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The mechanism of the title reaction has been investigated using density functional and coupled cluster
calculations. The results indicate that the lowest energy path corresponds to theη2

CO coordination of CO2
followed by the insertion of Sc into a C-O bond. We show that two doublet state (2A′ and 2A′′) potential
energy surfaces have to be considered to describe the reaction mechanism. On the2A′ surface, the reaction
gives a weakly bound OScCO species that can easily dissociate into ground state ScO(2Σ+) + CO products,
whereas the2A′′ state insertion complex is thermodynamically stable because it correlates to an excited state
of ScO. The applicability of the B3LYP and CCSD(T) methods for the relative stability of intermediates is
examined, and our results are related to available experimental findings.

I. Introduction

Because of their relevance to catalytic CO2 activation,1-4

reactions of transition metal atoms with carbon dioxide have
been extensively studied both experimentally5-22 and theoreti-
cally.16-35 Matrix isolation experiments revealed a diverse
behavior of the first row transition metal atoms in the reactions
with CO2.14 It has been shown in these experiments that
thermally evaporated metals from the left-hand side of the series
insert spontaneously into CO2 giving rise to metal-oxide-
carbonyl (OMCO) complexes, whereas the late transition metals
form only relatively weak M(CO2) addition complexes. The
OMCO type insertion complexes have been later produced for
the entire Sc-Ni series,15-19 as well as for a few 4d and 5d
metals,20-22 by reacting laser-ablated metals with carbon dioxide.
The gas phase kinetics of the full oxygen abstraction reaction
(M + CO2 f MO + CO) have also been studied experimentally
using a laser photolysis/laser-induced fluorescence technique,
and the bimolecular reaction rate constants along with the
reaction barriers have been measured for a number of transition
metals.5-13

Theoretical studies have considerably contributed to the
spectroscopic identification of the matrix-isolated products16-22

and to the understanding of the nature of the chemical bonds in
these species,25-35 but only a few works have been devoted to
explore the main features of the potential energy surfaces of M
+ CO2 systems.29,31,34,35In the present paper, we focus on the
gas phase oxygen abstraction reaction of the ground state Sc-
(2D) with CO2 and we attempt to describe the lowest energy
reaction path from the Sc+ CO2 entrance channel toward the
ScO+ CO products.

Although the Sc+ CO2 f ScO+ CO reaction is exothermic
(∆H° ) -35.6 kcal/mol),36,37 it exhibits a nonnegligible
activation barrier (2.9 kcal/mol)9 as shown by kinetic experi-

ments. Laser-ablated Sc atoms have been shown to give
primarily the OScCO insertion product, but a very small amount
of η2

CO type Sc(CO2) addition complexes has also been
identified in the matrix isolation experiments.17 These two
species, however, seem to be associated with different potential
energy surfaces, since density functional calculations17,27,29,33

predicted theη2
CO adduct to have2A′ state, while the ground

state of the OScCO product was found to be2A′′.17,33 The 2A′
state of OScCO has also been considered in one of the
theoretical studies,29 and the equilibrium parameters reported
for this state were fairly different from those obtained for2A′′.
Because theη2

CO-Sc(CO2) and OScCO species are possible
intermediates in the Sc+ CO2 f ScO+ CO reaction, the above
results suggest that at least two doublet state potential energy
surfaces have to be considered to describe the full reaction path.
The main goal of our present work was to map the details of
the 2A′ and2A′′ potential energy surfaces.

II. Computational Details

The stationary points on the2A′ and2A′′ surfaces were located
using B3LYP density functional calculations.38-40 The basis sets
that we have chosen for these calculations include the (14,9,5)/
[8,5,3] all electron Sc basis set from Scha¨fer, Horn, and Ahlrichs
(SHA)41 supplemented with two polarization p functions42 and
a diffuse d function43 and the 6-311+G(2d) basis set44 for carbon
and oxygen. This basis set will be referred to as SHA+6-
311+G(2d) in this paper.

The total energies of the located stationary points have been
recalculated using a larger basis set, which is derived from the
standard 6-311+(3df) set45 by omitting the g polarization
functions from the Sc basis. This basis set will hereafter be
denoted as 6-311+(3df)′. Calculations with the standard 6-311+-
(3df) basis set led to unphysical symmetry breaking of the
molecular orbitals, which was not observed when the g functions
were omitted from the original basis set. For each stationary
point, we also carried out single-point CCSD(T) energy calcula-
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tions46,47using the larger 6-311+(3df)′ basis set. The correlation
treatment in the coupled cluster calculations involved all valence
electrons, as well as the 3s and 3p electrons of Sc. The stability
of the wave function was always checked to ensure that we
indeed found the lowest energy solution in the self-consistent
field procedure.

The vibrational frequencies were calculated at the B3LYP/
SHA+6-311+G(2d) level for each stationary point, and they
served as data to estimate the zero point energies (ZPE) and
also to characterize the nature of the stationary points. To verify
whether the located transition states connect the expected
minima, intrinsic reaction coordinate (IRC) calculations48 were
carried out in both directions from each transition state.

The atomic populations (atomic charges, electron configura-
tions, etc.) were derived by applying natural bond orbital (NBO)
analysis49 for the relevant structures. The relative stabilities of
the intermediates are usually given relative to the Sc(s2d1)+CO2

level. The ground state of the Sc atom was represented by a
single determinant corresponding to the (4s)2 (3d+1)1 occupation
of spin orbitals. All calculations in the present study were
performed using the Gaussian98 program.50

III. Results and Discussion

In the first part of this paper, we will thoroughly characterize
the elementary steps of the title reaction. We start from the Sc
+ CO2 entrance channel and follow the reaction path toward
the final ScO+ CO products. Previous theoretical studies on
this system27-29,33 indicated that the quartet states of various
intermediates (Sc(CO2) and OScCO) lie well above the doublet
states; it is therefore quite unlikely that intersystem crossings
between doublet and quartet states occur in this reaction. We
have thus considered only the lowest lying doublet state potential
energy surfaces. In Table 1, we collected the relative energies
and structural parameters calculated at the B3LYP/SHA+6-
311G+(2d) level for each stationary point that we located. The
optimized structures corresponding to these stationary points
are illustrated in Figure 1. The B3LYP/SHA+6-311G+(2d)
energy diagram for the entire Sc+ CO2 f ScO+ CO reaction
is depicted in Figure 2.

A. En Route from Sc + CO2 to ScO+ CO. A.1. Entrance
Channel.An interesting issue in the mechanism of any metal
+ ligand reaction is to understand how these reactions are
initiated. Several recent theoretical studies51-54 have raised this
question for the interaction of transition metal atoms with small
ligands such as N2O and NO2, but none of the studies reported

TABLE 1: Optimized Geometries and Relative Energies Calculated at B3LYP/SHA+6-311+G(2d) Levela

RScO RScC RCO RCO′ ROCO′ ROScC RScCO′ φb ∆Ec ZPEd ∆Ecorr
e

2A′ surface
Sc(s2d1) + CO2 1.160 1.160 180.0 0.0 (7.3) 0.0
TSent(2A′) 2.344 3.119 1.180 1.150 175.4 18.9 144.5 1.9 (6.8) 1.4
η2

CO-Sc(CO2)(2A′) 1.898 2.115 1.386 1.189 127.4 40.0 171.1 -25.6 (6.4) -26.5
TSins(2A′) 1.815 2.137 1.603 1.166 120.7 47.0 176.6 -24.3 (5.7) -25.9
TSoop(2A′) 1.698 2.467 2.585 1.124 122.3 74.2 161.4 -32.4 (5.4) -34.3
TSbend(2A′) 1.684 2.525 3.065 1.124 148.5 91.2 178.2 -31.8 (5.7) -33.5
OScCO(2A′) 1.678 2.536 3.377 1.130 167.1 104.7 164.2 -32.0 (5.9) -33.5
ScO(2Σ+) + CO 1.669 1.126 -27.7 (4.6) -30.4

2A′′ surface
Sc(s2d1) + CO2 1.160 1.160 180.0 0.0 (7.3) 0.0
TSent(2A′′) 2.298 3.078 1.183 1.150 173.5 19.3 146.6 2.1 (6.7) 1.5
η2

CO-Sc(CO2)(2A′′) 1.918 2.161 1.371 1.192 127.8 38.7 171.2 -16.9 (6.3) -17.9
TSins(2A′′) 1.826 2.112 1.630 1.172 120.0 48.2 176.6 -14.9 (5.6) -16.7
OScCO(2A′′) 1.690 2.217 3.268 1.157 151.5 112.8 179.9 -36.2 (5.6) -37.9
TSiso 1.673 2.516 1.161 110.4 93.4 93.9 -25.5 (4.5) -28.3
OSc(CO) 1.685 2.366 1.198 119.4 68.2 95.6 -31.1 (5.2) -33.2
ScO(2∆) + COf 1.669 1.126 5.7 3.0

additional stationary points
η2

O,O-Sc(CO2)(2A1) 1.935 2.342 1.347 1.347 111.4 35.1 55.7 -24.4 (5.7) -26.0
TSCO-OO(2A′) 2.002 3.048 1.293 1.194 131.7 -1.1 (6.0) -2.4
TSOO-diss(2A′) 1.778 2.435 1.742 1.222 106.5 45.6 59.6 -19.7 (5.3) -21.7

a Units: bond lengths in Å, angles in degrees, energies in kcal/mol.b OScCO dihedral angle.c Relative energies with respect to Sc(s2d1) + CO2.
d Zero point vibrational energies.e ZPE-corrected relative energies.f The bond distance of ScO(2∆) has not been optimized.

Figure 1. Structure and notation of the located stationary points.
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on M + CO2 attempted to determine the approach barriers for
CO2 coordination.

We have located two transition states in the Sc+ CO2

entrance channel, corresponding to the2A′ and2A′′ electronic
states, whose unpaired electrons are associated with pure Sc
3d orbitals with a′ and a′′ symmetry, respectively (see TSent-
(2A′) and TSent(2A′′) in Figures 1 and 2). Both electronic
transition states lie about 1.5 kcal/mol above the reactants;
therefore, they represent an entrance barrier for the reaction.
The structure of these stationary points is very similar to that
found for the analogue Sc+ N2O entrance transition state
structure54 in that in both cases the CO2 and N2O ligands are
attacked on the O side by the metal atom (with RScO ) 2.3 Å
andRScOC ) RScON ) 120°) and both ligands are only slightly
bent. The NBO analysis shows no charge transfer between the
reactants in these transition states; however, the electron
configuration of the Sc atom is about 4s1.83d1.2 in both states,
indicating a certain degree of s-d hybridization in the entrance
transition structures. IRC calculations clearly revealed that the
TSent(2A′) and TSent(2A′′) transition states connect the Sc+ CO2

asymptote with the2A′ and 2A′′ states of theη2
CO-Sc(CO2)

coordination complex. In an effort to find other routes to Sc-
CO2 coordination, first, we scanned the RScCand RScOdistances
for various arrangements of the Sc+ CO2 fragments but we
could neither locate further transition states in the entrance
channel nor find a barrierless path to the CO2 coordination. We
have also tried to locate a TS between Sc+ CO2 and theη2

O,O-
Sc(CO2) complex, which was previously shown to be isoener-
getic with the η2

CO form,27,33 but all of our attempts were
unsuccessful. Of course, we cannot rule out the possibility of a
direct pathway toη2

O,O coordination; however, it is quite likely
that the TSent(2A′) and TSent(2A′′) transition states represent the
lowest energy barrier to CO2 coordination. We note that the
entropic effects would not change the relative rates of the two
possible coordination routes because the activation entropies
associated with the two entrance channels are estimated to be
identical within 0.1 cal mol-1 K-1.

A.2. CO2 Coordination.The 2A′ and 2A′′ surfaces tend to
split after passing the entrance transition states, and the CO2

coordination is accompanied with substantial energy stabiliza-
tion. The stability of the two states of theη2

CO-Sc(CO2) complex
is 26.5 (2A′) and 17.9 kcal/mol (2A′′) relative to the reactants.
To monitor the electronic rearrangements in the coordination
process, we plotted the Sc atomic populations along the2A′
IRC path (Figure 3).

Note first that the net atomic charge on the Sc atom (Q(Sc))
continuously increases from 0.0 to 1.0 when going from TSent-

(2A′) to η2
CO-Sc(CO2)(2A′), leading to an ionic Sc+(CO2)-

species at theη2
CO minimum. The total 3d population varies

only in a narrow range along the IRC path; however, there is a
sharp decrease in the 4s population already at the initial phase
of the coordination route. The spin density of the Sc atom varies
drastically in this region, and this is because the Scf CO2

electron transfer takes place in the manifold of minority (â or
spin down) spin orbitals. In other words, the remaining 4s and
3d electrons are triplet coupled. The Sc 4s orbital becomes
essentially singly occupied already at around step 30, where
the Sc atom is still linked only to the oxygen end of CO2 and
the system is stabilized only by 8 kcal/mol with respect to TSent-
(2A′). This underlines the importance of the metalf ligand
electron transfer in the initial phase of the CO2 coordination,
which is in line with the mechanism suggested recently by
Stirling for the interaction of transition metal atoms with
nitrogen oxides.53 We feel that it is important to point out here
that the coordination process is adiabatic in a sense that no
surface crossing is encountered going from TSent(2A′) to η2

CO-
Sc(CO2)(2A′) (or from TSent(2A′′) to η2

CO-Sc(CO2)(2A′′)), the

Figure 2. Energy diagram of the Sc+ CO2 f ScO+ CO reaction based on ZPE-corrected B3LYP/SHA+6-311+G(2d) relative energies.

Figure 3. Sc atomic populations along the TSent(2A′) f η2
CO-Sc(CO2)-

(2A′) IRC route.
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system remains on the same potential surface. The second half
of the path is characterized by the diminution of the spin density
of Sc, which is attributed to the development of the covalent
contribution of the metal-ligand bonding, which is also
characteristic of the metal-CO2 interaction in theη2

CO form of
M(CO2) complexes as described previously.27,31,33The unpaired
electron of the2A′ state ofη2

CO-Sc(CO2) is localized on Sc
and is associated with an s-d hybrid (a′) orbital.

The CO2 coordination on the2A′′ surface is also governed
by the Scf CO2 electron transfer; however, the out-of-plane
a′′(3d) orbital is not involved in the s-d hybridization. The
hybridization can only be attained through 4sf 3d promotion
resulting in a less stable2A′′ stateη2

CO complex as compared
to 2A′. The 4sf 3d promotion in the2A′′ state ofη2

CO-Sc-
(CO2) is apparent from the NBO populations: the electronic
configuration of Sc in2A′′ is 4s0.53d1.5 while it is 4s0.93d1.1 in
the 2A′ state ofη2

CO-Sc(CO2).
Our B3LYP/SHA+6-311+G(2d) calculations predict the

η2
O,O-Sc(CO2) complex to be bound by 26 kcal/mol relative to

Sc + CO2. We located a transition state TSCO-OO(2A′) on the
2A′ surface that connects theη2

CO andη2
O,O forms, but theη2

CO

f η2
O,O isomerization should be kinetically hindered because

the TSCO-OO(2A′) transition state lies about 24 kcal/mol above
the η2

CO-Sc(CO2)(2A′) andη2
O,O-Sc(CO2)(2A′) minima.

A.3. Scandium Insertion. Similarly to what we found for the
Ti + CO2 and V+ CO2 systems,31,35theη2

CO-Sc(CO2) complex
is a metastable state on the2A′ and2A′′ surfaces, because the
insertion of the Sc atom into the coordinated CO bond can easily
occur. The insertion paths are illustrated in Figure 4, where we
depicted the2A′ and2A′′ potential energy curves as a function
of the cleaved C-O bond distance (RCO) derived from con-
strained geometry optimizations. The barriers to Sc insertion,
related to the “reactant-like” TSins(2A′) and TSins(2A′′) transition
states, are negligible; they are calculated to be only 0.6 and 1.2
kcal/mol on the2A′ and2A′′ surfaces, respectively. It is clearly
seen in Figure 4 that the energy stabilization on the2A′′ insertion
path is significantly larger than on the2A′ surface, resulting in
a 2A′-2A′′ surface crossing at around RCO ) 2.7 Å. The flat
nature of the2A′ potential energy curve in the 2.4 Å< RCO <
3.4 Å region represents another striking difference between the
two insertion paths.

As pointed out previously,29,31 the thermodynamic driving
force of the M+ CO2 f OMCO insertion reactions for early
transition metals is the formation of a strong metal-oxygen
bond in the insertion process and the OMCO products are

viewed as carbonyl complexes of diatomic MO species. The
enhanced exothermicity of the2A′′ insertion path and the flat
nature of the2A′ curve are closely related to the strength of the
OM-CO bond. The insertion reaction along the2A′ surface
yields ground state (2Σ+) ScO species, whose unpaired electron
occupies an essentially pure Sc 4s orbital. For symmetry reasons,
this orbital does not participate in aπ type stabilizing metalf
CO charge transfer; therefore, ScO(2Σ+) forms only a very weak
association complex with the CO molecule. On the other hand,
the 2A′′ insertion path correlates with an excited state (2∆) of
ScO having a singly occupiedδ type orbital localized on the
Sc atom; thus, the metal-CO (δ(Sc)-π*(CO)) back-bonding is
symmetry allowed in a bent arrangement and the2A′′ system
is stabilized by this interaction. The NBO analysis confirms this
trend: the total charge on the CO molecule in the OScCO-
(2A′′) insertion product is calculated to be QCO ) -0.43,
whereas the carbonyl group in OScCO(2A′) is close to neutral
(QCO ) -0.08).

A.4. Insertion Products.The 2A′ insertion route has already
been investigated previously by Sodupe et al.29 The OScCO-
(2A′) product in that work was characterized by an imaginary
vibrational frequency corresponding to the out-of-plane distor-
tion of the Cs structure. This stationary point is labeled TSoop-
(2A′) in Figure 4, and it represents a very shallow minimum on
the2A′ potential energy curve. We located two other stationary
points on the2A′ curve by increasing the RCO distance, namely,
the TSbend(2A′) transition state and the OScCO(2A′) minimum
(see also Figure 1 and Table 1). TSbend(2A′) is a transition
structure with respect to the in-plane OScC bending motion,
while OScCO(2A′) is a real minimum on the potential energy
surface being 4.4 kcal/mol less stable than the OScCO(2A′′)
product. This latter complex is reached directly from TSins(2A′′)
on the2A′′ surface. Our calculations indicate that the OScCO-
(2A′) structure does not correspond to the global minimum of
the 2A′ surface since the TSoop(2A′) structure is slightly below
in energy (see Table 1). We carried out geometry optimization
from a slightly distorted TSoop(2A′) structure without the Cs
symmetry constraint, but these calculations variationally col-
lapsed to the2A′′ state and converged to the OScCO(2A′′)
product. As seen in Figure 4, the TSoop(2A′) stationary point is
in the close vicinity of the2A′-2A′′ surface crossing, which
might be a likely reason for having difficulties in locating a
possible C1 minimum in this region.

Our B3LYP/SHA+6-311+G(2d) calculations have also re-
vealed that the OScCO(2A′′) insertion product can isomerize
to an asymmetrical structure (labeled OSc(CO) in Figures 1 and
2) corresponding to the side-bonded CO molecule. This isomer
is identical to that called OSc(η2-CO) in ref 17, but it clearly
does not have a2A′ ground state as given in that paper because
(i) this structure has no symmetry and (ii) it is directly connected
to the OScCO(2A′′) minimum via the TSiso transition state rather
than to the2A′ surface (see Figures 1 and 2 and Table 1). The
barrier to OScCO(2A′′) f OSc(CO) isomerization is predicted
to be 9.6 kcal/mol at the present level of theory, and it is 4.9
kcal/mol in the reverse direction. The OSc(CO) isomer is also
stabilized by theδ(Sc)-π*(CO) back-bonding only in a different
arrangement of the ScO and CO subunits as indicated in Figure
5. The side-bonded CO complexes are quite rare in the family
of metal-carbonyl species, but the existence of OSc(CO) has
clearly been demonstrated in the work cited above.

A.5. CO Detachment.The exit channel of the Sc+ CO2 f
ScO + CO oxygen abstraction reaction corresponds to the
dissociation of the CO molecule from the insertion product. The
energy diagram shown in Figure 2 indicates that the dissociation

Figure 4. 2A′ and2A′′ potential energy curves for theη2
CO-Sc(CO2)

f OScCO insertion. Energies are with respect to the OScCO(2A′′)
species.
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is feasible only on the2A′ surface. As expected, the weakly
bound OScCO(2A′) complex can easily dissociate into ScO-
(2Σ+) + CO; however, because of a large2Σ+ - 2∆ energy
separation in ScO (the measured splitting is 40.6 kcal/mol),55

the decomposition of the OScCO(2A′′) and OSc(CO) intermedi-
ates is energetically prohibited.

The dissociation energy of the OScCO(2A′) complex is
predicted to be only 3.1 kcal/mol in the B3LYP/SHA+6-
311+G(2d) calculations, whereas the OScCO(2A′′) and OSc-
(CO) insertion products are calculated to be bound by 41.9 and
36.8 kcal/mol with respect to the ScO(2∆) + CO dissociation
asymptote. We found no exit barrier on the2A′ surface, and
our calculations show that the lowest energy dissociation route
from the OScCO(2A′′) complex corresponds to OScCO(2A′′)
f OSc(CO) isomerization followed by barrierless dissociation.

It is interesting to note that theη2
O,O-Sc(CO2)(2A1) coordina-

tion complex can also easily dissociate into ScO(2Σ+) + CO,
passing a transition state (TSO,O-diss(2A′) in Table 1), which lies
only 4.3 kcal/mol aboveη2

O,O-Sc(CO2)(2A1). This activation
energy is much smaller than that found for the dissociation of
the η2

O,O-Ni(CO2) (3B1) cyclic complex by Mebel et al.34 The
barrier for the reverse route (ScO(2Σ+) + COf η2

O,O-Sc(CO2)-
(2A1)) is predicted to be 8.7 kcal/mol, pointing to a possible
way of η2

O,O-Sc(CO2) formation at higher temperature.
B. Overall Energetics at Higher Levels.To summarize the

results of the previous section, we note that the2A′ and 2A′′
potential energy surfaces represent two distinct reaction paths
for the Sc+ CO2 system. Both pathways lead to the insertion
of Sc into a C-O bond, which is initiated by theη2

CO

coordination of the CO2 molecule. Of the two possible insertion
products, the OScCO(2A′) complex is only weakly bound;
however, the OScCO(2A′′) species is rather stable with respect
to its dissociation limit. Although both surfaces correlate with
the Sc(s2d1) + CO2 ground state reactants, the degree of 4s-
3d hybridization and the 4sf 3d promotion characteristic of
the Sc atom is quite different along the two routes. Because
current approximate DFT methods fail to provide accurate
atomic excitation energies,56-59 one may wonder if the overall
energetics obtained at the B3LYP/SHA+6-311+G(2d) level
represent reliable predictions. To this end, we recalculated the
total energies of all stationary points at the B3LYP/6-311+G-
(3df)′ and CCSD(T)/6-311+G(3df)′ levels using the B3LYP/
SHA+6-311+G(2d)-optimized geometries (for basis set nota-
tion, see Computational Details). The calculated energies are
summarized in Table 2, and the energy diagram corresponding
to the CCSD(T)/6-311+G(3df)′ results is shown in Figure 6.

In agreement with a general belief that density functional
calculations are less sensitive to the quality of the basis set than
the correlated ab initio methods,60 we found only a slight
variation in the relative energies when going from B3LYP/
SHA+6-311+G(2d) to B3LYP/6-311+G(3df)′ calculations. The
deviation between the two sets of results is at most 1.4 kcal/

mol (the mean deviation is only 0.6 kcal/mol), indicating that
the B3LYP/SHA+6-311+G(2d) relative energies can essentially
be considered as converged B3LYP results with respect to the
basis set.

The comparison of the B3LYP/6-311+G(3df)′ and CCSD-
(T)/6-311+G(3df)′ energies, however, shows notable differ-
ences. Although the two methods provide identical Sc(s2d1) +
CO2 f ScO(2Σ+) + CO reaction energies (30.6 kcal/mol), we
see significant variations in the relative energies of the
intermediates. Note for example that the CCSD(T) calculations
predict consistently larger energy separations between the2A′
and the2A′′ states for the intermediates, and as a result, the2A′
and 2A′′ surfaces do not intersect in the region of insertion
products. Because the2A′′ state potential energy surface is
characterized by a larger 3d population of the Sc atom as
compared to2A′, the discrepancy between the B3LYP and the
CCSD(T) results can be attributed to the well-known tendency
of currently available approximate exchange-correlation func-
tionals (including the B3LYP functional) to unduly overestimate
the stability of d-rich configurations in transition metal atoms
and ions.56-59 For instance, the 4s23d1 f 4s13d2 excitation in a
Sc atom is predicted to be 18.0 and 34.1 kcal/mol at the B3LYP/
6-311+G(3df)′ and CCSD(T)/6-311+G(3df)′ levels, whereas
the experimental value is 33.0 kcal/mol.61 The results obtained
for the2Σ+ - 2∆ splitting in the ScO product also indicate that
the relative position of the2A′ and2A′′ surfaces might be less
accurately represented in B3LYP calculations. For the vertical
2Σ+ - 2∆ excitation energy, B3LYP/6-311+G(3df)′ calculations
give 32.3 kcal/mol, whereas the measured value is 40.6 kcal/
mol.55 The CCSD(T)/6-311+G(3df)′ prediction for the vertical
excitation is 44.1 kcal/mol.

In a previous theoretical work,28 the performance of various
density functional and coupled cluster methods for the stability
of the η2

O,O-Sc(CO2) complex has been thoroughly examined.
The authors found that DFT methods predict more stable Sc-
(CO2) complexes as compared to CCSD(T), because they
overestimate the electron affinity of the CO2 molecule and, as
already mentioned above, they provide too small 4sf 3d
promotion energies. Given that the present B3LYP/6-311+G-
(3df)′ and CCSD(T)/6-311+G(3df)′ predictions for the adiabatic
electron affinity of CO2 are-0.34 and-0.66 eV, respectively
(the experimental value is-0.6 eV),62 it is not surprising to
see that the two methods give quite different stabilities for the

Figure 5. δ(Sc)-π*(CO) interactions in OScCO(2A′′) and OSc(CO).

TABLE 2: ZPE Corrected Relative Energies (in kcal/mol) of
Stationary Points Calculated at Various Levels of Theorya

B3LYP/SHA+
6-311+G(2d)

B3LYP/6-311+
G(3df)′

CCSD(T)/6-311+
G(3df)′

2A′ surface
Sc(s2d1) + CO2 0.0 0.0 0.0
TSent(2A′) 1.4 0.7 1.8
Sc(CO2)-η2

CO(2A′) -26.5 -25.4 -19.0
TSins(2A′) -25.9 -25.6 -20.4
TSoop(2A′) -34.3 -34.6 -34.6
TSbend(2A′) -33.5 -33.1 -33.9
OScCO(2A′) -33.5 -33.9 -32.5
ScO(2Σ) + CO -30.4 -30.6 -30.6

2A′′ surface
Sc(s2d1) + CO2 0.0 0.0 0.0
TSent(2A′′) 1.5 1.9 2.3
Sc(CO2)-η2

CO(2A′′) -17.9 -18.0 -7.7
TSins(2A′′) -16.7 -16.4 -6.7
OScCO(2A′′) -37.9 -36.5 -29.1
TSiso -28.3 -26.6 -22.0
OSc(CO) -33.2 -33.6 -26.5
ScO(2∆) + COb 3.0 1.7 13.5

a ZPE corrections from B3LYP/SHA+6-311+G(2d) vibrational data.
b Estimated from the vertical2Σ+ - 2∆ excitation energies.
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2A′ and2A′′ states of theη2
CO-Sc(CO2) complex. Because there

are only slight variations in the electron configuration of the
Sc atom along theη2

CO-Sc(CO2) f OScCO insertion part of
the reaction, the energetics of the insertion process (for a given
potential surface) appears to be consistent at the B3LYP and
CCSD(T) levels. Nevertheless, we can conclude that the coupled
cluster energy predictions represent more reliable results for the
overall energetics of the Sc+ CO2 f ScO+ CO reaction.

C. Relevance to Experimental Data.Finally, we wish to
relate the presented theoretical results to available experimental
findings. Let us recall first that the ZPE-corrected Sc(s2d1) +
CO2 f ScO(2Σ+) + CO reaction energies predicted by the
B3LYP/6-311+G(3df)′ and CCSD(T)/6-311+G(3df)′ methods
are equally 30.6 kcal/mol, which slightly underestimate the
experimental reaction heat (35.6 kcal/mol)9 derived from the
thermochemical data given in the JANAF Tables.37

Our results indicate that the rate-determining step in the Sc-
(s2d1) + CO2 f ScO(2Σ+) + CO reaction corresponds to the
CO2 coordination; therefore, the height of the entrance channel
barrier can be directly related to the activation energy deduced
in the temperature-dependent gas phase kinetic study by
Campbell and co-workers.9 Our best estimates (ZPE-corrected
CCSD(T)/6-311+G(3df)′ results) for the approach barrier are
1.8 (TSent(2A′)) and 2.3 (TSent(2A′′)) kcal/mol, which are
reasonably close to the experimental estimate (2.9 kcal/mol).9

The overall energetics of the reaction provides new insight
into the interpretation of the results of matrix isolation experi-
ments.17 Because the2A′ and2A′′ reaction channels are almost
equally accessible in the Sc+ CO2 system, the full oxygen
abstraction reaction and the formation of the ground state
OScCO insertion product can simultaneously be accomplished.
Indeed, the main product identified in the reactions of laser-
ablated Sc atom with CO2 was OScCO(2A′′), but the formation
of the ScO(2Σ+) and CO products was also observed. The
reversible photoisomerization of OScCO(2A′′) to the side-
bonded OSc(CO) species can also be rationalized, since the two
isomers lie on the same energy surface and they are separated
by a relatively small energy barrier. The fact that theη2

O,O-Sc-
(CO2) complex was not observed in the matrix isolation
experiments is consistent with our findings in that we showed
this species to undergo a fast ScO(2Σ+) + CO dissociation.
Interestingly, a minor amount of theη2

CO-Sc(CO2) coordination
complex was found to be present among the isolated products,
although present calculations predict this species to lie in at
most an extremely shallow minimum on both2A′ and 2A′′
surfaces.

IV. Concluding Remarks

We showed in this paper that both2A′ and 2A′′ state Sc+
CO2 reactions lead to spontaneous metal insertion into CO2;
however, only the2A′ state insertion complex can readily
dissociate into ScO+ CO. The entrance channel of the Sc+
CO2 f ScO+ CO reaction corresponds to theη2

CO coordination
of the CO2 molecule, which is initiated by the Scf CO2

electron transfer in an early stage of the coordination process.
The approach barrier estimated from our calculations agrees
reasonably well with the measured activation energy of the Sc
+ CO2 f ScO + CO gas phase reaction. The two matrix-
isolated isomers of the OSc-CO insertion products were shown
to correlate with the ScO(2∆) + CO dissociation limit lying far
above the ground state ScO(2Σ+) + CO asymptote.

Shortly before finishing this paper, a new theoretical work
on the Ti+ CO2 reaction appeared in the literature.63 In their
paper, Hwang and Mebel give a detailed account of possible
intermediates, but they found no barrier toη2

CO coordination.
The authors also mentioned that their recent DFT calculations
on Sc+ CO2

64 indicate no entrance channel barrier for theη2
CO

coordination and the existence of a 3.2 kcal/mol barrier toward
theη2

O,O coordination. Our present work may give new insight
to the mechanism of the insertion route.
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