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The reaction of Nb+ with CS2 , producing cationic transition-metal sulfide and CS, was
taken as a representative example to elucidate the overall mechanism of reactions of secondrow early transition metal ions with CS2 . The reactions in both triplet and quintet state
were studied by using the UB3LYP density functional method with the Stuttgart pseudo
potentials and corresponding basis sets for Nb+ and the standard 6-311+G(2d) basis sets
for C and S. The geometries for reactants, the transition states, and the products were
completely optimized. All the transition states were verified by vibrational analysis and
intrinsic reaction coordinate calculations. The results show that the reaction mechanism
between niobium ion and CS2 is an insertion-elimination mechanism. Intersystem crossing
may occur in the reaction Nb+ with CS2 and a minimum energy crossing point was found.
Key words: Second-row early transition metal ion, Reaction mechanism, Intersystem crossing, Minimum energy crossing point

other branches of chemistry because many reactions of
transition metal ions involve low-lying excited electronic
states [11-13,15-19]. In these cases, the corresponding stationary points governing chemical reactivity lie
on different potential energy surfaces (PESs), and this
fact opens the possibility of a nonadiabatic behavior, in
which the more favorable pathway does not remain on
a single PES. Some chemists call such a phenomenon
“two-state reactivity” (TSR) [15]. In these reactions,
the reaction rate can be limited by the transition structure (TS) on the PES for either electronic state and
by the rate of crossing between surfaces. Therefore, it
is necessary to locate and characterize the stationary
points on each PES and the key regions of the PESs
where the relevant spin states lie close in energy and
geometry, corresponding to the crossing point (CP). In
order to better understand the mechanism of the Nb+
and CS2 reaction, we obtain a minimum energy crossing
point (MECP), and discuss potential surface crossing
and possible spin-inversion processes in this intriguing
chemical reaction in this work.

I. INTRODUCTION

Transition metal sulfides play a significant role in
industrial, biological, and geological systems [1-4]. In
many biological systems, it has been found that sulfur
coordination is necessary for the functioning of numerous biological transition metal centers [5]. The sulfides
are less reactive than their corresponding oxides. However, sulfides get more attention because of their higher
selectivity and greater resistance against catalysis poisoning than the corresponding oxide catalysts [6]. CS2
is an important sulfur-transfer reagent [7]. The reactions of some transition metal ions of the first series
with CS2 have been studied both by theory and experiment [8-13], and it was found that the reactions of M+
(M+ =Sc+ , Ti+ , V+ , Fe+ , Cu+ , and Zn+ ) with CS2
are spin-forbidden for formation of ground state products from ground state reactants both in the experiments and theory. Can a reaction mechanism similar
to that for the reactions of first row transition metal
ions with CS2 be applicable to second row transition
ions? Although some second-row transition metal ionCS2 reactions have been investigated experimentally
[14], and accurate thermochemical data has been obtained, detailed information of the potential energy surface of [Nb, C, S]+ is still scarce. Further, confirmation of the relevant mechanism needs the assistance of
theory. The application of quantum mechanical calculations to these compounds is more difficult than to

II. CALCULATION METHODS

Computations were carried out with the Gaussian 03
package of programs [20]. The fully optimized geometries and the vibrational frequencies have been determined using the three-parameter hybrid B3LYP density method [21,22]. This choice was motivated by
its successful performance for many open-shell transition metal compounds [23,24]. The basis set used consists of the relativistic effective core potential (ECP) of
Stuttgart on transition metal ions.
The 4d and 5s in transition metal ions are treated
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TABLE I Theoretical and experimental bond dissociation energies at 0 K (in kJ/mol).
Species
OC−S
SC−O
SC−S
C−S
Nb+ −S
Nb+ −CS

Calculation
BP86
345.5
715.5
476.1
725.9
507.9
441.0

BLYP
316.1
687.8
446.4
699.6
610.0
342.3

explicitly by a (8s7p6d) Gaussian basis set contracted
to [6s5p3d]. For C and S, we used the 6-311+G(2d)
basis set. All stationary points were characterized by
vibrational analysis and the zero-point energy (ZPE)
corrections were included. The transition state structures all represent saddle points, characterized by one
negative eigenvalue of the Hessian matrix. To ensure
reliability of the reaction path, the pathways between
the transition structures and their corresponding minima were characterized by internal reaction coordinate
(IRC) calculations [25].
Energy surface crossings play important roles in understanding chemical reactivity when a process involves
a change in the total electronic spin. Determining the
lowest CP at which two energy surfaces corresponding
to different spin states intersect with minimum energy
is fundamental because it is the most likely place for
the transition to occur [26]. To localize and characterize the CP, the concept of MECP on the seam line at
which two electronic surfaces of different spin multiplicities intersect is used. Therefore, all coordinates were
optimized in searches for the CP between the two PESs
in which DFT energies and gradients were calculated
for each spin multiplicity. Starting from the TS closest
to the crossing seams, the reaction pathway was traced
down to the corresponding minimum. Thereafter, each
optimized point along the IRC path was submitted to a
single-point energy calculation with the other electronic
state. The CP that we obtain in this way can be considered as an estimate of the MECP between the two
hypersurfaces. For the sake of comparison, the mathematical algorithm to MECP developed by Harvey et al.
was employed [27-29], and the MECP was optimized
with a separate program linked to the Jaguar QM software. The MECP program extracts gradients from the
Jaguar calculations and uses them to construct an effective gradient pointing toward the MECP. The energy
convergence criteria is 10−4 Hartree (0.25 kJ/mol) [30].
III. RESULTS AND DISCUSSION

In the following sections, we will first establish the
accuracy that can be expected from the chosen B3LYP
functional for the Nb+ +CS2 system. Then, we will
present the theoretical results for various intermediates,
DOI:10.1088/1674-0068/22/03/297-302

Experiment
B3P86
327.4
697.5
465.3
697.5
443.1
262.7

B3LYP
299.2
666.9
440.6
677.4
448.1
250.8

302.2±0.5 [31]
661.9±3.8 [31]
433.0±3.8 [31]
709.2±3.8 [32]
502.2±20.3 [14]
242.4±10.6 [14]

TS, and products involved in the reaction of Nb+ with
CS2 , and discuss the mechanisms of C−S bond activations in light of the recent experimental and theoretical
data available.
A. Evaluation of the computational accuracy

In recent years, DFT [9-12,33-36] has attracted considerable 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.
To find a reliable functional for describing the present
Nb+ +CS2 system, we calculated the bond dissociation
energies (BDEs) of OCS and several species involved
in the reaction of Nb+ with CS2 using several popular functionals: B3LYP, BLYP, B3P86, and BP86. The
relevant results are shown in Table I, where available
experimental values are also listed for comparison.
By comparing these theoretical values with experimental findings, we found that B3LYP and B3P86
functionals gave relatively smaller absolute errors than
BLYP and BP86 functionals. Therefore, the calculated
results from B3LYP and B3P86 can be considered satisfactory, considering 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 other hand, B3LYP DFT method is motivated
by its extensive use in the latest literature as a practical tool in describing open-shell transition metal compounds [9-12,16].
Previous investigations of transition metal compounds also underlined the reliability of B3LYP for describing PESs as well as predicting electronic structures
and thermochemical properties. On the basis of the
facts mentioned above, we are confident in the ability
of the B3LYP functional to describing the features of
the PES of [Nb, C, S]+ .
B. Overall features of reactions

Figure 1 shows the optimized geometries of the
reagents, the encounter complexes, the products, and
c
°2009
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FIG. 1 Optimized geometrical parameters for the reactants, products, intermediates, saddle points and MECP. Distances
in Å and angles in (◦ ).

the transition states along the preferred reaction pathway in the high spin quintet and low-spin triplet states.
Important atomic distances and bond angles are indicated in these illustrations. Transition vectors and
corresponding imaginary frequencies are shown in the
TS structures. We inspected the values of hS 2 i for all
species involved in the reactions of Nb+ with CS2 , and
found the deviation of hS 2 i is less than 5%. The fact
indicates that spin contamination is small in all of the
calculations.
We originally assumed that there are two reasonable
mechanisms for the interaction of Nb+ and CS2 : the
Nb+ insertion into a C−S bond to form a S−Nb+ −C−S
intermediate, or direct abstraction of the S atom from
CS2 . The latter turns out to be unsuccessful, that
is, the reaction mechanism Nb+ +CS2 is an insertionelimination mechanism.
Structures 3 IM1 and 5 IM1 (where the superscripts 3
and 5 denote the spin multiplicity) are the initial complexes formed as Nb+ and CS2 approach each other.
They have different structure and symmetry. 3 IM1 has
C2v symmetry and 5 IM1 has Cs symmetry. It is clear
that in 3 IM1 the Nb+ coordinates to atom C, whereas in
5
IM1 it coordinates to atom C and S in CS2 . The Nb−C
distances in 3 IM1 and 5 IM1 are 2.014 and 2.231 nm,
respectively. 3 IM1 and 5 IM1 are more stable than the
ground state of the reactants Nb+ +CS2 by 225.9 and
159.0 kJ/mol, respectively. Obviously, the ground state
of IM1 is in its triplet (Fig.2).
Along the reaction coordinate, intermediate IM1 can
be converted into an insertion species of Nb+ into the
C−S bond, intermediate IM2. As shown in Fig.1, the
geometries of IM2 on the quintet and triplet surfaces
are similar. We found that the ground state of the inserted intermediate is a triplet. The transformation of
the encounter complex Nb+ −SCS (IM1) into the inDOI:10.1088/1674-0068/22/03/297-302

FIG. 2 Diagram of the reaction path channels for the reaction Nb+ +CS2 at UB3LYP level of calculations.

serted structure SC−Nb+ −S (IM2) proceeds through
the transition state called TS12, which has been confirmed by the IRC calculations. Structurally, they are
three-membered-ring transition states with Cs symmetry. The energy of the 3 TS12 is located at 71.9 kJ/mol
above the 3 IM1, and the corresponding imaginary frequency is 334i cm−1 . The intermediate 5 IM1 and
the inserted complex S−Nb+ −CS(5 IM2) are connected
by 5 TS12. The corresponding imaginary frequency is
272i cm−1 , and the normal modes correspond to the
C−S bond rupture. Once IM2 is formed, two exit channels are open (see Fig.1 and Fig.2). All the products observed in the experiment can be explained by the cleavages of different bonds in this insertion species. The energetically most favorable channel is to form the dissociation products of NbS+ and CS through the cleavage of
Nb−C bond in IM2, which is exothermic by 2.9 kJ/mol
c
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on the triplet surface and endothermic by 205.9 kJ/mol
on the quintet surface. The second product channel
from IM2 is the cleavage of the S−Nb bond resulting
in the Nb+ −C−S species. This channel is calculated to
be endothermic by 198.3 kJ/mol on the quintet surface
and 206.7 kJ/mol on the triplet. This result is in good
agreement with early experiments, where the cross section for the formation of NbS+ is larger than that for
NbCS+ at low energy [14].
Obviously, the reaction of Nb+ with CS2 proceeds
according to the insertion-elimination mechanism. No
evidence of other mechanisms has been obtained.

C. Potential surface crossing seam and MECP

The energy profile along the C−S bond activation
branch from the reaction of Nb+ with CS2 is summarized in Fig.2. Because the ground states of the reactants are quintets and the products are triplets, one
must consider the possibility that spin-orbit interaction
causes hopping from the quintet surface to the triplet
surface. It is well known that transition metal mediated reactions very often occur on more than one PES
[17-20]. Spin inversion is a nonadiabatic process, and
we need to inspect a crossing seam on the quintet and
triplet potential energy surfaces to know the mechanism
of the reaction of Nb+ with CS2 . The potential energy
of the system that consists of four atoms is a function
of internal degree of freedom of dimension 6. The crossing seam between the two potential energy surfaces is
therefore a “line” of dimension 5, and it is difficult to
perform a detailed inspection of the crossing seam as
a practical example. Thus, we performed single-point
computations of the quintet state as a function of the
structural change along the IRC of the triplet state and
vice versa, and we obtained the CP along the IRC of
the quintet state [26].
Figure 3 shows computed potential energy profiles
of the triplet and the quintet states, as a function of
the structural change along the quintet IRC respectively. As shown in Fig.3, crossing point is located at
S=−5.3 amu1/2 ·bohr, where the two spin states have
the same energy and the same structure. Also, the
CP was optimized with a separate program linked to
the Jaguar QM software. The energy of MECP is
−890.432 Hartree. The geometrical parameters are
listed in Fig.1. The quintet and triplet potential energy surfaces can begin to touch at this point. After
passing MECP, the triplet potential energy surface can
provide a low-cost reaction pathway toward the product
complex.

D. Reaction mechanism

Figure 4 showes processes of reaction Nb+ with CS2 .
Figure 4 (a) and (b) are the reaction mechanism for Nb+
DOI:10.1088/1674-0068/22/03/297-302

FIG. 3 Potential energies curve-crossing diagram for state
correlation between triplet (◦) and quintet (4) state.

with CS2 along the C−S bond activation on triplet PES,
on quintet PES respectively. The process is discussed
above in detail so it will be ignored.
Because of spin-orbit interaction, the process of
forming ground product 3 NbS+ +1 CS may be: 5 Nb+
CS2 →5 IM1→MECP→3 IM1→3 TS12→3 IM2→3 NbS+ +
1
CS. We summarize in Fig.5 some features of the
quintet and the triplet potential energy surfaces as a
vertical sectional view along the reaction pathway for
the title reactions. The ground state of the reactant
complex is quintet. The potential energy surface of
the quintet state gets into contact with the triplet
IRC valley at MECP before moving to the transition
state, so it is a typical “two-state reactivity” reaction
[15]. After passing MECP, the triplet potential energy
surface lies completely below the quintet potential
energy surface. The spin inversion occurs in this crossing seam, resulting in forming ground state product
3
NbS+ +1 CS.
E. Reaction of CS2 with Nb+ vs. its reaction with Sc+ ,
Ti+ , and V+

The reaction of V+ , Sc+ , and Ti+ with CS2 have
been reported [10,11], where the C−S bond activation was rationalized according to the insertionelimination mechanism. From the present study, we
found this mechanism also applies to the reaction of
Nb+ with CS2 . From the similarity of the reactions
of Sc+ , Ti+ , V+ , and Nb+ with CS2 , we propose
that the reactions of early transition metal ions with
CS2 could proceed via a similar insertion-elimination
mechanism. For the reactions of V+ and Nb+ with
CS2 , the energetically most favorable reaction channel is 5 V+ +1 CS2 →3 VS+ +1 CS, which is endothermic.
However, the reaction 5 Nb+ +1 CS2 →3 NbS+ +1 CS is
exothermic by 2.9 kJ/mol.
Further, all the reactions of Sc+ , Ti+ , V+ , and Nb+
with CS2 were found to be “two-state reactivity” reacc
°2009
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FIG. 4 Proposed reaction mechanism for Nb+ with CS2 on triplet (a) and quintet (b) PES.

FIG. 5 Vertical sectional views of the quintet (◦) and triplet (5) potential energy surfaces along the reaction pathway.

tions, and the intersystem crossing between two PESs
should also occur in the course of early transition metal
ions inserting into C−S to lead the system to the energetically most favorable reaction pathway.

IV. CONCLUSION

In this work we present a DFT study of the reaction
of Nb+ with CS2 , which is a representative system selected for the reactions of second-row early transition
metal ions with CS2 . The reaction of Nb+ with CS2
proceeds according to the insertion-elimination mechanism but not the abstraction mechanism. We found
that the reaction of Nb+ with CS2 is exothermic by
2.9 kJ/mol. The present calculations support the findings of early experiments. ISC between the two surfaces
of [Nb, C, S]+ does occur, and the MECP was found.
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