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The reaction of Co+ with OCS on both triplet and quintet surfaces has been investigated at the B3LYP level
of theory of density functional theory with the standard 6-311+G(d) basis set. The object of this investigation
was the elucidation of the reaction mechanism. The calculated results indicate that both the C-S and C-O
bond activations proceed via an insertion-elimination mechanism. Although the direct sulfur and oxygen
atom abstractions by Co+ might contribute to the formations of CoS+ and CoO+, the tight transition state
structures were not found in the present calculations. Intersystem crossing between the triplet and quintet
surfaces may occur along both the C-S and C-O bond activation branches. The ground states of CoS+ and
CoO+ were found to be quintets, whereas CoCO+ and CoCS+ have triplet ground states. The C-S bond
activation is energetically much more favorable than the C-O bond activation. All theoretical results are in
line with early experiments.

Introduction

The chemistry of transition-metal sulfides plays an important
role in various research areas of chemistry, biology, and material
science.1-3 In many biological systems, it has been found that
sulfur coordination is necessary for the functioning of numerous
biological transition metal centers.4,5 In industrial areas, con-
siderable attention has been focused on the role of sulfur-
containing transition metal complexes in catalyst poisoning and
hydrodesulfurization.6 CS2 and OCS are important sulfur-transfer
reagents, which have recently been considered as possible sulfur
sources for preparing thin layers of semiconductor materials.7

These two closely related molecules (isovalent linear triatomic
molecules) have been shown to be very reactive toward transi-
tion-metal centers and can undergo a variety of reactions such
as coordination, insertion, dimerization, or disproportionation.2,8-9

Recently, guided ion beam mass spectrometry studies on the
reactions of the first row transition metal cations (from Sc to
Zn) with CS2 and OCS have appeared in the literature.10,11For
the reactions of M+ + OCS (M ) Fe and Co), Schwarz and
co-workers determined the product cross sections for the
formation of MS+, MO+, MCS+, and MCS+. They found that
these cross sections were consistent with the initial activation
of the OCS molecule by insertion of M+ into the C-S or the
C-O bond to form OC-M+-S or O-M+-CS as intermedi-
ates.10 In a more recent paper,12 we reported the theoretical study
of the reaction of Fe+ with CS2, in which all observed results
of the early experiment10 have been rationalized. The reaction
of M+ with OCS may be more complicated than that with CS2,
since there are both C-O and C-S bonds in the OCS species.
The C-S bond energy (3.14 eV)13 in OCS is lower than that in
CS2 (4.50 eV).13,14Hence, the MS+ species can be expected to
form easily from the reaction of M+ + OCS. On the other hand,
the C-S bond energy in OCS is 3.74 eV lower than the C-O
bond energy (6.88 eV).13 Relevant thermochemical data for the
reactions of the first row transition metal ions with CS2 and
OCS have been obtained experimentally,10,11 but detailed
information for the potential energy surfaces (PESs) of [M, C,

O, S]+ is still scarce. Further evidence for the relevant reaction
mechanisms would be forthcoming from calculations of accurate
PESs. The present work presents a theoretical study of the
reactivity of Co+ toward OCS. We present detailed reaction
routes along both C-S and C-O bond activation branches, the
relative stabilities of the initial adducts and insertion products,
and the reaction barrier between the intermediates on both the
triplet and quintet surfaces of [Co, C, O, S]+. The theoretical
results are compared with available experimental data.

Calculations

The triplet and quintet PESs of [Co, C, O, S]+ for the
reactions Co+(3F, 3d8) + OCS(1Σ+) and Co+(5F, 4s13d7) +
OCS(1Σ+), respectively, have been considered in detail. The
stationary points on the PES of [Co, O, C, S]+ were located
using the B3LYP method15,16 of density functional theory
(DFT)17,18 with a 6-311+G(d) basis set.19,20 The performance
of this functional has been calibrated against the experimentally
known bond dissociation energies of the several species involved
in the present reaction and against the results of other three
functionals, B3P86, BLYP, and BP86. The harmonic vibration
analyses were performed at the same level of theory for all
optimized stationary points to determine their characters (mini-
mum or first-order saddle point) and to evaluate the zero-point
vibrational energies (ZPEs), which were included in all cited
relative energies. The pathways between transition structures
and their corresponding minima have been identified by intrinsic
reaction coordinate (IRC)21 calculations. The cited energies on
the investigated potential energy surfaces are always given with
respect to the separated ground-state species, Co+(3F) + OCS-
(1Σ+). The present calculations were performed for both triplet
and quintet surfaces of [Co, C, O, S]+ to inspect possible
intersystem crossing behavior in the course of the reaction of
Co+ with OCS. Our calculations include two conceivable
reaction mechanisms that differ by the initial orientation of Co+

relative to the C-O or C-S bond. All calculations were
performed with the Gaussian 98 program22 package on an SGI
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Results and Discussion

Evaluation of the Computational Method. A necessary
condition for obtaining a good description of the electronic states
of the various species involved in the present work is the choice
of a suitable level of theory with a flexible basis set. In recent
years, density functional theory (DFT)17,18 has attracted con-
siderable attention and has been widely applied to electronic
structure calculations for systems containing transition metals.
DFT methods have been shown to be particularly useful and
computationally efficient for systems with a relatively large
number of electrons. Electron correlation in these systems is
expected to play an important role in determining system
energetics and electronic configurations. For transition metal
high-spin species, such as those involved in the present reaction,
calculated energies are generally very sensitive to DFT func-
tionals utilized from the points of view of spin contamination
and electron correlation. To find a reliable functional for
describing the present Co+ + OCS system, we calculated the
molecular properties of OCS and the bond dissociation energies
(BDEs) of several species involved in the reaction of Co+ with
OCS using several popular functionals: B3LYP, BLYP, B3P86,
and BP86. The relevant results are shown in Tables 1 and 2,
respectively, where available experimental values are also listed
for comparison. In addition, the energies (total energies and
ZPEs) of the relevant species used in deriving these BDEs are
shown in Table 3. As shown in Table 1, B3LYP functional most
nearly reproduced the experimental geometries, the vibrational

frequencies, and the C-O and C-S bond dissociation energies.
The other three functionals gave larger errors for the bond
dissociation energies, although they also predicted reasonable
molecular geometries and vibrational frequencies. Table 2
compares calculated bond dissociation energies for several
Co+-X (X ) O, S, CO, and CS) species using the four
functionals. By comparing these theoretical values with experi-
mental findings, we found that B3LYP and B3P86 functionals
gave relatively smaller absolute errors than BLYP and BP86
functionals. Discrepancies between calculated and measured
values are considerable, but both B3LYP and B3P86 functionals
reproduce the trend in the measured data, with the exception of
Co+-CS species. The calculated results from B3LYP and
B3P86 can be considered satisfactory, considering the experi-
mental bond dissociation energy for Co+-CS is not known very
accurately (the uncertainty range( 0.34 eV). On the other hand,
our main goals in the present work are the examination of the
detailed reaction mechanism and the calculation of the relative
energies of the species involved, not the calculation of accurate
bond energies.

On the basis of the facts mentioned above, we have chosen
B3LYP in view of its good capability in predicting the properties
of the species involved in the reaction of Co+ with OCS. The
choice of B3LYP DFT method is also motivated by its extensive
use in the latest literature as a practical tool in describing open-
shell transition metal compounds.27,28 Previous investigations
on transition metal compounds29,30underlined the reliability of
B3LYP for describing PESs and predicting electronic structures
and thermochemical properties.

Reactants and Products.Experimentally,31 the electronic-
ground-state configuration of Co+ is 3F(3d8), and the first excited
state5F(4s1d7) is 9.9 kcal mol-1 higher in energy. It is well
known that excitation energies of transition metal atoms and
ions are generally difficult to compute accurately using DFT
approaches.17,32 In the present calculations, all the four func-
tionals give the correct ordering of atomic states of Co+,
although the excitation energy from3F to 5F is overestimated
by 7.4 kcal mol-1 by B3LYP, 8.6 kcal mol-1 by B3P86, 12.6
kcal mol-1 by BLYP, and 12.7 kcal mol-1 by BP86. Obviously,
the energy level (17.3 kcal mol-1) calculated from B3LYP is
nearest to the experimental value. It is also in fairly good
agreement with Holthausen’s result,33 15.1 kcal mol-1. This
result supports our choice of the B3LYP functional.

The optimized structures of the various possible products on
the PES of [Co, O, C, S]+ are depicted in Figure 1. The
superscripts denote the spin multiplicities. CS and CO are C-O
and C-S bond rupture products, and their ground electronic
states are1Σ+. CoS+ and CoO+ are predicted to have quintet
ground states (5∆, 1σ22σ21π41δ33σ12π2 ), and the corresponding
triplet states are higher in energy by 11.8 and 24.2 kcal mol-1,
respectively. Thus ground-state products CoS+ and CoO+ from

TABLE 1: Theoretical and Experimental Properties for the
Ground State OCS Moleculea

RC-S RC-O ω1 ω2 ω3 D0(OC-S)b D0(C-OS)c

calcdb3lyp 1.568 1.157 2115 876 512 (2) 71.5 159.8
calcdblyp 1.580 1.172 2028 842 487 (2) 75.6 164.4
calcdb3p86 1.562 1.156 2145 893 515 (2) 78.2 166.7
calcdbp86 1.575 1.171 2057 858 489 (2) 82.6 171.0
expt 1.561d 1.156d 2072d 866d 520 (2)d 71.5e 158.2e

a The symbolsR, ω, andD0 denote the bond length (Å), vibrational
frequencies (cm-1), and bond dissociation energies (kcal mol-1),
respectively.b Calculated with respect to reaction OCS(1Σ+) f C-S(1Σ+)
+ O(3P). c Calculated with respect to reaction OCS(1Σ+) f C-O(1Σ+)
+ S(3P). d Ref 23.e Ref 24.

TABLE 2: Theoretical and Experimental Bond Dissociation
Energies at 0 Ka (in eV) for Co+-O, Co+-S, Co+-CS and
Co+-CO Species

species Co+-O Co+-S Co+-CS Co+-CO

calcdb3lyp 2.75 2.63 2.82 1.69
calcdblyp 3.78 3.38 3.28 2.05
calcdb3p86 2.86 2.76 2.96 1.81
calcdbp86 3.92 3.55 3.45 2.22
expt 3.25( 0.05b 2.95( 0.09c 2.68( 0.34c 1.80( 0.07d

a With respect to Co+ (3F). b Ref 25.c Ref 10.d Ref 26.

TABLE 3: Calculated Total Energies (Et, in Hartree) and Zero-Point Vibrational Energy Energies (ZPE, in kcal mol-1) for the
Species Involved in the Reaction of Co+ + OCS with Different Functionals

B3LYP BLYP B3P86 BP86

Et ZPE Et ZPE Et ZPE Et ZPE

CoO+ (5∆) -1457.6122690 1.09 -1457.6785530 1.14 -1458.30453607 1.13 -1457.8094974 1.18
CoS+ (5∆) -1780.6504287 0.60 -1780.7013383 0.64 -1781.5058915 0.63 -1780.8659825 0.67
CoCS+ (3∆) -1818.7749650 3.33 -1818.8128853 3.27 -1819.7349705 3.41 -1818.9875448 3.33
CoCO+ (3∆) -1495.8331342 4.46 -1495.8727376 4.56 -1496.6301860 4.74 -1496.0139842 4.62
OCS -511.6001251 5.74 -511.5787887 5.50 -512.1415360 5.82 -511.6327977 5.57
CO (1Σ+) -113.3490503 3.16 -113.3366337 3.02 -113.5851498 3.18 -113.3463466 3.03
CS (1Σ+) -436.2493864 1.87 -436.2315851 1.77 -436.6479970 1.89 -436.2744997 1.79
Co+ (3F) -1382.4197377 -1382.4584509 -1382.9758926 -1382.5837060
O(3P) -75.0898795 -75.0792691 -75.2215988 -75.0798011
S (3P) -398.1330706 -398.1177605 -398.4275459 -398.1508105
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reactions Co+ + OCSf CoS+ + CO and Co+ + OCSf CoO+

+ CS are spin-forbidden on the triplet surface and spin-allowed
on the quintet surface.

For products Co+CS and Co+CO, the predicted ground states
are triplets (3∆), in which the highest occupied molecular orbital
(HOMO) CO or CS donates electron density into the empty 4s
orbital of Co+ (3F, 3d8). As shown in Figure 1, the Co-C
distance in Co+CS is smaller than that in Co+CO, indicating
the Co-C bond in the former ion is stronger than that in the
latter. This is in agreement with the bond dissociation energies
calculated above (Table 2).

Initial Complexes. As Co+ and OCS approach each other,
there are two different coordination modes, which results in two
possible ion-induced dipole complexes: the sulfur- and oxygen-
bound structures. The computed structures for such complexes
are denoted as5Co+-SCO+ and 5Co+-OCS on the quintet
surface, and3Co+-SCO and3Co+-OCS on the triplet surface,
respectively. Their geometries are shown in Figure 2. All four
complexes as well as the intermediates and transition states
described hereafter were found to haveCs symmetry, their
ground states are all inA′′ state.

For the sulfur-bound structures, the calculations predict that
3Co+-SCO is 27.3 kcal mol-1 more stable than the separate
ground-state reactants, while5Co+-SCO is 31.0 less stable than
3Co+-SCO. In3Co+-SCO, the OCS moiety is bound to cobalt
at a distancerCo-S) 2.299 Å with a Co-S-C angle of 99.3°,
while in 5Co+-SCO these corresponding values are 2.703 Å
and 101.5°, respectively. Therefore, it appears that the orbital
interaction between two reactants in3Co+-SCO is stronger than
in 5Co+-SCO, given the shorter Co-SCO distance in the
former. This is expected because the3F ground state of Co+,
with its empty 4s orbital, can accept the electron pair of OCS,
resulting in a stronger attractive interaction (π-s interaction).
This donation to the excited state5F of Co+ is not possible,
because the 4s orbital is partly filled. An NBO population
analysis shows the orbital population on Co to be 4s(0.13)3d-
(7.98) for 3Co+-SCO, and 4s(1.07)3d(7.06) for5Co+-SCO.
On the other hand, the 3d electrons of Co+ can back-donate
into theπ* orbital of the C-S bond (d-π* interaction) if the
distance between two reactants is close enough. One expects
thed-π* orbital interaction in3Co+-SCO to be more important
than that in5Co+-SCO, because the Co-SCO distance in the
former is smaller by 0.404 Å than that in the latter. This
expectation is confirmed by the calculated 3d orbital population

(7.98 electrons) in3Co+-SCO, slightly smaller than that (8.00
electrons) for the free3F state of Co+. On the other hand, the
overalld orbital population (7.06) in5Co+-SCO is even larger
than that (7.00) for the free5F state of Co+. These results
indicate that both theπ-s and d-π* interactions in3Co+-
SCO are stronger than those in5Co+-SCO.

The ground state of the oxygen-bound encounter complex is
also the triplet. This ground-bound-state complex has a linear
structure with a Co-O distance of 1.974 Å, very different from
that of the bent sulfur-bound encounter complex mentioned
above. This fact suggests that the orbital interaction between
Co+ and OCS is not same in the two initial complexes. Figs.
3a and 3b show their orbital interactions schematically. In the
linear structure, theσ electrons of the C-O bond of OCS are
transferred to the empty 4sorbital of Co+. In the bend structure,
theπ electrons of the C-S bond are transferred to the 4sorbital.
In both structures, the 3d electrons of Co+ back-donate toπ*
orbital of the C-O and C-S bond, respectively. From the orbital
analysis shown in Figure 3, it is clear that Co in the bent
structure is in a better position to insert into the C-S bond. On
the other hand, the linear structure favors the direct oxygen atom
abstraction. Our calculations indicate that the relative energy
of this linear complex,3Co+-OCS, is 27.4 kcal mol-1 lower
than the separate ground-state reactants, which almost equals
to that of the sulfur-bound encounter complex,3Co+-SCO. The
corresponding quintet complex,5Co+-OCS is 23.0 kcal mol-1

less stable than3Co+-OCS. The Co-O distance and Co-O-C
angle in the quintet complex are 2.099 Å and 159.7°, respec-
tively.

Figure 1. Optimized geometrical parameters for the products from
the reaction of Co+ with OCS on both triplet and quintet surfaces at
the B3LYP/6-311+G (d) level of theory (Distances in angstrom and
angles in degrees).

Figure 2. Optimized geometrical parameters for the intermediates on
the PESs of [Co, C, O, S]+ of both quartet and sextet states at the
B3LYP/6-311+G (d) level of theory (Distances in angstrom and angles
in degrees).

Figure 3. Sketch of the orbital interactions between Co+ and OCS in
the initial oxygen- and sulfur-bound complexes.
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From these encounter complexes, the C-S and C-O bonds
in OCS may be activated to form various products. In the
following sections, we discuss the interactions of Co+ with the
C-S and C-O bonds.

C-S Bond Activation. Starting from the sulfur-bound
encounter complex Co+-SCO, two C-S bond activation
mechanisms can be expected. In one mechanism, the Co+ inserts
into the C-S bond to form the OC-Co+-S intermediate, which
then dissociate to form CoS+. The other mechanism is one in
which the Co+ directly abstracts the sulfur atom from OCS.
The geometries of the inserted intermediates (3SCo+-CO,5S-
Co+-CO) are shown in Figure 2. Clearly, both the triplet and
quintet intermediates have linear structures with very similar
geometry parameters. We find that the ground state of the
inserted intermediate is a quintet with an energy of 18.9 kcal
mol-1 below the ground-state reactants. The corresponding
triplet intermediate is calculated to be less stable by 9.9 kcal
mol-1. The transformation of the encounter complex Co+-SCO
to the inserted structure S-Co+-CO proceeds through the
transition state calledTSC-S (see Figure 4), which has been
confirmed by the IRC calculations. The relative energies of
triplet and quintet TSs (3TSC-S and5TSC-S) are 4.4 and 24.2
kcal mol-1 above the ground-state reactants, respectively.
Structurally, the two TSs have some similarity, being three-
membered-ring transition states withCs symmetry. The imagi-
nary frequencies are 425i cm-1 for 3TSC-S, and 299i for5TSC-S,
respectively, and the normal modes correspond to the C-S bond
rupture and the formations of the Co-C and Co-S bonds. In
3TSC-S the breaking C-S bond is notably longer than that in
the5TSC-S (2.369 Å for the former, and 1.753 Å for the latter),
suggesting that the triplet TS could be a late saddle point, while
the quintet TS is an early one. The exit channels along the C-S
bond activation branch are the direct dissociations of the
insertion intermediate. There are two possible pathways: Co-S
and Co-C bond ruptures, resulting in the products CoCO+ +
S and CoS+ + CO, respectively. Our calculations indicate that
these dissociation channels are barrierless. As it can be easily
seen in Figure 5a, the energies of products CoS+(5∆) + CO-
(1Σ+), CoS+(3Π) + CO(1Σ+), and Co+CO(3∆) + S(3P) are 10.8,
22.6, and 33.4 kcal mol-1 higher than the ground-state reactants,
respectively, indicating that the Co-C bond rupture of the
intermediate S-Co+-CO to form CoS+ + CO is generally the
most favorable exit channel. This result is in good agreement

with the early experiment,10 where the cross section for the
formation of CoS+ is larger than that for CoCO+ at low energy.

From the discussion above, it is clear it the C-S bond
activation involves an insertion- elimination mechanism. In
addition, it might be possible that direct S atom abstraction from
OCS also contributes to the observed CoS+. All our attempts
to locate a transition state of the type [Co- - -S- - -C-O]+ either
converged to the encounter complex Co+-SCO or collapsed
into the product CoS+ + CO on both triplet and quintet PESs
during the optimization, indicating that there is no tight transition
state structure for the direct abstraction reaction.

The energy profile along the C-S bond activation branch
from the reaction of Co+ with OCS is summarized in Figure
5a. It is clearly shown that the initial triplet complex3Co+-
SCO is the global minimum along the C-S bond activation
branch on the PES of [Co, C, O, S]+. Because the ground state
of the inserted species is quintet, one must consider the
possibility that spin-orbit interaction causes hopping from the
triplet surface to the quintet surface. It is well known that
transition metal mediated reactions very often occur on more
than only one PES.34 For the present system, the spin-orbit
interaction is very likely large enough to allow for an efficient
conversion to energetically most favorable surface along the
reaction coordinate.

C-O Bond Activation. The intermediates and transition
states involved along the C-O bond activation branch are again
shown in Figures 2 and 4, respectively, while the energy profile

Figure 4. Optimized geometrical parameters for the saddle points on
the PESs of [Co, C, O, S]+ of both triplet and quintet surfaces at the
B3LYP/6-311+G (d) level of theory (distances in angstrom and angles
in degrees).

Figure 5. Potential energy surface profiles for the reaction of Co+

with OCS for (a) along the C-S bond activation branch and for (b)
along the C-O bond activation branch. The dotted lines denote the
triplet surface and the dashed lines are the corresponding quintet surface.

Reaction of Co+ with OCS J. Phys. Chem. A, Vol. 107, No. 41, 20038621



is shown in Figure 5b. Similar to the C-S bond activation, the
mechanism for C-O activation is found to be also an insertion-
elimination process. The present calculations show no evidence
for the direct O atom abstraction by Co+ from OCS. The
structures of the C-O bond inserted intermediates are similar
to the corresponding C-S inserted intermediates. The ground
state of this intermediate is quintet, and its energy was calculate
to be 35.0 kcal mol-1 above the ground-state reactants. The
corresponding triplet is higher in energy by 14.2 kcal mol-1.
These C-O bond inserted intermediates5O-Co+-CS and3O-
Co+-CS are energetically much less favorable than the corre-
sponding C-S bond inserted products5S-Co+-CO and3S-
Co+-CO (cf. Figure 5). The initial complex Co+-OCS and
the inserted intermediate O-Co+-CS are connected byTSC-O,
a first-order saddle point of the C-O bond activation. The
energies of the triplet and quintet TSs,3TSC-O and 5TSC-O,
are located at 58.0 and 66.4 kcal mol-1 above the ground-state
reactants, respectively, and the corresponding imaginary fre-
quencies are 589i and 415i. When comparing Figure 5a with
Figure 5b, we noted that the energy barriers for the C-O bond
activation on both triplet and quintet PESs are much higher than
the corresponding PESs of the C-S bond activation, suggesting
the C-O bond activation is much less favorable than the C-S
bond activation. Similarly to S-Co+-CO, there are two possible
dissociation channels from intermediate O-Co+-CS: the Co-C
bond rupture to form CoO+ and CS, and the Co-O bond rupture
to form CoCS+ and an O atom. Our calculations show that the
three product channels Co+CS(3∆) + O(3P), CoO+(5∆) + CS-
(1Σ+), and CoO+(3Π) + CS(1Σ+) are endothermic by 94.9, 96.5,
and 120.7 kcal mol-1, respectively. The PES profile of the C-O
bond activation branch is similar to that of the C-S bond
activation branch: the initial triplet adduct is the global
minimum along this branch, and the ground state of the C-O
bond inserted intermediate is quintet. Thus, spin-orbit interac-
tion may also be important in determining the outcome of
reactions which proceed via C-O bond activation.

Conclusion

The reactivity of Co+ toward OCS on both triplet and quintet
surfaces has been studied at the B3LYP/6-311+G(d) level of
theory. The calculations provide a detailed picture of the C-S
and C-O bond activations in OCS mediated by a bare Co+

ion. Both the C-S and C-O bond activations proceed via the
insertion-elimination mechanism. The direct sulfur and oxygen
atom abstractions by Co+ might contribute to the formation of
CoS+ and CoO+. However, tight transition state structures for
the activation pathways were not found in the present calcula-
tions. The theoretical results show that the C-S bond activation,
which results in products CoS+ and CoCO+, is energetically
less demanding than the C-O activation, which results in
products CoO+ and CoCS+. The present calculations support
the findings of the early experiment.10 The ground states of
CoS+ and CoO+ are quintet states, while the ground states
CoCO+ and CoCS+ are triplet. Intersystem crossing between
the triplet and quintet surfaces of [Co, C, O, S]+ is likely to
occur during the course of Co+ insertion into the C-S or C-O
bond.
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