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The gas-phase reaction of the nickel atom with CO2 molecule is investigated at the B3LYP and CCSD(T)
levels of theory. The insertion-elimination route to NiO (3Σ-) + CO (1Σ+) is found to be the most favorable
mechanism. The insertion product on the3A′′ surface is calculated to be about 15 kcal/mol higher in energy
than the reactants. The insertion reaction is direct and needs to overcome an energy barrier of 34.6 kcal/mol.
A second path, on the3A′ surface, is similar but the insertion product is less stable with respect to the
corresponding3A′′ species and the transition state is higher in energy. The3A′′ insertion product can dissociate
to NiO (3Σ-) + CO (1Σ+) without exit barrier. This reaction is endothermic by 22 kcal/mol. The3A′ insertion
product can also dissociate without exit barrier but leads to an excited state of nickel oxide (A3Π). The Ni
+ CO2 f NiO + CO reaction is found to be endothermic by 37.4 kcal/mol in good agreement with experiment
(36.6 kcal/mol).

1. Introduction

The catalytic activation of carbon dioxide, this abundant but
thermodynamically stable and inert compound, has long been
of challenge in synthetic chemistry.1-9 The fixation of CO2 by
metallic centers is thought to be a key step in these processes,
therefore, several experimental and theoretical studies have
focused on the interaction of CO2 and transition metal atoms10-43

trying to explore the thermochemistry and kinetics of these
reactions. One of the most extensively investigated systems is
Ni + CO2,19,23,36-39 which is not surprising given that nickel
catalysts have been shown to be particularly promising in this
field too.

The first matrix isolation experiments carried out on Ni+
CO2

19 revealed that no reaction occurs between thermally
evaporated Ni atoms and CO2 in argon-diluted matrixes;
however, clear evidence for the existence of 1:1 type Ni(CO2)
complexes has been found in a neat CO2 matrix. On the basis
of further matrix isolation FTIR studies using isotopically
labeled species and also the results of density functional
calculations,36 these complexes were identified as side-on (η2

CO)
coordinated Ni(CO2) species. The calculations predicted the
singlet 1A′ state of theη2

CO-Ni(CO2) complex to be the most
stable form among the possible 1:1 coordination modes, but
the triplet state of this complex was also found to correspond
to a minimum on a relevant potential energy surface lying about
15 kcal/mol higher in energy than the1A′ ground state.

Laser ablated Ni atoms, owing to their excess kinetic energy,
were shown to cleave the CO2 molecule, resulting in NiO-
carbonyl species.23 The ONiCO complex was assumed to be

formed via the insertion of the metal atom into a C-O bond of
CO2, a process demonstrated to occur spontaneously between
early transition metal atoms and CO2.33-35,40-43 Related DFT
calculations23 indicated that3A′′ is the ground state of ONiCO,
which could also be produced via the association of NiO and
CO induced by annealing the matrix sample after photolytic
excitation.23

The only theoretical approach aiming at describing the
mechanism of the entire Ni+ CO2 f NiO + CO oxygen
abstraction reaction was presented by Mebel and Hwang,39 who
proposed that the lowest energy route for this reaction corre-
sponds to the formation of a cyclicη2

OO-Ni(CO2) (3B1)
intermediate, which undergoes a Ni-O bond cleavage to form
the linear CONiO complex prior to NiO+ CO dissociation.
Interestingly, the authors did not consider the metal insertion
pathway, although the laser ablation matrix isolation experi-
ments23 clearly demonstrated the intermediacy of the ONiCO
insertion species.

In the present work, we intended to explore the insertion route
on the Ni+ CO2 f NiO + CO potential energy surface and
conclude about the mechanism of this reaction.

2. Computational Details

Because here we are mostly concerned with the reactivity of
the ground state Ni atom, we investigate the lowest lying triplet
3A′′ and3A′ potential energy surfaces.44 The stationary points
on these surfaces were located using B3LYP density functional
calculations45-47 with a basis set that includes the (14,9,5)/[8,5,3]
all-electron Ni basis set of Scha¨fer, Horn, and Ahlrichs48

supplemented with two polarization p functions49 and a diffuse
d function,50 and the 6-311+G(2d) basis set for carbon and
oxygen.51 For simplicity, this basis set will be referred to as
6-311+G(2d)′ throughout the paper. Vibrational frequency
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calculations were performed at this level to verify the identity
of the stationary points and also to estimate the zero-point
energies (ZPE). For each transition state, intrinsic reaction
coordinate (IRC) calculations52 were carried out in both direc-
tions (with a step size of 0.1 amu1/2 bohr) to connect these
saddle-points to the respective minima.

The geometries of the located stationary points were reop-
timized at the B3LYP/6-311+G(3df)′ level, where 6-311+G-
(3df)′ denotes the standard 6-311+G(3df) basis set without the
Ni g polarization functions.53 As a next step, single-point CCSD-
(T)/6-311+G(3df)′ energy calculations were carried out at the
B3LYP/6-311+G(3df)′ stationary points. The correlation treat-
ment in the coupled cluster calculations54,55involved all valence
electrons. The stability of the single-determinant wave function
was checked for each stationary point. All energies discussed
in the paper are those obtained at the CCSD(T)/6-311+G(3df)′
level unless otherwise noted in the text. As seen later, the relative
energies obtained at the B3LYP are very similar to those
obtained at the CCSD(T) level. This is, however, not a general
rule and this agreement is not obtained for other similar systems
(see, for example, ref 43)

The ground state of the nickel atom is3F4 (4s23d8 electronic
configuration), but the3D3 (4s13d9 electronic configuration) state
is only 0.59 kcal/mol higher in energy.56 However, when the
energy levels are averaged over all orbit-spin components the
3D state is 0.72 kcal/mol lower in energy.56 The CCSD(T) value
(1.1 kcal/mol) reproduces fairly well this energy gap, whereas
B3LYP overestimates the experimental value by about 9 kcal/
mol. In the following, the relative energies of the intermediates
and products are then given with respect to that calculated for
Ni (3D, 4s13d9) + CO2 (1Σ+

g).
For selected structures, atomic populations (atomic charges,

electron configuration, etc) are given. These data were derived
from natural bond orbital (NBO) analysis57 carried out for the
relevant structures at the B3LYP/6-311+G(2d)′ level.

All calculations in the present study were performed with
the Gaussian98 program.58

3. Results and Discussion

(a) Metal Insertion Route. The insertion route involves the
cleavage of one of the C-O bonds and the Ni-C and Ni-O
bond formations in a concerted way. The optimized structures
of the stationary points located on the3A′′ and 3A′ potential
surfaces corresponding to the insertion pathway are shown in
Figure 1.59 The relative stabilities of these species calculated at
various levels of theory are listed in Table 1.

The 3A′′ and3A′ states of the ONiCO insertion product are
calculated to be quite close in energy, but all methods predict
the ONiCO (3A′′) species to be about 2 kcal/mol more stable
than ONiCO (3A′). The ONiCO (3A′′) complex has a bent
equilibrium structure and correlates with the NiO (3Σ-) + CO
(1Σ+) dissociation asymptote, because the singly occupied
molecular orbitals (20a′ and 6a") in ONiCO (3A′′) are character-
ized as mostlyπ* NiO orbitals, which corresponds to its3Σ-

(δ4σ2π2) ground state. On the other hand, the insertion product
formed on the3A′ surface is linear and it dissociates into NiO
(3Π) + CO (1Σ+), where the3Π state of NiO is an excited state
arising from theδ4σ1π3 electron configuration. On the basis of
the experimental Ni-O and OC-O bond dissociation energies
(Do(Ni-O) ) 89.1( 0.7 kcal/mol,60 Do(OC-O) ) 125.7 kcal/
mol61), and on the measured NiO A3Π-X3Σ- electronic
transition (4330 cm-1 or 12.4 kcal/mol62), the NiO (3Σ-) + CO
and NiO (3Π) + CO dissociation limits lie 36.6 and 49.0 kcal/
mol above the Ni+ CO2 reactants. These experimental values

are quite accurately reproduced at the CCSD(T)/6-311+G(3df)′
level, but they are slightly overestimated in the B3LYP
calculations (see Table 1).

We attribute the linearity of the3A′ product to the reduced
σ-repulsion between the fragments, as the 4σ orbital of the NiO
unit is singly occupied in the linear complex and doubly
occupied in the bent structure. In addition, the enhanced overlap
between theπ* CO orbital and the NiOπ orbitals also stabilizes
the linear structure. Comparison of the Ni-C bond lengths
(1.838 vs 1.846 Å, for the linear and bent complexes, respec-
tively) emphasizes the reducedσ-repulsion, whereas the slightly
lengthened CO bond in the linear complex as compared to the
bent structure indicates the more optimalπ overlap, which
destabilizes the C-O interaction.

Similar to our previous studies,40,43we constructed potential
energy curves as a function of the cleaved C-O bond by
constrained geometry optimizations starting from the ONiCO
(3A′′) and ONiCO (3A′) structures and reducing gradually the
C-O bond distance (see Figure 2). The highest energy points
on these curves were then used as initial structures for transition
state search calculations. The located transition states (TS (3A′′)
and TS (3A′)) are found to be 34.6 (3A′′) and 45.0 (3A′) kcal/
mol above the Ni (s1d9) + CO2 reference level, indicating that

Figure 1. Geometrical parameters of minima and transition states
optimized at the B3LYP/6-311+G(3df)′ level (distances in ångstroms,
angles in degrees). Experimental data for CO2,67 CO,68 and NiO69,62

are given in brackets.

TABLE 1: Calculated Relative Energies (kcal/mol, with
Respect to Ni (s1d9) + CO2) on the Insertion Pathwaya

A B C exp
3A′′ Surface

ONiCO (3A′′) 15.8 17.0 15.4
TS (3A′′) 38.4 39.3 34.6
NiO (3Σ-) + CO (1Σ+) 44.5 45.6 37.4 36.6b

3A′ Surface
ONiCO (3A′) 17.5 18.6 17.4
TS (3A′) 45.6 46.2 45.0
NiO (3Π) + CO (1Σ+) 52.8 53.7 51.7 49.0c

a Notation used to define the level of theory: A) B3LYP/6-
311+G(2d)′, B ) B3LYP/6-311+G(3df)′, C ) CCSD(T)/6-311+G-
(3df)′//B3LYP/6-311+G(3df)′. b Based on the experimental Ni-O and
OC-O bond dissociation energies (Do(Ni-O) ) 89.1( 0.7 kcal/mol,60

Do(OC-O) ) 125.7 kcal/mol61). c Based on the measured NiO A3Π-
X3Σ- electronic transition (4330 cm-1 or 12.4 kcal/mol62).
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the insertion process requires a fair amount of activation energy,
and also that the barrier to metal insertion is about 10 kcal/mol
lower on the3A′′ surface.

The constrained geometry optimization procedure, however,
did not show a minimum for theη2

CO-Ni(CO2) structure on the
3A′′ and 3A′ potential energy curves, because both states
dissociated into Ni (s1d9) + CO2 when the region aroundRC-O

) 1.2 Å was approached. The IRC calculations carried out from
the TS (3A′′) and TS (3A′) transition structures confirmed that
these transition states connect directly both states of ONiCO
with the Ni (s1d9) + CO2 reactants. These findings contradict
with previous theoretical studies,23,36which identified the triplet
state of theη2

CO-Ni(CO2) complex as a minimum. The likely
reason for this contradiction is that the calculations predicting
the existence of anη2

CO minimum on the triplet surface were
all performed with the GGA type BP86 functional,63,64 which
tends to overestimate the strength of metal-ligand interactions,
as shown below. Our CCSD(T)/6-311+G(3df)′ calculations
carried out for theη2

CO-Ni(CO2) (3A′′) structure optimized at
the BP86/6-311+G(3df)′ level indicate a repulsive Ni-CO2

interaction (∆E ) +6.3 kcal/mol), whereas BP86/6-311+G-
(3df)′ gives an attractive interaction (∆E ) -3.6 kcal/mol). In
addition, the ONiCO (3A′′) species is predicted to be 6.6 kcal/
mol lower in energy at the BP86/6-311+G(3df)′ level than the
reactants, in contradiction with CCSD(T) results. This provides
further support for a direct Ni (s1d9) + CO2 f ONiCO insertion
process.

In accord with the Hammond postulate,65 the transition state
of this endothermic insertion reaction involves large structural
changes and significant electronic reorganizations. To under-
stand the electronic details of the mechanism and to rationalize
these structural changes along the reaction path, we have to
analyze the orbital interactions of the reactants that are
responsible for the C-O bond breaking and Ni-O bond
formation. To this end, we present Figure 3 displaying the
variation of the Ni electronic populations as the reaction
proceeds along the intrinsic reaction coordinate. The entrance
channel of the insertion process can be characterized by a charge
transfer from the metal atom toward the CO2 molecule. Both
the 4s and the 3d orbitals participate in the charge donation by
overlapping with the in-planeπ* orbital of CO2. Due to these
interactions, we observe the following features at the initial
phase of the reaction: The C-O bonds start to weaken and
lengthen because of the antibonding character for these bonds.
Also, the CO2 molecule begins to bend as the negatively charged

CO2 stabilizes in a bent structure. In fact, the reaction coordinate
is composed to a large extent of the OCO bending, which
underlines the importance of the charge transfer. The other two
important components of the reaction coordinate are the C-O
elongation and the bond formation between the Ni atom and
the C and O atoms of the cleaved bond. Clearly, a considerable
amount of charge is transferred as the transition state is
approached. Figure 3 also shows that the main sources of the
donated electrons are the unpaired orbitals of the Ni atom,
because the spin density on the Ni atom decreases gradually
along the insertion route. The positive charge of Ni is maximized
around the transition state and then stabilizes at a somewhat
lower value as the product is formed. This implies back-donation
from the CO fragment at the later stages of the reaction. Indeed,
we notice that in the product channel, during the formation of
the NiO and CO units, both the 4s and 3d populations increase
slightly. Overall, the Ni electron configuration changed from
4s13d9 to 4s0.393d8.77. In general, the insertion mechanism
features that the oxygen abstraction and metal insertion take
place simultaneously with the electron transfer. Recently, this
mechanism has also been proposed for the reactions of NO2

and N2O molecules with 3d transition metal atoms.66

(b) Alternative Reaction Channels.To compare the ener-
getics of the above insertion process with that of the mechanism
investigated by Mebel and Hwang,39 we considered theη2

OO

species and related dissociation channels as well (see Figure 4
and Table 2). We found that the lowest energy structure for the
η2

OO coordination mode corresponds to the3B2 state lying 14.3
kcal/mol above the reactants. We have also located a minimum
for the 3B1 state with a structure very similar to that reported
by Mebel and Hwang, but our calculations showed that this
structure is much less stable than predicted before (34.4 kcal/
mol above Ni+ CO2). Moreover, there are further indications
that the formation of the3B1 species is quite unlikely. For
instance, calculations to test the stability of the B3LYP/6-
311+G(2d)′ and B3LYP/6-311+G(3df)′ single determinants for
the geometry presented in Figure 4 found a lower3B1 solution;
however, the geometry optimization for the new solution led
to the Ni+ CO2 dissociation. Furthermore, an optimization from
a slightly distortedC2V structure of the original3B1 state
converged within a few steps to the3B2 minimum.

The η2
OO-Ni(CO2) (3B2) complex can easily dissociate into

Ni + CO2 as well, because the related transition state (TS′ (3A′))
represents a barrier of only 3 kcal/mol to the separated reactants.
To map a route toward the NiO+ CO products, we performed
constrained geometry optimizations with fixed C-O bond

Figure 2. 3A′′ and3A′ potential energy curves derived for the metal
insertion route. Relative energy in kcal/mol,R(CO) in Å.

Figure 3. Ni atomic populations along the3A′′ insertion path.
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distances from theη2
OO-Ni(CO2) (3B2) structure and found a

direct oxygen abstraction pathway to the NiO (3Π) + CO
asymptote. However, the located transition state (TS′′ (3A′),
lying 59.9 kcal/mol above Ni (s1d9) + CO2)) connects the Ni
(s1d9) + CO2 reactants directly with NiO (3Π) + CO on the
3A′ surface, as shown by our IRC calculations. All our further
attempts to find a reaction channel between theη2

OO-Ni(CO2)
structures and NiO+ CO, or betweenη2

OO-Ni(CO2) and the
ONiCO intermediates, failed in that we were not able to locate
additional stationary points that could be relevant to these
pathways (transition state optimizations converged either to TS′
(3A′) or TS′′ (3A′)). We also tried to locate a direct oxygen
abstraction on the3A′′ surface. However, the located transition
structure corresponds to a second-order saddle point. Its structure
is similar to that on the3A′ surface, the second imaginary
frequency corresponds to an out-of-plane motion. Transition
structure optimization, starting from a slightly distorted geometry
(C1 symmetry) converged to the insertion transition (TS3A′′),
leading to the conclusion that the insertion-elimination route
is the most favorable channel for the titled reaction.

(c) Overall Energetics and Relevance to Experiment.The
energy diagram depicted in Figure 5 summarizes the CCSD-
(T)/6-311+G(3df)′ energetics for the entire reaction. The
diagram reveals that the only low-energy pathway for the Ni
(s1d9) + CO2 f NiO (3Σ-) + CO reaction is represented by
the insertion route on the3A′′ energy surface. The activation
energy of this process is 34.5 kcal/mol, which is comparable to
the endothermicity of the full reaction. Although the ONiCO
(3A′′) intermediate formed along this route lies 15 kcal/mol
above the reactants, this species is kinetically fairly stable

because its dissociation requires an energy of at least 20 kcal/
mol. The metal insertion can also take place on the3A′ surface
via an intermediate (ONiCO (3A′)), being very close in energy
to the ONiCO (3A′′) species; however, this route correlates with
an excited state (3Π) of NiO, which implies that the dissociation
process is even less favored as compared to the ONiCO (3A′′)
complex. In principle, the NiO (3Π) molecule can also be
produced via a direct oxygen abstraction reaction provided that
a sufficient amount of input energy is available for the reactants,
but the barrier along this route (TS′′ (3A′)) is higher by about
15 kcal/mol.

Finally, we wish to relate our results to the experimental
evidence from matrix isolation studies.19,23 As noted in the
Introduction, the new product formed in the reactions of laser
ablated Ni atoms with CO2 was identified as the ONiCO
insertion complex.23 Our calculations predict this species to be
the only feasible reaction intermediate for the title reaction
corresponding to a well-defined minimum on both3A′′ and3A′
surfaces, which is consistent with the above observation.
Considering the excess kinetic energy of the laser-ablated metal
atoms, both insertion channels might be accessible in the
reaction (the participation of the Ni excited state cannot be ruled
out). Not only the relative stabilities of the ONiCO (3A′′) and
ONiCO (3A′) species are similar, but also their predicted IR
spectra show a close resemblance (Table 3). For instance, the
CO stretching frequencies of these species differ only by a few
wavenumbers. The sole vibrational mode that might serve as a
reference to differentiate between the two species is the NiO
stretching vibration, but this mode is not expected to give
detectable bands, as judged from the calculated IR intensities.
However, the observed bands decreased on photolysis, leading
to the formation of NiO (3Σ-) and CO.23 These bands then
increased on annealing, indicating that the ONiCO species can

Figure 4. Geometrical parameters of the cyclic species and the related
transition states optimized at the B3LYP/6-311+G(3df)′ level (distances
in ångstroms, angles in degrees).

TABLE 2: Calculated Relative Energies (kcal/mol, with
respect to Ni (s1d9) + CO2) Concerning the Cyclic Ni(CO2)
Speciesa

A B C

η2
OO-Ni(CO2) (3B2) 16.5 16.9 14.3

TS′ (3A′) 16.7 17.0 17.2
TS" (3A′) 58.0 59.0 59.9
η2

OO-Ni(CO2) (3B1)b 40.8 41.0 34.4

a Notation used to define the level of theory: A) B3LYP/6-
311+G(2d)′, B ) B3LYP/6-311+G(3df)′, C ) CCSD(T)/6-311+G-
(3df)′//B3LYP/6-311+G(3df)′. b Unstable solution.

Figure 5. Energy diagram of the Ni+ CO2 f NiO + CO reaction
derived from ZPE-corrected CCSD(T)/6-311+G(3df)′//B3LYP/6-
311+G(3df)′ relative energies.

TABLE 3: Calculated B3LYP/6-311+G(3df)′ Vibrational
Frequencies (cm-1) and IR Intensities (km/mol in
Parentheses) for ONiCO

mode character ONiCO (3A′′) ONiCO (3A′) expa

CO stretching (a′) 2170 (906) 2165 (884) 2086.6, 2072.7
NiO stretching (a′) 743 (7) 611 (1)
NiC stretching (a′) 408 (46) 421 (38)
ipb OCNi bending (a′) 372 (3) 395 (0)
oopb OCNi bending (a′′) 339 (0) 351 (36)
ONiC bending (a′) 100 (14) 92 (17)

a From ref 23. These two absorption bands have been assigned to
the same species in two different sites in argon matrix.b ip ) in plane,
oop ) out of plane.
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also be produced by a recombination of NiO (3Σ-) and CO.
The observed species is thus the3A′′ insertion product because,
as we have shown, there is no barrier for the NiO (3Σ-) + CO
f ONiCO (3A′′) reaction. We have not analyzed the singlet
state surfaces in the present study, but we mention that the
relative stability of theη2

CO-Ni(CO2) (1A′) complex is predicted
to be-7.8 kcal/mol at the CCSD(T)/6-311+G(3df)′ level. The
observation that thermally generated Ni atoms are unreactive
with CO2 in an argon matrix19 suggest that the intersystem
crossing between the triplet and singlet states is probably high
enough and it is accessible by thermally produced metal atoms
only with low probability. Further theoretical work is required
to confirm this argument.

4. Conclusions

Combined B3LYP/CCSD(T) calculations were performed to
describe the reaction of CO2 with a Ni atom. We obtained that
the lowest energy path proceeds through the3A′′ ONiCO
intermediate and yields the3Σ- NiO and CO. This reaction is
initiated with 34.6 kcal/mol activation energy. We identified a
similar reaction path on the3A′ surface, but we found that all
the stationary points are considerably higher in energy than those
on the3A′′ surface. The metal insertion reaction is initiated by
an electron transfer from the Ni atom to the CO2 molecule and
then the insertion and oxygen-abstraction steps take place in a
concerted fashion along with the charge-transfer processes. We
would like to point out that the insertion reaction is not preceded
by η2

CO complex formation as in the cases of Sc,43 Ti,41 and
V40 + CO2 reactions. Also, in contrast to either Sc,43 Ti,35,41or
V,40 the insertion of Ni to CO2 is an endothermic reaction by
15.4 kcal/mol with respect to Ni (s1d9) + CO2.
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