand system$® the B3LYP Thus, as it has been shown in previous stuéabe BSLYP
interaction energies are larger than those determined at theapproach can yield much more reasonable bond energies if
CCSD(T) level of theory. For this system, the CCSD(T) binding account is taken for errors in the metal atomic separation.
energies are about 4 kcal/mol smaller than the B3LYP values. The computed vibrational frequencies for the™®CO
Higher levels of theory are expected to increase the CCSD(T) systems also agree with the fact that the ligand is not
values slightly, so the B3LYP values are quite accurate for this significantly perturbed, due to the electrostatic nature of the
system. As a test we computed the CCSD(T) binding energiesbonding. In all cases, the vibrational frequency shifts of,CO
using the same small basis set as used for the B3LYP due to complexation are very small; the largest shift is a 64
calculations. Using the small basis set the CCSD(T) binding cm~! increase for the asymmetric stretching of £ Nit—
energies were on the average about 5 kcal/mol smaller than theOCO. The values of the stretching™OCO mode range from
B3LYP values, with the maximum difference being 10.2 kcal/ 181 to 295 cm'. The smallest value corresponds to Wn
mol in the case of TIOCO. Thus, the B3LYP binding energies OCO, which is consistent with the smallest binding interaction,
are superior to those obtained at the CCSD(T) level if the small while the largest value is found for Ni-OCO, which has the
basis set is used. For §eCO,, the computed binding energy largest binding energy. It can be observed that those electronic
is about 6 kcal/mol larger than the MCPF value determined in states derived from théd§ electronic configuration have smaller
our previous work? due to the differences in the basis set and stretching frequency values than those derived from tHé d
to the fact that in the previous calculations the 3s and 3p ones. See for example F®CO, which shows a 213 crhvalue

electrons of Sc were not correlated. in the 6A state and a 268 cnd value in the*® one, or Mn'-
The FEOCO system merits special attention since the quartet OCO for which the stretchings frequencies in fag and5=+
and sextet states, which arise from th&(d”) and 6D(s'd®) states are 181 cm and 264 cm?, respectively. The computed

electronic configurations of Ferespectively, show a different  B3LYP harmonic stretching frequencies for those systems with
relative stability at the B3LYP and CCSD(T) levels of calcula- sl'd" derived electronic states are in reasonable agreement with
tion. That is, while at the BSLYP level, thb state of Fe- the reported experimental values of about 190 £f¥?

OCO is 3.6 kcal/mol more stable than ffestate, the CCSD(T) The optimized geometries of the inserted O®D structures
calculations show th&A is 1.3 kcal/mol lower in energy than  and their relative energies with respect to the ground-state M
4®. This is due to the fact that density functional calculations + CO, asymptote are given in Table 2. These inserted
tend to overestimate the stability of'd electronic configura- structures can be viewed as an electrostatic interaction between
tions with respect to theld” ones?>46-48 As a consequence, MO™ and CO. Therefore, to get a good understanding of these
the 4F—°D separation of Feis —3.6 kcal/mol at the B3LYP inserted structures, it is important to analyze first the electronic
level, while it is 4.6 kcal/mol at the CCSD(T) level. The CCSD- structure of the transition metal oxide cations. The spectroscopic
(T) “F—®D excitation energy is in very good agreement with parameters of MO are given in Table 3.

the experimental value of 5.8 kcal/mol. Because of that and The ground state of ScOmolecule is a'=* state derived
considering that the computed value is still slightly smaller than from removing the9o electron from neutral ScO, which results
the experimental one, our results seem to suggest that the grounéh a 8237* electronic configuration. ThedBorbital is the
state of FEOCO is®A. Itis also worth noting that if the B3LYP  bonding combination of the metabdind O 2w orbitals, while
binding energy of théd state is computed with respect to the the 3t orbitals are the bonding combinations of the i and
excited d electronic configuration of Peand then corrected O pr orbitals. These orbitals show more important contributions
to the 4d® ground state using the experimental energy separation, of the oxygen atom, which produces a net negative charge on
the obtained value of 11.7 kcal/mol is in much better agreement oxygen. As in the neutral ScO, this system has some triple-
with the value of 15.3 kcal/mol found at the CCSD(T) level. bond character and a large dissociation ené¢dy.For TiO"
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TABLE 3: Summary of the Spectroscopic Parameters for
the MO™ Systems§

Do (kcal/mol)
e CCSD(T)
system R.(A) (cm) B3LYP (ANO) expt

ScO' (i=f) 1.621 1075 157.0 1602 164.6
TiO" (A) 1.577 1127 1519 154.6 158.7
VO™ ((27) 1.544 1140 127.2 129.9 134.8
CrO* (“IT) 1.581 904 70.3 66.1 85.8, 85
CrO* (*=7) 1.600 770 69.2 63.6
MnO* (°IT) 1.731 646 61.4 47.4 68.0, 57.2,58.3
MnO™ (=) 1.593 922 545 44.9
FeO™ (°.=*) 1.642 829 78.9 73.0 80.1, 72.6,69.4
FeO" (‘@) 1.698 688 71.1 62.6
FeO (*A) 1560 976  64.4 54.2
CoO" (°A)  1.642 771 66.2 60.4 75.0, 63.6, 60.6
NiO* (3=) 1.646 703 533 455  63.3,450
CuO" (3z7) 1.809 494 31.2 19.4 374

a Experimental values taken from ref 54.

and VO the additional electrons are placed in the nonbonding
do orbitals, and so, the binding energies do not change
significantly.

The CrO" ground state i$II, which is also derived from
removing the & electron of the neutral CrO. The binding
energy and the vibrational frequency of Cr@re much smaller

than those of the previous metal oxide cations, because the

additional electron now occupies the antibonding erbital.

Thus, the bonding loses its triple character to become more like

a double bond. Removing ther4lectron of the neutral CrO,
instead of the 8, leads to &=~ state, which is slightly less
stable than théll state. The bond length is larger and the
frequency smaller in th¢=~ state because there is some
contribution to the bonding from the CPD(s'd) excited state.
The MnO" ground state can be viewed as arising from that
of CrO" by adding the next electron into the nonbonding 9
orbital. That is, removing a/#electron from the neutral MnO
is preferred to removing one from thes ®rbital. For FeQ,
the additional electron is added to the érbital. That is,
relative to FeO, an electron is removed from the 3ubital.
Since the remaining MO cations are formed by removing an
electron from the 8 or 4z orbitals, these state4X and* @)
were also tested and found to be higher in energy. ForiCoO
and NiO" the successive electrons are placed in the d
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good insight into the bonding in these metakide system§?-52
The present results agree with those reported previétiskgept
for CrO™, for which the*=~ was determined to be the ground
state. However, as noted by Schwarz étand found in our
work both the*=~ and“ITI states are very close in energy.

It can be observed in Tables 2 and 3 that, in all cases, the
ground state of the inserted O8O structure is derived from
the interaction of the ground state of M@ith CO. However,
for the early transition metals, from Sto Cr", the most stable
OM™*CO structure is bent, while for the late transition metals
the most stable structure is linear. Dative bonding is small in
OMTCO, but important for MCOJ52 The addition of the
oxygen polarizes the metal charge away from the CO and the
dative interaction becomes very small for O®IO. For
example in ONTf—CO there are only 0.03 electrons donated to
the CO Zr* orbital. Since the OM—CO bonding is mainly
electrostatic and the dative interaction is small, the optimal
structure is determined by minimizing the GMCO repulsion,
especially that with the®lone pair of CO. For the metals on
the left side of the row, thedBis the highest occupied orbital
in the metal oxide cations. This orbital is aftdo hybrid that
increases the electron density on both sides of the metal along
the M—O axis. The repulsion between this OMrbital and
the CO % orbital is reduced by bending. As shown in Table
2, this effect is 5-11 kcal/mol. With increasing this 8 orbital
drops in energy, and starting at MiiQOthe nonbonding &
orbital becomes occupied. Therefore, the repulsive interaction
with the S lone pair orbital of CO is mostly due to ther9
orbital of MO*. Since the sdo hybrid orbital reduces the
electron density on both sides of the metal along the MO axis,
the OM*—CO repulsion is minimized for a linear configuration,
which also maximizes the chargéipole contribution to the
bonding. Consequently, the linear approach of CO is now the
most favorable.

Consistent with this picture of the bonding, the bond length
and stretching frequency of MGand CO in OMCO are very
similar to those of free M®and CO, respectively. For all metal
cations, except Crand Cu, the interaction with CO increases
the MO" bond distance and decreases the stretching frequency.
For Cr" and Cu’, complexation produces the reverse effect, it
decreases the MO distance and increases the stretching
frequency. For OCUCO, the CO and O share the cost of the

nonbonding orbitals. Consequently, the binding energies do no S hybridization, and since this reduces the charge density on

change very much. Finally, in CuQhe3Z~ ground state arises
from adding the extra electron to the Brbital. That is, CuO®

is derived from CuO by removing amdelectron. The bond
length in this metal oxide is the largest, and the vibrational

both sides of the Cu atom, the presence of the CO enhances
the electrostatic contribution to the-Cu bond. The effect

for OCrtCO appears to be more subtle. For the linear
configuration, the &Cr bond is longer than in free CrQas

frequency and binding energy are the smallest. As one movesfound for most other systems; it is only with bending that the
across the row, the 3d orbitals get more compact and, so, theO—Cr bond shortens and the frequency increases. The only
80, 37, and B are mainly centered in the copper atom while noticeable change in the Mulliken populations is a transfer of

the 4z orbitals correspond mostly to the 2p orbitals of the
oxygen atom. That is, the oxygen has @Zpr? occupation.
The 2pr orbital is stabilized by pointing at the positively charged
Cu and by donating 0.4 electrons to the Cu. The Cu @dbital
donates 0.2 electrons to the O2prbital, yielding a net charge
on O of about+0.2 electrons. Thus, the bonding in Cu®

3dd electrons to the 3dorbital when the CO is present in the
bent configuration, which apparently strengthens theGD
bond. Unlike the variation in the ©M bonding, in all cases

the CO distance in the complex is shorter and the CO frequency
is higher than in free CO. As found for M-CO systems$?
these changes are due to CO polarization by the metal ion. Due

mostly electrostatic and dative, although some covalent bondingto the smallz back-donation, this polarization of CO results in

mixes in from the CEO™ contribution to the bonding. Given
this bonding mechanism, it is not surprising that Cu@s the
smallest binding energy.

some CO mixing in; CO" has a shorter bond length and higher
vibrational frequency than CO. For example at the B3LYP level
of theory, the bond length and vibrational frequency of 'CO

The results obtained for the metal oxide cations indicate that are 1.126 A and 2264 cn compared with 1.141 A and 2188

for all systems except Mh Fe, and Cu, the ground state is
obtained by removing thedelectron of the neutral systeth.
For FeO the high-spin state’E™) is preferred instead, while
for MnO* and CuQ the electron is removed from thetr4

cm™ for CO.

The relative energies of OMCO computed with respect to
the ground-state M+ CO, asymptote show that the insertion
reaction is exothermic only for the first three transition metal

antibonding orbital. Previous theoretical studies have provided cations. This is due to the fact that’Sci*, and V* form a
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TABLE 4: Binding Energies, D (in kcal/mol), for M *—CO, and OM*—CO System$

M*—CO, OM*—CO
B3LYP CCSD(T) (ANO) expt B3LYP CCSD(T) (ANO) expt
ScCQ* (3A) 24.2 20.7 0StCO (A 18.8 20.3
TiCO," (“®) 27.2 21.1 OTICO RA") 255 255
VCO,* (5=*) 21.0 18.2 17.3 OVCO GA") 26.1 22.7 24.2
Crcos* (°=9) 19.5 15.1 OCICO (‘A" 28.6 26.3
MnCO;* (’=%) 13.5 13.2 OMMCO €I0) 28.1 26.6
FeCQ" (°A) 17.0 16.1 8.0,9.5 OREO0 (=) 31.8 27.1
CoCO* (A) 245 21.3 19.9 OCCO FA) 34.4 32.1
NiCO,* (2=+) 27.3 24.2 24.9 ONiCO (=7) 36.6 35.1
CuCos* (1=%) 243 21.4 OCuco £5°) 38.9 36.1

a Experimental values taken from refs 9, 10, and 54.

strong metal oxide bond (see above). Although the exother- for both isomers in the lowest state. However, given that quartet
micity decreases from Sdo V7, the inserted structure is more  states are close in energy, the insertion reaction could also take
stable than the linear MDCO isomer (see Table 1) for all three  place in the quartet surface.
cations. For the remaining metals the insertion reaction is  In Table 4 we present the -OCO and OM—CO binding
endothermic and the most stable structure is the lines®d®O energies,Do, and compare them to the known experimental
isomer. The variation of the endothermicity of the'M CO, data® For both the M—OCO and OM—CO systems the
— OMTCO reaction across the row is mainly determined by agreement between the computed B3LYP and CCSD(T) (ANO)
the strength of the MO bond. Because of that, Cushows binding energies is good. The™OCO binding energies are
the largest endothermicity, while Fshows the smallest. The  somewhat smaller than the GM CO values, because GBas
differences between the relative energies obtained at the B3LYPno permanent dipole moment. Single-point calculations, using
and CCSD(T) (ANO) levels are now somewhat larger than for a point charge approach, confirm that the electrostatic interaction
the M*—OCO electrostatically bound systems, due to the fact is larger in the OM—CO systems than in OCO. That is,
that metat-oxide bonds are generally more difficult to describe. replacing the Ct ion by a point charge in the Ga-OCO
For example, in the CCSD calculations the norm of the singles’ complex leads to a stabilization energy of £6f 25.4 kcal/
amplitudes is much larger for the OMO species than for M- mol, while replacing OCt by a point charge, at the Gu-C
OCO. distance, leads to a CO binding energy of 34.4 kcal/mol. The
It can be observed in Table 3 that the M@mputed binding  variation of the binding energy across the row is different in
energies are smaller than the reported experimental v#flues, the two cases. That is, while the variation of the binding
especially for Cr@, MnO*", and CuO. However, the energies in MOCO is the result of several complex mechanisms
CCSD(T) calculations with the large basis set are expected toto reduce metatligand repulsion, in general, the OM-CO
be quite accurate. Therefore, we feel that part of the difference binding energies increase as the OMCO bond length
between CCSD(T) and experiment is due to the experimental decreases across the row.
values being too large. Although the theoretical errors in the  The computed binding energies are in very good agreement
OM*CO species might be larger than in"@CO, the inserted  with the experimental data, except for'FeCO,, for which the
structures for Ct, Mn*, and Cd lie so high in energy compared  experimental value is significantly smaller than the theoretical
to the electrostatically bound MOCO isomers (45.9, 62.7, and  one. Although a smaller binding energy is expected for-Fe
89.6 kcal/mol above, respectively) thattRCO is clearly the OCO than for Nf—OCO or Cd—0CO, because the bonding
most stable structure for these metal cations. Fdr B¢, and in Fet is derived from thesl" configuration while for Ni and
V', the differences between the theoretical and experimental Co* it is derived from @1, our calculations cannot explain
MO binding energies are about 4 kcal/mol. Moreover, fof Sc  the much smaller experimental value for'FeGiven the good
and Ti", the inserted structure is more than 30 kcal/mol lower agreement between theory and experiment for the other systems
in energy than MOCO. Therefore, the most stable structure and considering that similar uncertainties are expected for all

for Sc" and Ti" is clearly determined to be the inserted one. the systems, our results suggest that the experimental value for
For V*, both structures lie closer in energy; that is, at the Fet—CO, is too small.

CCSD(T) level OV CO is 11.3 kcal/mol more stable thanV/
OCO. Because additional improvements in the basis set andcgnclusions
correlation treatment are expected to further increase the stability

of OV*TCO with respect to YOCO, our calculations indicate The interaction of carbon dioxide with the first row transition
that the ground-state structure for Will also be the inserted ~ metal cations has been_ studied theoretically. Both the coordi-
one, in agreement with what is derived from experiménts. ~ nated M—CO, and the inserted OMCO structures have been

It must be noted that the ground-state spin multiplicity in considered.
the linear M*—OCO isomer is determined by that of the metal The most stable coordination of carbon dioxide interacting
ion, while in the OMCO inserted isomer it is determined by ~with a transition metal cation is the linear end-onrMOCO
that of the metal oxide cation. As a result, the early transition one, due to the electrostatic (chargguadrupole) nature of the
metal cations have high-spin ground states for the linearM  bonding. The ground-state and binding energies are mainly
OCO isomer, while they have low-spin ground states for the determined by several mechanisms for reducing mdigand
inserted structure. Because the inserted structures for earlyrepulsion.
metals have a lower spin multiplicity than the metal cation, the  The bonding in the inserted ONCO structures arises from
insertion reaction is not efficient unless excited low-spin states the electrostatic interaction between the ground state of OM
of the metal ion are present. On the contrary, the late transitionand CO. Because of this bonding mechanism, the bonding in
metals show the reverse situation; that is, low-spin states arethe transition metal oxide cations has also been analyzed. As
more stable for M—OCO and high-spin states for ONO. found for the neutral systems, early transition metals ($ct,
Fe" is the only metal that has the same sextet spin multiplicity and V") have large MO binding energies, and thus, for these
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metals the insertion reaction is exothermic and the inserted-OM
CO structure is more stable than the lineatrMDCO isomer.

Acknowledgment. Financial support from DGICYT through

J. Phys. Chem. A, Vol. 101, No. 42, 1997859

(28) Knowles, P. J.; Hampel, C.; Werner, H.JJ.Chem. Phys1993
99, 5219.

(29) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98,
8718.

(30) Baerends, E. J.; Branchadell, V.; Sodupe, Ghem. Phys. Lett

the PB95-0640 project and the use of the computational facilities 1997 265, 481, and references therein.

of the Catalonia Supercomputer Center are gratefully acknowl-

edged. Part of this work was done while M.R. held a NATO
Fellowship.

References and Notes

(1) Behr, A.Carbon Dioxide Actiation by Metal Complexes/CH
Publ.: New York, 1988.

(2) Palmer, D. A;; van Eldik, RChem. Re. 1983 83, 651.

(3) Gibson, D. H.Chem. Re. 1996 96, 2063.

(4) Solymosi, FJ. Mol. Catal 1991 65, 337.

(5) Sievers, M. R.; Armentrout, P. B. Chem. Phys1995 102 754.

(6) Lessen, D. E.; Asher, R. L.; Brucat, P.JJChem. Physl991, 95,
1414.

(7) Schwarz, J.; Schwarz, KDrganometallics1994 13, 1518.

(8) Schwarz, J.; Heinemann, C.; Schwarz, H.Phys. Chem1995
99, 11405.

(9) Asher, R. L.; Bellert, D.; Buthelezi, T.; Brucat, P.GQhem. Phys.
Lett 1994 227, 623.

(10) Asher, R. L.; Bellert, D.; Buthelezi, T; Weerasekera, G.; Brucat,
P. J.Chem. Phys. Lettl994 228 390.

(11) Baranov, V.; Javahery, G.; Hopkinson, A. C.; Bohme, D.JK.
Am. Chem. Sod995 117, 12801.

(12) Heinemann, C.; Schwarz, J.; SchwarzGthem. Phys. Letd 995
247, 611.

(13) Bellert, D.; Buthelezi, T.; Lewis, V.; Dezfulian, K.; Brucat, P. J.
Chem. Phys. Lettl995 240, 495.

(14) Bellert, D.; Buthelezi, T.; Lewis, V.; Dezfulian, K.; Brucat, P. J.
Chem. Phys. Lettl995 247, 614.

(15) Sodupe, M.; Branchadell, V.; Oliva, A.; Bertran|rt. J. Quantum
Chem 1997, 63, 523.

(16) Fisher, E. R.; Elkind, J. L.; Clemmer, D. E.; Georgiadis, R.; Loh,
S. K,; Aristov, N.; Sunderlin, L. S.; Armentrout, P. B. Chem. Phys199Q
93, 2676.

(17) Yeh, C. S.; Willey, K. F.; Robbins, D. L.; Pilgrim, J. S.; Duncan,
M. A. J. Chem. Phys1993 98, 1867.

(18) Yeh, C. S.; Willey, K. F.; Robbins, D. L.; Duncan, M. A. Phys.
Chem.1992 96, 7833.

(19) Ding, L. N.; Young, M. A;; Kleiber, P. D.; Stwalley, W. ©hem.
Phys. Lett 1993 212 499.

(20) Brock, L. R.; Duncan, M. AJ. Phys. Chem1995 99, 16571.

(21) Clemmer, D. E.; Weber, M. E.; Armentrout, P.B.Phys. Chem
1992 96, 10888.

(22) Cecchi, P.; Crestoni, M. E.; Grandinetti, F.; VinciguerraAvgew.
Chem., Int. EdEngl. 1996 35, 2522.

(23) Becke, A. D.J. Chem. Phys1993 98, 5648.

(24) Stephens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M. J.
Phys. Chem1994 98, 11623.

(25) See for example: Bauschlicher, C. W.; Ricca, A.; Partridge, H.;
Langhoff, S. R. IrRecent Adances in Density Functional Thegrghong,

D. P., Ed.; World Scientific Publishing Co.: Singapore 1997, Part Il.

(26) Bartlett, R. JAnnu. Re. Phys. Chem1981, 32, 359.

(27) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lett1989 157, 479.

(31) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

(32) Hay, P. JJ. Chem. Physl977, 66, 4377.

(33) Dunning, T. HJ. Chem. Physl97Q 53, 2823.

(34) Huzinaga, SJ. Chem. Phys1965 42, 1293.

(35) Almlof, J.; Taylor, P. RJ. Chem. Physl1987, 86, 4070.

(36) Bauschlicher, C. W.; Taylor, P. Rheor. Chim. Actal993 86,

13.

(37) Bauschlicher, C. WTheor. Chim. Actdl995 92, 183.

(38) Partridge, HJ. Chem. Phys1989 90, 1043.

(39) (a) Dunning, T. HJ. Chem. Physl989 90, 1007. (b) Kendall, R.

A.; Dunning, T. H.; Harrison, R. Jl. Chem. Phys1992 96, 6796.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; P. M.; Gill, W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L,;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Aaussian 94 Revision D.1;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(41) MOLPRO96is a package of ab initio programs written by H.-J.
Werner and P. J. Knowles, with contributions from J. Almlof, R. D. Amos,
M. J. O. Deegan, S. T. Elbert, C. Hampel, W. Meyer, K. Peterson, R. Pitzer,
A.J. Stone, and P. R. Taylor. The closed-shell CCSD program is described
in: Hampel, C.; Peterson, K.; Werner, H.&hem. Phys. Let1992 190,

(42) Mascetti, J.; Tranquille, MJ. Phys. Chem1988 92, 2177.

(43) (a) Sodupe, M.; Branchadell, V.; Oliva, A. Phys. Chem1995
99, 8567. (b) Caballol, R.; S&hez Marcos, E.; Barthelat, J. @. Phys.
Chem 1987 91, 1328. (c) Jeung, G. HChem. Phys. Letf1995,232 319.
(d) Sirois, S.; Castro, M.; Salahub, D. Rt. J. Quantum Chenl994 28,
645. (e) Papai, |.; Mascetti, J.; Fournier, R.Phys. Chem. A997 101,
4465.

(44) Sodupe, M.; Bauschlicher, C. W.; Partridge,Ghem. Phys. Lett.
1992 192 185.

(45) Rosi, M.; Bauschlicher, C. W.. Chem. Phys1989 90, 7264.

(46) Ziegler, T.; Li, J.Can. J. Chem1994 72, 783.

(47) Holthausen, M. C.; Heinemann, C.; Cornehl, H. H.; Koch, W.;
Schwarz, HJ. Chem. Phys1995 102 4931.

(48) Russo, T. V.; Martin, R. L.; Hay, P. J. Chem. Phys1994 101,
7729.

(49) Bauschlicher, C. W.; Maitre, Ftheor. Chim. Actd 995 90, 189.

(50) Carter, E. A.; Goddard, W. A., Ill. Phys. Cheml988 92, 2109.

(51) Yamaguchi, K.; Takahara, Y.; Fueno,Applied Quantum Chem-
istry; Smith, V. H., Jr., Schaefer, H. F., lll, Morokuma, K., Eds.; Reidel:
Boston, 1984, p 155.

(52) (a) Schider, D.; Schwarz, HAngew. Chem., Int. Ed. Endl995
34, 1973, and references therein. (b) Fiedler, A.; SderpD.; Shaik, S.;
Schwarz, HJ. Am. Chem. S0d994 116, 10734. (c) Fiedler, A.; Hrusak,
J.; Koch, W.; Schwarz, HChem. Phys. Lettl993 211, 242.

(53) Barnes, L. A,; Rosi, M.; Bauschlicher, C. \l..Chem. Physl990
93, 609.

(54) Organometallic lon ChemistryFreiser, B. S., Ed.; Kluwer Aca-
demic Publishers: Dordrecht, 1996.



