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The mechanism of the Cu+ CS2 reaction has been investigated using density functional and coupled cluster
calculations. The lowest energy route on the potential energy surface corresponds to the insertion product
SCuCS via the formation of intermediate coordination complexes:η1

S and η2
CS, which all lie below the

energy of the reactants. Another path corresponding to the formation of a cyclicC2V compoundη2
SS leads to

the same insertion product, but it involves a higher energy barrier (34.7 kcal/mol vs 26.9 kcal/mol with
respect to the reactants at the CCSD(T) level). The dissociation of the insertion product SCuCS into the CuS
and CS fragments is found to be endothermic by 43 kcal/mol (CCSD(T) level). Our results are related to
experimental data obtained in low-temperature rare gas matrixes and in the gas phase.

1. Introduction

The chemistry of transition metal atoms with heterocumulene
molecules, such as CO2, CS2, and OCS, which are potential
sources of C1 chemistry (the chemistry of catalyzed formation
of compounds containing one carbon atom, such as methane or
methanol), plays an important role in different areas of chemistry
and biology.1 Besides CO2 chemistry, considerable attention has
been focused on sulfur-containing transition metal complexes
as model compounds of active sites of enzymes and catalytic
metal surfaces2 in order to resolve problems, such as catalyst
poisoning, hydrodesulfurization, or synthesis of novel electronic
materials.3 The first reaction of a copper complex with CS2 was
reported in 1931,4 but the beginning of the CS2 chemistry
actually dates back to 1966, when Baird and Wilkinson5

synthesizedtrans-RhCl(CS)(PPh3)2 and Pt(PPh3)2(CS2) from
phosphine complexes and CS2. Since then, CS2 has been proved
to be a very reactive molecule toward transition metals and to
undergo a great variety of reactions, such as coordination,
insertion, dimerization, or disproportionation.1,6-8 However,
fundamental studies of the basic properties of transition metal
sulfides and of binary complexes of CS2 have been developed
slowly.

The first matrix isolation spectroscopic study on Ni(CS2)n

complexes, withn ) 1-3, appeared in 1977.9 Later, Andrews
et al. studied reactions of laser-ablated atoms reactions with CS2

by matrix isolation infrared spectroscopy and DFT calculations
and results have been reported on boron,10 on cobalt, nickel,
and copper,11 and on vanadium.12 In the case of copper, the
carbon-bondedη1

C and the cyclicη2
SScomplexes were formed

on annealing the argon matrix, whereas the inserted SCuCS
molecule was formed on photolysis, but (Cu-SCS)+ cations
were also produced. Very recently, guided ion beam mass
spectrometry studies appeared in the literature on the reactions
of first-row transition metal with the sulfur-transfer reagents

CS2 and OCS (refs 13 and 14 and references therein). The cross
sections for CuS+ and CuCS+ formation were consistent with
initial activation of the neutral reactants by insertion of the metal
ion into the CS bond to form the S-Cu+-CS intermediate.
Some theoretical work was also completed on related metal
sulfides.15

Work in our research group is focused on the reactivity of
transition metal atoms with CO2, CS2, and OCS, both experi-
mentally, by matrix isolation infrared spectroscopy, and theo-
retically, through DFT and ab initio methods.16-19 In light of
our previous theoretical comparative study on vanadium inser-
tion into CO2, CS2, and OCS,18 our main goal is to complete
the study of the reactions of the 3d transition metal series with
heterocumulenes and elucidate their insertion processes into the
CX bonds (X) O and S). This study was performed to explore
the reactivity of copper atoms with CS2 and to characterize the
products and intermediates. We present the different possible
routes from the Cu+ CS2 entrance channel, the relative
stabilities of the adducts and insertion products and the reaction
barriers between the intermediates. Our results are compared
to experimental data from matrix isolation and gas-phase
experiments.

2. Computational Details

The ground state of the Cu atom has a 4s13d10 electronic
configuration. Because the unpaired electron is on s type orbital,
when interacting with CS2 (1Σ+

g) a closed-shell molecule, this
leads to an2A′ electronic state ofCs symmetry. In our work,
we have explored the potential energy of the2A′ state in detail.
The species on the2A" surface, which does not correlate to
ground-state reactants, have also been considered but were
always found much higher in energy (more than 30 kcal/mol)
than the corresponding species on the2A′ surface, and they will
not be discussed in the present paper.

The stationary points on the potential energy surface (PES)
were located using the B3LYP method of density functional
theory.20-22 For carbon and sulfur we used the 6-311+G(2d)
basis set,23 whereas for Cu, we used the (14,9,5)/[8,5,3] all-
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electron basis set of Scha¨fer, Horn, and Ahlrichs (SHA).24 This
later basis set was supplemented with two polarization p
functions25 and a diffuse d function.26 The harmonic vibration
frequencies have been calculated at the same level in order to
characterize the stationary points as minima or transition states
(TS), to estimate the zero-point energy correction (ZPE) and to
generate the force constants needed for intrinsic reaction
coordinate (IRC) analysis. The IRC procedure27 was used to
follow the minimum energy path from a transition state to the
corresponding local minimum with a step size of 0.1 amu1/2

bohr.
For each stationary point, we carried out single-point CCSD-

(T) energy calculations28,29 using the standard 6-311+G(3df)
basis set.30 The CCSD(T) energies were corrected for ZPE
contributions as obtained from B3LYP calculations. The cor-
relation treatment in the coupled cluster calculations involved
all valence electrons. Stability tests were always carried out in
order to ensure that the lowest energy solution in the SCF
procedure has been found. The metal-ligand binding energies
were calculated relative to that of the ground-state reactants.
The atomic populations (atomic charges, electron configuration,
etc) were derived from natural bond orbital (NBO) analysis31

carried out for the relevant structures at the B3LYP level. All
calculations have been performed using the Gaussian98 pro-
gram.32

3. Results and Discussion

The optimized stationary points are shown in Figure 1.
Figures 2 and 3 report the schematic reaction mechanism
computed at the B3LYP and CCSD(T) levels. The total energies,

zero-point energy corrections (ZPE), relative energies of the
reactants, products, intermediate species, and transition structures
are collected in Table 1, and the corresponding harmonic
vibrational frequencies and infrared intensities are listed in
Table 2.

Figure 1. Optimized geometries of the various stationary points located
on the Cu+ CS2

2A′ potential energy surface (distances in angstroms,
angles in degrees).

Figure 2. Schematic reaction path of copper atoms with CS2 at B3LYP
level of calculations.

Figure 3. Schematic reaction path of copper atoms with CS2 at
CCSD(T) level of calculations.

TABLE 1: Total Energies (au), ZPE, and Relative Energies
(kcal/mol) of the Different Stationary Points Calculated in
the Reaction Cu+ CS2 f CuS + CS

B3LYP/6-311+G(2d)+SHA CCSD(T)/6-311+G(3df)

element or
molecule

total
energy ZPE

relative
energy

total
energy

relative
energy

Cu -1640.48929 -1639.30360
CS2 (D∞h) -834.55764 4.28 -833.49857
Cu + CS2 -2475.04693 4.28 0 -2472.80217 0
η1

S (Cs) -2475.05826 4.39 -7.0 -2472.80709 -3.0
η2

SS(C2V) -2475.05169 3.96 -3.3 -2472.81039 -5.5
η2

CS(Cs) -2475.05255 4.17 -3.6 -2472.80357 -1.0
SCuCS (C∞V) -2475.04859 4.10 -1.2 -2472.80401 -1.3
CS -436.25274 1.85 -435.68793
CuS -2038.72230 0.57 -2037.04488
CuS+ CS -2474.97506 2.42 43.3 -2472.73281 41.7
η1

C (C2V) -2475.05215 4.08 -3.5 -2472.80172 0.1
ts1 -2475.04525 3.81 0.6 -2472.80220 -0.5
ts2 -2475.04913 3.93 -1.7 -2472.80415 -1.6
ts3 -2475.00313 3.35 26.6 -2472.75788 26.9
ts4 -2474.98712 2.92 36.2 -2472.74467 34.7

2712 J. Phys. Chem. A, Vol. 107, No. 15, 2003 Dobrogorskaya et al.



a. Assessment of the Computational Methods.The experi-
mental bond strength in the copper sulfide molecule, which has
a 2Π ground state, is 64.6 kcal/mol.33 On the basis of the
experimental heats of formation of the copper (80.7 kcal/mol)
and sulfur atoms (66.2 kcal/mol),34 ∆Hf for CuS is 82.3 kcal/
mol. With this value and experimental∆Hf for Cu, CS2 (28.0
kcal/mol), and CS (67.0 kcal/mol),34 the Cu+ CS2 f CuS+
CS reaction is found to be endothermic by 40.6 kcal/mol. The
calculated value depends on how the thermochemistry for the
Cu + S f CuS and CS2 f CS + S reactions is reproduced.
For the first reaction, the B3LYP and CCSD(T) values are-62.0
and -59.6 kcal/mol, respectively, which are close to the
theoretical values obtained by Bauschlicher and Maıˆtre (in the
range of 57.4-61.6 kcal/mol)15 but underestimate the experi-
mental value by 2.6 and 5 kcal/mol, respectively. The calculated
reaction energies for CS2 f CS + S are 105.3 (B3LYP) and
101.3 (CCSD(T)) kcal/mol and compare well with the experi-
mental value of 105.2 kcal/mol. The combination of the
thermochemistry of the two above reactions gives the reaction
energy for Cu+ CS2 f CS+ CuS. The B3LYP method gives
43.3 kcal/mol while CCSD(T) is in a slightly better agreement
with a value of 41.7 kcal/mol, but this is due to a better
cancellation of errors. The predicted energies can be considered
satisfactory taking into account that the experimental CuS bond
strength is not very accurately known.

The calculated CS bond lengths in the diatomic molecule and
in CS2 are quite close to the experimental values. The bond
lengths obtained at the B3LYP level are 1.535 and 1.558 Å,
respectively, which are in line with the corresponding experi-
mental values (1.535 and 1.556 Å).32,35The nice agreement also
holds for the calculated vibrational frequencies. The calculated
(experimental) values are 1297 (1295 cm-1) for CS and 1531,
667, and 398 (1535, 658, and 397 cm-1) for CS2.33,36 The
situation is a bit less favorable for the CuS molecule. The
calculated bond length and harmonic vibrational frequency are
2.103 Å and 397 cm-1, which should be compared to the
experimental values of 2.051 Å and 415 cm-1.33

Although the harmonic vibrational frequencies and structural
parameters of the above species are well reproduced at the
B3LYP level, we expect the CCSD(T) method to provide more
reliable relative energies for the titled reaction (see also ref 19).

b. Minima. Among the different possible coordination
modes,1,37 three minima, namely, theη1

S (Cs, 2A′), η2
CS (Cs,

2A′), andη2
SS (C2V, 2A1), have been located on the Cu+ CS2

potential energy surface (see Figure 1). Theη1
C (C2V, 2A1)

structure is a first-order saddle point corresponding to the CS
bond exchange in theη2

CS complex. The CS insertion product
SCuCS (C∞V, 2Π) has also been located on the PES.

The most stable species at the B3LYP level is theη1
S

complex, bound by 7.0 kcal/mol with respect to the reactants
(see Table 1). The next most stable species is theη2

CS complex,
which is, however, very close in energy to theη2

SS compound.
Theses species lie 3.7 and 3.4 kcal/mol higher in energy than
theη1

S complex. The SCuCS insertion product is 5.8 kcal/mol
less stable than theη1

S complex. The picture is somewhat
changed at the CCSD(T) level which gives theη2

SS complex
as the lowest energy isomer, bound by 5.5 kcal/mol with respect
to the ground-state reactants. The next most stable species is
theη1

S complex lying 2.5 kcal/mol higher in energy. The SCuCS
insertion product and theη2

CS complex are 4.2 and 4.5 kcal/
mol higher in energy than the absolute minimum. Theη2

CS

complex is a very “fluxional” molecule since the barrier for
the CS bond exchange through theη1

C complex is only 0.1 (1.1)
kcal/mol at the B3LYP (CCSD(T)) level. This is in line with
the very low computed vibrational frequency (73 cm-1, corre-
sponding to the SCCu bending motion, see Table 2).

c. Reaction Mechanism.At the initial step of the reaction,
the copper atom binds to the sulfur atom of carbon disulfide
molecule without any entrance barrier (see Figures 2 and 3).
Theη1

S complex is more stable by 7 kcal/mol (B3LYP) and 3
kcal/mol (CCSD(T)) than the ground state of the reactants, and
has a planar geometry. The CuS bond length in this complex is
2.316 Å, about 0.3 Å larger than in CuS diatomic, which is
essentially a single bond.15 The NBO analysis shows that, in
comparison with separate reactants, the atomic charge on Cu
atom increases up to+0.16e, whereas the atomic charge on S
atom, to which Cu is attached, decreases to-0.06e (it is -0.20e
in free CS2). The electronic configuration of Cu atom in the
η1

S complex is 4s(0.89)3d(9.93), which means that the electronic
configuration of this complex correlates directly to that of
ground-state reactants. From theη1

S complex, there are two
possible ways for the insertion of Cu atoms into the CS bond
of CS2. The first one goes through the formation of theη2

CS

complex, whereas the second one proceeds through aη2
SS

coordination compound.
In the case ofη2

CS complex formation, the system has to
overpass a barrier of 7.6 kcal/mol at the B3LYP level, which is
reduced to 2.5 kcal/mol with the coupled cluster method. The
reaction goes through the transition state called ts1 (see Figures
1-3). In theη2

CS compound, the CuS and CuC bond distances
are 2.51 and 1.98 Å, respectively. The NBO charge on the Cu
atom increases to about+0.5e. The charge transfer mainly
comes from the 4s orbital, as the Cu electronic configuration is
4s(0.65)3d(9.83). The barrier height on the second route is
smaller: it is equal to 5.3 kcal/mol at the B3LYP level and
only 1.4 kcal/mol at the CCSD(T) level. The transition state
(ts2) for this path lies 1.7 (1.6) kcal/mol below the reactants at
the B3LYP (CCSD(T)) level. The NBO charge on the Cu atom
in the η2

SS species is also about+0.5e, and the Cu electronic
configuration is 4s(0.52)3d(9.83).

Further transformation of theη2
CS complex to SCuCS goes

through the transition state called ts3 with an energy barrier of
30.2 (B3LYP) and 27.6 kcal/mol (CCSD(T)). A similar picture
is found for theη2

SS complex, but with a much larger energy
barrier. The transition state ts4 lies above theη2

SS complex by
39.5 and 40.2 kcal/mol at B3LYP and CCSD(T) levels,
respectively. In the insertion product, the Cu charge is almost
+0.7e. This species can be considered as a strongly bounded
complex between CuS, a fairly polar molecule, and CS which
is sensibly polarized. The dissociation of the insertion product
SCuCS into CuS+ CS is barrierless. As it can be easily seen
in Figures 2 and 3, the products CuS+ CS are 44.5 and 43.0

TABLE 2: Calculated Vibrational Frequencies (cm-1) and
IR Intensities (km/mol) of the Different Species Identified on
the Potential Energy Surface of the Cu+ CS2 f CuS + CS
Reaction

species frequency (IR intensity)

η1
S (Cs) 65(0), 208(1), 333(94), 375(0), 624(53), 1467(539)

η2
SS(C2V) 149(0), 186(0), 260(0), 367(77), 636(118), 1172(318)

η2
CS(Cs) 73(4), 205(8), 344(11), 427(105), 607(275), 1264(395)

SCuCS (C∞V) 58(1), 61(1), 290(6), 313(15), 322(2), 437(3), 1389(613)
CuS 397(4)
CS 1297(87)
CS2 (D∞h) 398(3), 398(3), 667(0), 1531(689)
η1

C (C2V) 50i(2), 187(13), 354(10), 434(118), 612(268), 1267(370)
ts1 383i(242), 86(2), 113(14), 370(2), 629(18), 1470(432)
ts2 93i(2), 223(6), 294(0), 319(212), 624(148), 1288(326)
ts3 365i(66), 141(5), 185(6), 311(1), 395(15), 1307(432)
ts4 198i(20), 67(2), 190(1), 375(18), 390(11), 1022(281)
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higher than SCuCS at the B3LYP and CCSD(T) levels,
respectively.

In our previous study on the Sc+ CO2 reaction, the transition
states connecting theη2

OO and theη2
CO complexes as well as

the one connecting theη2
OO complex and the products (ScO+

CO) were located.19 All our attempts to locate the transition
state connectingη2

SS to η2
CS converged either to ts1 or to ts2.

The direct dissociation of theη2
SSto CS+ CuS transition state

could not be located either. This is also the case of the direct S
atom abstraction reaction. We checked the possibility of the
formation of aη2

CS complex through a direct side on attack of
the Cu atom. Constrained geometry optimization with fixed
Cu-X distances (X is a midpoint of one CS bond) went to the
η1

S complex leading to the conclusion that an entrance channel
to theη2

CS complex does not exist.
d. Alternative Exit Channels. Experimental studies on the

gas-phase reactions of Cu+ with CS2 reveal the importance of
the (CuS)+ + CS and S+ [Cu,C,S]+14 (the square brackets
means that the connectivity of the Cu, C, and S atoms was not
defined but that the signal was assigned to the copper thiocar-
bonyl cation on the basis of energetic bases). Although we are
concerned with neutral species in this work, we also investigate
other channels beside the CuS+ CS exit channel. In principle,
the insertion product SCuCS could lead to S+ CuCS or to
SCuC + S by the cleavage of the terminal bonds. Our
calculations indicate that the Cu+ CS2 f S(3P) + CuCS (2A′)
is endothermic by 78.1 and 81.4 kcal/mol at the B3LYP and
CCSD(T) levels, and the Cu+ CS2 f S(3P) + SCuC (2Σ)
reaction is even more endothermic (160.4 and 163.1 kcal/mol
at the B3LYP and CCSD(T) levels, respectively).38 In addition,
The Cu + CS2 f S2 (3Σ-

g) + CuC (4Σ-) is found to be
endothermic by 122.9 (B3LYP) and 124.0 kcal/mol (CCSD-
(T), whereas the energy of the Cu+ CS2 f C (3P) + CuS2

(2A2) reaction is about 10 kcal/mol higher (136.0 kcal/mol at
the B3LYP and 133.2 kcal/mol at the CCSD(T) level). From
these results one can clearly conclude that the CuS+ CS is the
least endothermic exit channel for the title reaction in the gas
phase.

e. Comparison with Experiment. In addition to their
experimental study, Zhou and Andrews performed DFT calcula-
tions on different possible products in the Cu+ CS2 reaction.11

The calculations used B3LYP and BP86 functionals together
with the 6-311+G* basis set for C and S and the Wachters and
Hay for copper atom. In the case of neutral species, four
stationary points have been located. Theη1

S (2A′), theη2
SS(2A1),

and theη1
C (2A1) complexes and the insertion product SCuCS

(2Π). In agreement with our results, theη1
C complex was found

to be a first-order saddle point. However, theη2
CS complex was

not located.
The IR bands observed in argon matrix by Zhou and Andrews

are reported in Table 3, along with the proposed assignment.
The identification of the reaction products is rather difficult since
only one IR absorption, for a given species, is observed. In all
cases, this absorption corresponds to the CS stretching vibration.
In Table 3, the vibrational frequencies are gathered into 4
groups. The first one corresponds to the insertion product, for
which an excellent agreement is obtained. The second group,
in the 1140-1190 cm-1 range, seems to correspond to theη2

CS

andη1
C complexes. The 1142.4 cm-1 band has been tentatively

assigned to theη1
C complex.11 The calculated isotopic shifts fit

reasonably well the observed ones; however, this species is
predicted to be a first-order saddle point. One cannot exclude
that in the argon matrix theη1

C species is a local minimum.
However, some set of observed IR absorption has to be assigned

to theη2
CS complex since it is predicted to be more stable and

with comparable calculated dipole moment (2.2 D forη2
CS and

2.0 D for theη1
C at the B3LYP level). The band observed at

1187.4 cm-1 with a 36.1 cm-1 (13C) shift and 7.1 cm-1 (34S)
shift has not been assigned. The observed isotopic shift fits well
the calculated ones for theη2

CS complex (41, 7 cm-1), and thus
we propose to assign the 1187.4 cm-1 to the η2

CS complex.
The absorption band at 1133 cm-1, also not assigned, has
isotopic shifts close to that of aη2

SScomplex. This species might
be due to an additional Cu atom on aη2

SS complex bonded
either on the Cu or the C side of the complex. The last group
of bands in Table 3 corresponds to theη2

SS complex.
It is worth noting that the agreement between theory and

experiment is less satisfactory for the coordination species as
opposed to the insertion product. This suggests that a specific
interaction with the host matrix might occur in the case of the
coordination complexes. Alternatively, this can be due to the
participation of a second Cu atom in the bonding pattern. The
Cu dimer is strongly bonded (46.4 kcal/mol)33 as compared to
other first-row transition metal dimers. Theη1

S complex which
has a strong calculated IR absorption at 1467 cm-1 has not been
observed in argon but its cationic form the (Cu-SCS)+ species,
with a higher CS stretch is observed. As noted by Zhou and
Andrews,11 higher level of calculation might be required in order
to reproduce all the observed IR bands.

The fact that the coordination complexes are formed on
annealing (without or with anegligible activation energy) is
corroborated by our calculations. The insertion product is only
observed after photolysis with a concomitant disappearance of
the coordination complexes. This result is also in good agree-
ment with our theoretical study since the insertion product
formation needs to overcome an energy barrier of at least 26
kcal/mol with respect to the ground-state reactants.

4. Conclusion

The reaction of copper atoms with CS2 is studied using
B3LYP and CCSD(T) calculations. Our results indicate that the
formation of the insertion product SCuCS is slightly exothermic.
There is no energy barrier at the entrance channel and the first
step of the reaction is the formation of an “end-on” complex
η1

S. From this point, two routes are possible to reach the
insertion product. The first one goes through the formation of
a “side-on” complexη2

CS, with a barrier of 26.9 kcal/mol
whereas the second one goes through the formation of a four-
membered ringη2

SScomplex, with a higher energy barrier 34.7
kcal/mol, with respect to ground-state reactants at the CCSD-
(T) level. It is interesting to note that the coordination complexes
were actually observed in argon matrix after deposition, whereas
the insertion reaction was obtained only after photolysis in line

TABLE 3: Comparison of Calculated and Observed
Vibrational Frequencies and 13C and 34S Isotopic Frequency
Shifts (cm-1) for Different Species

assignment
(obsd, ref 11)

ν
(obsd)

ν(calcd)
(this work)

∆ν
(obsd)

∆ν
(calcd)

assignment
(this work)

SCuCS 1385.5 1389 42.1, 8.5 43, 9 SCuCS
SCuCS site 1375.5 41.8, 8.5
? 1187.4 1264 36.1, 7.1 41, 7 η2

CS

η1
C 1142.4 1267 34.8, 4 41, 7 η1

C?a

? 1133.9 32.8, 4.3
η2

SS 1081.9 1172 33.6, 5.8 37, 6 η2
SS

η2
SSsite 1079.7 33.8, 5.9

a This species is predicted to be a first-order saddle point (see Table
2); however, one cannot exclude the possibility that it corresponds to
a local minimum in the argon matrix.
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with our theoretical results. The decomposition of SCuCS into
CuS and CS is found endothermic by 43 kcal/mol at CCSD(T)
level. Further work is in progress on the reactions of copper
atoms with OCS and CO2 molecules.
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