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Singlet and triplet potential energy surfaces for the NiO+ H2 f Ni + H2O and NiS+ H2 f Ni + H2S
reactions have been investigated by density functional calculations at the B3LYP/6-311+G(3df,2p)//B3LYP/
6-31G** level as well as by ab initio CCSD(T), CASSCF, and MRCI calculations for some of the key species.
The singlet-triplet intersystem crossing is shown to play a crucial role for both reactions. The reaction of
nickel oxide with molecular hydrogen starts from the formation of a t-ONi-H2 complex bound by 3.7 kcal/
mol relative to NiO(3Σ-) and H2. This is followed by an intersystem crossing (the spin-orbit coupling computed
at a representative point CI1 of the singlet-triplet intersection is 86 cm-1) and the system proceeds via a
barrier of 13.3 kcal/mol (transition state s-TS1) in singlet electronic state to form a HNiOH intermediate in
singlet or triplet states. t-HNiOH, 9.1 kcal/mol more stable than s-HNiOH, lies 44.8 kcal/mol below the
reactants. The HNiOH molecule rearranges to a triplet t-Ni-OH2 molecular complex via transition state
s-TS2 on the singlet potential energy surface and via singlet-triplet transitions, whereas the spin-orbit coupling
for a crossing point CI2 in the transition state vicinity is evaluated as 27 cm-1. On the last reaction step the
complex bound by 3.8 kcal/mol dissociates to Ni(3F) + H2O without an exit barrier. For the reverse reaction,
Ni(3F) + H2O f t-HNiOH, the barrier, which occurs at s-TS2 in singlet electronic state, is 12.1 and 4.9
kcal/mol at the B3LYP/6-311+G(3df,2p) and CCSD(T)/6-311+G(3df,2p) levels, respectively. The NiS+
H2 reaction begins on the triplet potential energy surface and proceeds via a barrier [transition state t-TS1(S)]
of 19.1 kcal/mol relative to NiS(3Σ-) + H2 to produce the global minimumsa triplet HNiSH molecule, 18.2
kcal/mol below the reactants. This intermediate dissociates to the triplet Ni atom and H2S via s-TS2(S) and
a s-Ni-SH2 complex involving singlet-triplet intersections. The Ni(3F) + H2S reaction is predicted to rapidly
produce the HNiSH molecule, which, in turn, can dissociate to NiS+ H2 overcoming a barrier of∼13 kcal/
mol with respect to the reactants. Since the highest barriers along the NiO+ H2 f Ni + H2O and NiS+ H2

f Ni + H2S reaction pathways are∼13 and∼19 kcal/mol, molecular hydrogen is expected to reduce nickel
oxide and NiS to atomic nickel at elevated temperatures.

1. Introduction

Hydrogen absorption on metals and their compounds has
potential for industrial applications. H2-complexes were syn-
thesized and studied during the 1980s in transition metal
compounds.1,2 Ab initio studies by Valtazanos and Nicolaides
showed that H2 interacts with cations of metal atoms or dimers
such as Be2+, B2+, Be+, Li+, or Be2

2+ to form dihydrogen
complexes, e.g., Be2+(H2), rather than ordinary dihydrides with
the simultaneous scission of the H2 bond.3,4 The bonding
mechanism consists of inducedσ bonding with H2 σ orbital
and weakπ back-bonding withσ* orbital of H2.5-7 Recently,
we found that oxides and sulfides of the alkaline earth metals
(for instance, Be) also can form stable molecular complexes
with H2.8,9 The binding energies in OBeH2 and SBeH2 with
respect to the H2 lost are 15.6 and 12.4 kcal/mol, respectively.8,9

The purpose of this paper is to study the hydrogen absorption
by transition metal oxides and sulfides, in particular, NiO and
NiS, and to investigate the singlet and triplet reaction pathways
of these compounds with molecular hydrogen, NiO+ H2 f
H2-NiO f HNiOH f Ni + H2O and NiS+ H2 f H2-NiS
f HNiSH f Ni + H2S. The reverse reactions of nickel metals

with water and H2S are also of interest and have been a subject
of numerous experimental and theoretical studies.10-23 The
reactions between first row transition metal atoms and water
molecules have been studied by Margrave and co-workers10,11

using matrix-isolation infrared spectroscopy. Among the late
transition metals, only Ni atoms were found to undergo an
oxidative addition reaction with water in the low-temperature
matrix. Further experimental studies by Mitchell et al.22

confirmed that the oxidative addition product, HNiOH, can be
formed at room temperature. Ab initio calculations in the same
work22 clarified the Ni + H2O reaction mechanism and
demonstrated the importance of both triplet and singlet potential
energy surfaces. The authors concluded that the presence of the
low lying 1D state is responsible for the unique reactivity of
nickel, among the late first row transition metal atoms, with
respect to the oxidative addition reaction with water. However,
the potential energy surfaces of the HNiOH system were not
studied completely, in particular, in the direction of the NiO+
H2 products.

The NiO + H2 f Ni + H2O reaction is also interesting be-
cause it can be related to the transformation of carbon monoxide
and molecular hydrogen to formaldehyde. Our recent theoretical
study24 demonstrated that beryllium oxide in the gas phase can
catalyze the CO+ H2 f H2CO reaction by the following
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pathway: BeO+ H2 + CO f HBeOH+ CO f OC(H)BeOH
f H2CO + BeO, so that the carbon atom of CO inserts into a
relatively weak Be-H bond and then formaldehyde can be
produced by intramolecular hydrogen migration from O to C.
It would be interesting to investigate a similar mechanism for
a transition metal, and the reaction of NiO with molecular
hydrogen represents the first step of this mechanism. In this
paper, we report a study of the lowest singlet and triplet potential
energy surfaces of the HNiOH and HNiSH systems using
various density functional and ab initio methods. After an
assessment of the performance of different theoretical methods,
the most reliable results are chosen to describe the reaction
mechanisms for NiO/NiS+ H2 and the reverse reactions of
nickel atoms with water and H2S.

2. Computational Details

Since the energy difference between the lowest triplet (3F,
3d84s2) and singlet (1D, 3d94s1) electronic states of nickel atom25

is only 3410 cm-1 and the singlet-triplet energy splitting for
NiO is 21.7 kcal/mol,26 both singlet and triplet reaction pathways
may be important. Therefore, we consider both singlet and triplet
minimum energy pathways for the title reactions. On these
surfaces, full geometry optimizations were run to locate all
intermediates and transition states at the B3LYP/6-31G** level
of theory.27,28 We used spin-unrestricted B3LYP (UB3LYP)
calculations for the triplet state. On the singlet surface both a
reactant Ni(1D) and a product NiX(1∆), X ) O and S, have
open shell wave functions. Therefore, for intermediates and
transition states we carried out calculations for open and closed
shell singlet states using the UB3LYP and spin-restricted
RB3LYP methods, respectively, then compared their energies
and chose the species with lower energies to draw the potential
energy surface for the lowest singlet state. In these cases we
carried out both RB3LYP and UB3LYP geometry optimizations.
The harmonic vibrational frequencies were obtained at the
B3LYP/6-31G** level in order to characterize the stationary
points as local minima or first-order saddle points, to obtain
zero-point vibrational energy corrections (ZPE), and to generate
force constant data needed in the IRC calculation. The intrinsic
reaction coordinate IRC method30 was used to track minimum
energy paths from transition structures to the corresponding local
minima. A step size of 0.1 amu1/2 bohr or larger was used in
the IRC procedure. The relative energies were refined at the
B3LYP/6-31G** optimized geometries using the B3LYP/
6-311G**, B3LYP/6-311+G(3df,2p), and CCSD(T)/6-311+G-
(3df,2p) methods.31 Various electronic states of the Ni atom
and NiO were also calculated using multireference CASSCF32

and MRCI33 methods with the full valence active space. The
choice of the most reliable approximation is discussed in the
next section.

Most of the ab initio calculations described here were carried
out employing the Gaussian 98 program34 and for some of them
the MOLPRO 2000 package35 was used.

3. Results and Discussion

The calculated singlet-triplet energy gaps for Ni and NiO
and the Ni-O bond strength are shown in Table 1. The relative
energies and ZPE of various compounds in the reaction of NiO
+ H2 computed at different levels of theory are listed in Table
2. Table 3 presents calculated vibrational frequencies. The
potential energy diagram along the reaction pathway computed
at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G** + ZPE-
[B3LYP/6-31G**] level is shown in Figure 1. The optimized
geometries of various species along the predicted pathway of

the NiO+ H2 reaction are depicted in Figures 2 and 3. For the
NiS + H2 reaction, the relative energies and ZPE of various
compounds at different levels of theory are listed in Table 4
and Table 5 shows calculated vibrational frequencies. The
potential energy diagram along the NiS+ H2 reaction path
computed at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G**+
ZPE[B3LYP/6-31G**] level is presented in Figure 4. The
optimized structures of various intermediates and transition states
of the NiS+ H2 reaction are drawn in Figures 5 and 6.

A. Assessment of Computational Methods.Let us first
compare the performance of different methods for the singlet-
triplet splitting in the Ni atom and NiO and for the strength of
the Ni-O bond related to the reaction energetics. The singlet-
triplet energy gap for the Ni atom (between the3F (3d84s2) and
1D (3d94s1) states), 9.7 kcal/mol in experiment,25 is difficult to
reproduce by single-reference-based ab initio methods. As seen
in Table 1, at the UCCSD(T)/6-311+G(3df) level this energy
is computed as 1.5 kcal/mol, while the UCCSD(T)/6-311G**
calculations fortuitously give the3F-1D energy gap very close
to experiment. Density functional UB3LYP/6-311+G(3df)
calculations result in 3.0 kcal/mol but UB3LYP with the smaller
6-31G* and 6-311G* basis sets give the energy of the1D
(3d84s2) singlet state lower than1D (3d94s1) (by 41.8 kcal/mol
at B3LYP/6-31G*), so the comparison of their results with those
by other methods is not warranted. Full-valence active space
CASSCF and MRCI/6-311+G(3df) calculations for the Ni atom
result in 6.3-7.1 kcal/mol for the singlet-triplet energy dif-
ference, in a reasonable agreement with the experimental value.

Various electronic states of NiO have been investigated both
experimentally and theoretically.26,36 The B3LYP/6-31G* cal-
culations give the bond length in the3Σ- state as 1.601 Å,
slightly shorter than that in experiment, 1.627 Å.36 Mention that
the most sophisticated so far MR-ACPF calculations by Baus-
chlicher and Maitze37 also resulted in 1.601 Å, density functional
BP86 calculations by Citra et al.38 gave a slightly longer bond
length of 1.644 Å, while BLYP calculations by Doll et al.39

provided the best agreement with experiment (1.626 Å). The
B3LYP method somewhat overestimates the vibrational fre-
quency of the3Σ- state, 926 cm-1 vs experimental 842.6 cm-1.38

For the frequency, the best results were obtained by Bauschlicher
and Maitze37 (850 cm-1) and by Citra et al.38 (823 cm-1), and
the BLYP frequency39 (897 cm-1) is quite close to our B3LYP
value. For the lowest singlet1∆ state, the B3LYP/6-31G*
computed bond length and frequency are 1.576 Å and 1004
cm,-1 respectively, while the frequency obtained in experiment
is much lower, 680 cm-1.26 The difference can be reduced by

TABLE 1: Singlet-Triplet Energy Differences for Ni and
NiO and the Ni-O Bond Strength in the Ground State NiO,
3Σ-, (kcal/mol) Calculated at Different Levels of Theory

method
Ni,

3F-1D
NiO,

3Σ--1∆
NiO,

3Σ--1Σ+
Ni-O
bond

B3LYP/6-31G* 19.5 10.5 35.1 81.8
B3LYP/6-311G* 18.4 14.9 35.9 70.0
B3LYP/6-311+G(3df) 3.0 10.6 33.9 83.9
CCSD/6-311G* 16.4 21.1 28.5 47.1
CCSD/6-311+G(3df) 5.1 26.7 28.1 68.7
CCSD(T)/6-311G* 9.5 29.9 15.1 64.2
CCSD(T)/6-311+G(3df) 1.5 35.8 16.7 87.2
CASSCFa/6-311+G(3df) 7.1 18.5 39.5 116.9
MRCIa/6-311+G(3df) 6.7 23.7 33.4 61.7
MRCI+Qa/6-311+G(3df) 6.3 26.0 34.8 75.1
experiment 9.7b 21.7c 41.5c 90.4d

a Full-valence active space calculations; the active space is (10,6)
for Ni, (16,10) for NiO, and (6,4) for O.b From ref 25.c From ref 26.
d From ref 40.
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using the B3LYP and BLYP density functionals with the large
6-311+G(3df) basis which give a longer Ni-O bond length,
1.626 and 1.644 Å, and a lower frequency, 861 and 814 cm-1,
respectively. However, the deviations of the calculated frequen-
cies from experiment, though significant for spectroscopy, do
not affect the energetics of NiO much, since the differences in
ZPE are small.

According to photoelectron spectroscopic measurements by
Wu and Wang,26 the two lowest singlet states of nickel oxide
are1∆ and1Σ+, which, respectively, lie 21.7 and 41.5 kcal/mol
above the ground3Σ- state. As seen Table 1, these values are
not accurately reproduced even by sophisticated ab initio

calculations. For instance, B3LYP calculations with various
basis sets gave the3Σ--1∆ and 3Σ--1Σ+ energy differences
as 10-15 and 34-36 kcal/mol, significantly underestimating
the experimental results. The CCSD method overestimates the
3Σ--1∆ splitting by∼5 kcal/mol but underestimates3Σ--1Σ+

by ∼13 kcal/mol. When triple excitations are included as
perturbation, the agreement with experiment drastically worsens;
at CCSD(T) levels two singlet states switch their order and1Σ+

and1∆ are calculated to lie 15-17 and 30-36 kcal/mol higher
than the ground triplet state. Although the CASSCF calculations
give the singlet-triplet energy gaps as 18.5 and 39.5 kcal/mol,
close to experiment, the higher level MRCI/6-311+G(3df)
approximation overestimates the1∆ energy and underestimates
1Σ+.

In experiment, the bond strength in the ground-state nickel
oxide is 90.4 kcal/mol.40 The bond strength calculated at the
CCSD(T)/6-311+G(3df) level with ZPE correction based on
the experimental vibrational frequency is 87.2 kcal/mol, close
to the MR-ACPF result by Bauschlicher and Maitze37 (87.6 kcal/
mol) and in reasonable agreement with experiment. B3LYP/
6-311+G(3df) calculations give a slightly underestimated value
of 83.9 kcal/mol, while CCSD(T) and B3LYP with the 6-311G*
basis sets give the results more than 20 kcal/mol too low as
compared to experiment. Based on the experimental heats of
formation for the Ni atom (102.8 kcal/mol) and oxygen (59.6
kcal/mol),41 ∆Hf for NiO is 72.0 kcal/mol. Using this value and
experimental∆Hf for Ni and H2O (-57.8 kcal/mol),41 one can
see that the NiO+ H2 f Ni + H2O reaction is exothermic by
27.0 kcal/mol. The B3LYP/6-311G* and CCSD(T)/6-311G*
methods overestimate this value by 10.6 and 10.9 kcal/mol,
respectively. The B3LYP/6-311+G(3df) and CCSD(T)/6-311+G-
(3df,2p) calculations result in∆Hf ) 29.9 and 24.6 kcal/mol,
respectively, within a 2-3 kcal/mol error margin from experi-
ment.

The above comparisons show that the B3LYP/6-311+G(3df,-
2p)//B3LYP/6-31G** approach seems to be a reasonable

TABLE 2: ZPE Corrected Relative Energies (kcal/mol) Calculated at Different Levels of Theory for Various Compounds in the
Reaction of NiO with H2

B3LYP CCSD(T)

species ZPEa 6-31G** 6-311G** 6-311+G(3df,2p) 6-311+G(3df,2p)

s-NiO(1∆) + H2 7.82 10.53 14.93 10.61 35.85
s-ONi-H2

b

RB3LYP/6-31G** 10.84 5.47 14.25 15.34 3.58
UB3LYP/6-31G**, 〈S2〉 ) 0.920 10.86 -1.68 2.84 4.49
s-TS1b

RB3LYP/6-31G** 9.38 17.63 23.70 19.92 13.27
UB3LYP/6-31G**, 〈S2〉 ) 0.764 9.10 12.84 17.96 13.28
s-HNiOHb

RB3LYP/6-31G** 12.02 -29.73 -35.20 -33.05 -32.39
UB3LYP/6-31G**, 〈S2〉 ) 0.928 11.35 -42.26 -42.18 -35.66
s-TS2b

RB3LYP/6-31G** 11.34 6.63 -9.30 -17.81 -19.76
UB3LYP/6-31G**, 〈S2〉 ) 0.781 10.89 -9.93 -13.03 -17.04 -11.67
s-Ni-OH2

b

RB3LYP/6-31G** 14.28 6.90 -14.93 -25.57 -37.59
UB3LYP/6-31G**, 〈S2〉 ) 1.007 14.59 -15.74 -27.38 -27.78 -25.27
s-Ni(1D) + H2O 13.41 -1.63 -19.20 -26.94 -23.16
t-NiO(3Σ-) + H2

c 7.71 0 0 0 0
t-ONi-H2 10.32 -9.76 -6.71 -3.71 -4.13
t-TS1 7.65 4.14 -6.00 19.14 23.98
t-HNiOH 10.77 -56.75 -52.84 -44.77 -41.82
t-TS2 10.47 -8.81 -3.10 -6.58 0.14
t-Ni-OH2 14.50 -30.53 -40.57 -33.67 -32.05
t-Ni(3F) + H2O 13.41 -21.14 -37.58 -29.93 -24.63

a Zero-point energies are calculated at the B3LYP/6-31G** level.b Optimized at different levels of theory shown below. ZPE are calculated at
the same level as the geometry optimization.c The total energies of t-NiO+ H2 are the following: B3LYP/6-31G**:-1584.43037, B3LYP/6-
311G**: -1584.58271, B3LYP/6-311+G(3df,2p):-1584.65732, and CCSD(T)/6-311+G(3df,2p):-1583.37395.

TABLE 3: Vibrational Frequencies (cm-1) of Various
Compounds in the NiO + H2 Reaction through the Singlet
and Triplet Pathways Calculated at the B3LYP/6-31G**
Level

species frequencies

s-NiO(1∆) 1004
s-ONi-H2

RB3LYP/6-31G** 339, 773, 981, 1105, 1967, 2415
UB3LYP/6-31G** 305, 490, 940, 1047, 1687, 3125
s-TS1
RB3LYP/6-31G** 1007i, 508, 911, 989, 1970, 2187
UB3LYP/6-31G** 807i, 481, 819, 916, 1780, 2370
s-HNiOH
RB3LYP/6-31G** 380, 547, 803, 812, 2094, 3773
UB3LYP/6-31G** 350, 480, 628, 748, 1880, 3857
s-TS2
RB3LYP/6-31G** 989i, 621, 700, 1146, 1832, 3636
UB3LYP/6-31G** 1248i, 584, 639, 959, 1720, 3716
s-Ni-OH2

RB3LYP/6-31G** 411, 438, 574, 1546, 3469, 3552
UB3LYP/6-31G** 357, 402, 474, 1600, 3627, 3746
t-NiO(3Σ-) 926
t-ONi-H2 235, 280, 793, 967, 1532, 3412
t-TS1 851i, 212, 357, 849, 1916, 2015
t-HNiOH 189, 323, 451, 769, 1890, 3708
t-TS2 1152i, 605, 609, 795, 1579, 3734
t-Ni-OH2 299, 379, 452, 1609, 3642, 3763
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compromise between the cost and accuracy for the description
of the NiO/NiS+ H2 f Ni + H2O/H2S reactions, although we
have to keep in mind that for the species at the initial reaction
steps the energy differences between triplet and singlet states
are underestimated. Much more expensive CCSD(T)/6-311+G-
(3df,2p) calculations may be more accurate for the triplet PES
but are not reliable for the initial steps at the singlet surface
since they fail to properly describe the3Σ--1∆ energy gap and
to give the correct energetic order of the singlet states of NiO.

B. NiO + H2 Reaction Mechanism.Triplet Potential Energy
Surface.As seen in Figures 1 and 3, at the first stage of the
NiO + H2 reaction in triplet electronic state the H2 molecule
attaches to the Ni atom of NiO to form a molecular t-ONi-H2

complex of Cs geometry without a barrier. The structure of
t-ONi-H2 (3A”) is not planar. The t-ONi-H2 complex con-
serves the molecular structure of H2 with slightly stretched HH
bond (RHH ) 0.805 Å) and two hydrogen atoms have equal
distances from the nickel atom, 1.641 Å. The nonplanar
geometry of the complex can be rationalized in terms of the
scheme ofσ donation andπ back-donation from theσ andσ*
orbitals of H2 and molecular orbital diagram of NiO.26 The
electronic configuration of NiO(3Σ-) is 1σ21π41δ42σ22π2. The
σ donation occurs from the occupiedσ orbital of H2 to the empty
3σ orbital of NiO and does not depend on the planarity of the
mutual orientation of the two molecules. On the other hand,
the π back-donation involves the emptyσ* orbital of H2 and
two degenerate perpendicular singly occupied 2π orbitals of
NiO. If NiO and H2 lie in the same plane, theπ back-donation
can occur only from one (in-plane)π orbital, while the nonplanar
arrangement allows theπ back-donation from bothπ orbitals.
The B3LYP/6-311+(3df,2p) calculated energy of the complex
formation is 3.7 kcal/mol. From the t-ONi-H2 complex, the
reaction proceeds by migration of one of the hydrogen atoms

Figure 1. Potential energy diagram for the NiO+ H2 f Ni + H2O reaction calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G**+
ZPE(B3LYP/6-31G**) level.

Figure 2. Geometries of the reactants, products, intermediates, and
transition states of the NiO+ H2 f Ni + H2O reaction in the singlet
electronic state, optimized at the UB3LYP and RB3LYP levels of theory
with the 6-31G** basis set. (Bond lengths are in angstroms and bond
angles are in degrees.)
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to produce a nonplanar nonlinear intermediate t-HNiOH via
transition state t-TS1. From t-ONi-H2 to t-TS1 the ONiH angle
bends from 142.6° to 68.0°, the ONi bond elongates by only
0.005 Å, two hydrogen atoms become separated from each other
(2.433 Å), and a new O-H bond begins to form (1.730 Å).
The B3LYP/6-311+(3df,2p) calculated barrier is 22.8 and 19.1
kcal/mol relative to t-ONi-H2 and the reactants, respectively.
The transition state optimization was followed by the frequency
and IRC calculations at the B3LYP/6-31G** level of theory,
which confirmed that t-TS1 does connect t-ONi-H2 and the
t-HNiOH intermediate.

The t-ONi-H2 f t-HNiOH reaction step is found to be
exothermic by 41.1 kcal/mol and t-HNiOH is stabilized with
respect to NiO(3Σ-) and H2 by 44.8 kcal/mol. Mitchell et al.22

reported a planar structure with a linear ONiH fragment for the
t-HNiOH molecule in the3A′ electronic state obtained at the
MCPF level of theory. The present B3LYP/6-31G** calculations
gave quite similar geometric parameters but ONiH slightly
deviates from linearity and the molecule becomes nonplanar.
In our B3LYP/6-311+G(3df,2p) and CCSD(T)/6-311+G-
(3df,2p) calculations, t-HNiOH lies 14.9 and 17.2 kcal/mol,
respectively, below Ni(3F) + H2O, while Mitchell et al.22

reported the value of 23.1 kcal/mol for this binding energy. From
t-HNiOH, the reaction can continue to form a t-Ni-OH2

complex via a nonplanar transition state t-TS2. The calculated
B3LYP/6-311+(3df,2p) energy places transition state t-TS2 38.2
kcal/mol higher than t-HNiOH. The B3LYP/6-31G** IRC
calculation confirmed that the first-order saddle point t-TS2
connects the t-HNiOH intermediate and the t-Ni-OH2 complex.

Mitchell et al.22 reported a planar structure of t-Ni-OH2 of
C2V symmetry. In our calculations, the geometry deviates from

planarity and onlyCs symmetry is conserved. The geometric
parameters of the complex optimized at the B3LYP/6-31G**
level are very close to those obtained by Fournier23 who used
another version of DFT. At the B3LYP/6-311+G(3df,2p) level,
the complex is stabilized with respect to triplet Ni atom and
water by 3.8 kcal/mol and can dissociate without an exit barrier.

Figure 3. Geometries of the reactants, products, intermediates, and
transition states of the NiO+ H2 f Ni + H2O reaction in triplet
electronic state, optimized at the UB3LYP/6-31G** level of theory,
and structures of representative points (CI1 and CI2) on the singlet-
triplet intersection surface calculated at the CASSCF(18,12)/6-311G**
level. (Bond lengths are in angstroms and bond angles are in degrees.)

TABLE 4: ZPE Corrected Relative Energies (kcal/mol)
Calculated at Different Levels of Theory for Various
Compounds in the Reaction of NiS with H2

B3LYP

species ZPEa 6-31G** 6-311G** 6-311+G(3df,2p)

s-NiS(1∆) + H2 7.19 7.53 8.26 8.96
s-SNi-H2

b

RB3LYP 10.17 5.51 10.14 9.65
UB3LYP,

〈S2〉 ) 1.010
9.79 -12.21 -9.01 0.13

s-TS0(S)c 7.80 5.98 12.45 20.27
s-SNiH2

c 7.98 6.14 13.09 20.19
s-TS1(S)c 8.02 6.19 13.11 20.18
s-HNiSHb

RB3LYP 9.55 -8.50 -13.08 -12.45
UB3LYP,

〈S2〉 ) 0.978
9.22 -21.49 -17.00 -9.51

s-TS2(S)b

RB3LYP 9.50 38.47 22.65 1.37
UB3LYP,

〈S2〉 ) .005
9.68 18.93 13.72 8.50

s-Ni-SH2
b

RB3LYP 10.88 35.25 21.02 0.26
UB3LYP,

〈S2〉 ) 1.000
10.56 15.88 11.67 2.86

s-Ni(1D) + H2S 9.48 19.79 13.74 8.95
t-NiS(3Σ-) + H2

d 7.16 0 0 0
t-SNi-H2 9.82 -15.10 -9.36 -3.16
t-TS1(S) 7.23 2.27 21.25 19.11
t-HNiSH 8.93 -35.67 -28.49 -18.19
t-TS2(S) 8.12 6.25 7.10 8.60
t-Ni(3F) + H2S 9.48 0.30 -4.63 5.95

a Zero-point energies calculated at the B3LYP/6-31G** level.
b Geometry was optimized at the RB3LYP and UB3LYP levels with
the 6-31G** basis set.c Both UB3LYP and RB3LYP calculations
converge to the same closed shell singlet wave function.d The total
energies of t-NiS+ H2 are the following: B3LYP/6-31G**:
-1907.44179, B3LYP/6-311G**: -1907.61512, and B3LYP/
6-311+G(3df,2p):-1907.68549.

TABLE 5: Vibrational Frequencies (cm-1) of Various
Compounds in the NiS+ H2 Reaction through the Singlet
and Triplet Pathways Calculated at the B3LYP/6-31G**
Level

species frequencies

s-NiS(1∆) 510
s-SNi-H2

RB3LYP 293, 553, 673, 1137, 1904, 2550
UB3LYP 177, 306, 435, 1141, 1665, 3128
s-TS0(S) 201i, 182, 430, 581, 2121, 2139
s-SNiH2 48, 247, 493, 584, 2093, 2119
s-TS1(S) 101i, 322, 508, 585, 2083, 2110
s-HNiSH
RB3LYP 421, 440, 502, 587, 2099, 2628
UB3LYP 397, 417, 488, 582, 1895, 2670
s-TS2(S)
RB3LYP 809i, 406, 667, 1084, 2162, 2328
UB3LYP 604i, 217, 446, 1173, 2473, 2497
s-Ni-SH2

RB3LYP 430, 616, 618, 1211, 2319, 2418
UB3LYP 279, 340, 464, 1192, 2536, 2553
t-NiS(3Σ-) 540
t-SNi-H2 152, 384, 467, 1037, 1563, 3264
t-TS1(S) 626i, 284, 341, 464, 1869, 2100
t-HNiSH 347, 387, 398, 586, 1860, 2672
t-TS2(S) 445i, 290, 438, 821, 1473, 2658
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The CCSD(T)/6-311+G(3df,2p) complex formation energy, 7.4
kcal/mol, is very close to the value of 7.2 kcal/mol obtained by
Mitchell et al.22

Singlet Potential Energy Surface.The first stage of the NiO
+ H2 reaction in the singlet electronic state is the attachment
of the H2 molecule to the Ni atom of singlet NiO to form a
nonplanar s-ONi-H2 complex ofCs geometry without a barrier.
The structure of s-ONi-H2 shown in Figure 2 is similar to that
of t-ONi-H2, but the Ni-H bonds are 0.044 Å shorter, the H-H
bond is 0.022 Å longer, and the deviation from planarity is

stronger. In the lowest singlet state the complex has an open
shell wave function; the UB3LYP/6-311+G(3df,2p)//UB3LYP/
6-31G** energy is 10.9 kcal/mol lower than the RB3LYP/
6-311+G(3df,2p)//RB3LYP/6-31G** energy. The〈S2〉 value at
the UB3LYP level is 0.92 before annihilation of higher spin
contributions in the wave function but decreases to∼0.02 after
the annihilation, indicating that the spin contamination is not
very severe. The same is true for other open shell singlet
NiOH2 intermediates and transition states; their UB3LYP〈S2〉
values are in the range of 0.75-1.00 before annihilation and
0.02-0.05 after annihilation of higher spin contributions. The
singlet complex formation energy, 6.1 kcal/mol at the
B3LYP/6-311+G(3df,2p) level, is somewhat higher than that
for t-ONi-H2.

From the complex, the reaction proceeds by migration of one
of the hydrogen atoms to form a nonplanar nonlinear intermedi-
ate s-HNiOH via a planar transition state s-TS1. Both s-HNiOH
and s-TS1 have an open shell character in the lowest singlet
state. From s-ONi-H2 to s-TS1 the ONiH angle bends from
134.5° to 60.1°, the ONi bond slightly shortens and two
hydrogen atoms are still close to each other (0.898 Å). Thus,
s-TS1 has a much earlier character than t-TS1 on the triplet
surface. Also, the singlet transition state lies 5.8 kcal/mol lower
than the triplet one and 2.7 kcal/mol above the NiO(1∆) + H2

reactants. The barrier with respect to the s-ONi-H2 complex
is calculated as 8.8 kcal/mol at the B3LYP/6-311+G(3df,2p)
level. The s-ONi-H2 f s-HNiOH reaction step is found to be
exothermic by 31.2 kcal/mol. The s-HNiOH intermediate is 9.1
kcal/mol less stable than t-HNiOH. Interestingly, the difference
between the UB3LYP/6-311+G(3df,2p)//UB3LYP/6-31G** and
RB3LYP/6-311+G(3df,2p)//RB3LYP/6-31G** energies of s-
HNiOH is only 2.6 kcal/mol indicating that two singlet
electronic states of this molecule, one with an open shell
character and another with a closed shell wave function, lie close
to each other. From s-HNiOH, the reaction proceeds to the
s-Ni-OH2 complex via a nonplanar transition state s-TS2. In
s-TS2, the open and closed shell singlet state energies are also
similar, but in this case the closed shell energy is 0.8 kcal/mol
lower at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G**
level. The calculated barrier at s-TS2 is 17.9 kcal/mol rela-
tive to s-HNiOH. The Ni-OH2 complex in the open shell
singlet electronic state is 5.9 kcal/mol less favorable than
t-Ni-OH2 and is stabilized by only 0.9 kcal/mol with respect

Figure 4. Potential energy diagram for the NiS+ H2 f Ni + H2S
reaction calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G**
+ ZPE(B3LYP/6-31G**) level.

Figure 5. Geometries of the reactants, products, intermediates, and
transition states of the NiS+ H2 f Ni + H2S reaction in singlet
electronic state, optimized at the UB3LYP and RB3LYP levels of theory
with the 6-31G** basis set. (Bond lengths are in angstroms and bond
angles are in degrees.)

Figure 6. Geometries of the reactants, products, intermediates, and
transition states of the NiS+ H2 f Ni + H2S reaction in triplet
electronic state, optimized at the UB3LYP/6-31G** level of theory.
(Bond lengths are in Å and bond angles are in degrees.)
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to the Ni(1D) + H2O products, which can be produced from
the complex without an exit barrier. It is worth mentioning that
earlier MCPF calculations22 gave the triplet Ni-OH2 energy
3.4 kcal/mol lower than for the singlet state, where the latter
was computed at the triplet equilibrium geometry.

Singlet-Triplet Intersystem Crossing.Both transition states
on the reaction pathway from NiO+ H2 to Ni + H2O have
lower energies in the singlet electronic state than in the triplet
state. On the other hand, the reactants, intermediates, and
products show lowest energies in the triplet state. This indicates
that the singlet-triplet intersystem crossing can play an
important role in the reaction mechanism and make the ground-
state triplet reaction more efficient by reducing the barriers.
Therefore, we tried to find representative points on the surface
of singlet-triplet intersection in the vicinity of TS1 and TS2
and calculate spin-orbit couplings at these points. For the
calculations, we used the full valence active space CASSCF-
(18,12)/6-311G** method. The search for the singlet-triplet
intersection structures was performed using the SEAM program
written by Morokuma and co-workers.42 The spin-orbit cou-
pling calculations were carried out employing the algorithm
implemented in the MOLPRO 2000 program.35

The geometries of the singlet-triplet crossing points in the
vicinity of TS1 (CI1) and TS2 (CI2) are shown in Figure 3.
The nonplanar CI1 has the NiH bond lengths (1.49 and 1.54
Å) and HNiH bond angle (83.2°) intermediate between those
for s- and t-TS1, 1.57 and 1.61 Å vs 1.45 and 1.53 Å for the
bond lengths and 32.8° vs 109.1° for HNiH. On the other hand,
the NiO bond length (1.71 Å) and NiOH angle (78.0°) are larger
than the corresponding values both in triplet and singlet TS1.
The spin-orbit coupling at CI1 is computed as 86 cm-1

indicating that the intersystem crossing can be quite efficient
at this point of intersection. The structure of CI2 is rather similar
to that of t-TS2, except for a larger HOH angle, 113.3° vs 100.6°
in the transition state, and slightly shorter NiO distance, 1.77
Å vs 1.84 Å in t-TS2. The calculated spin-orbit coupling at
the CI2 crossing point is 27 cm-1, about three times lower than
that at CI1. The calculations confirm that the singlet-triplet
intersystem crossing can indeed take place along the reaction
course not far from the transition state regions, although in the
vicinity of TS2 it is expected to be less efficient than near TS1.

OVerall Reaction Mechanism.The reaction of the nickel oxide
with molecular hydrogen may involve both triplet and singlet
potential energy surfaces. The minimal energy reaction pathway,
assuming that the singlet-triplet intersystem crossing is ef-
ficient, is the following. The reaction starts from the formation
of the t-ONi-H2 complex from NiO(3Σ-) and H2. Then, an
intersystem crossing takes place, and the system proceeds via
the barrier at s-TS1 in the singlet electronic state. The barrier
height is only 13.3 kcal/mol relative to the triplet reactants. If
the intersystem crossing would not occur, the reaction has to
go over the barrier of 19.1 kcal/mol at t-TS1. Next, the HNiOH
intermediate is formed in a singlet or triplet state. t-HNiOH is
more stable but its formation would involve another intersystem
crossing. The HNiOH molecule rearranges to the triplet t-Ni-
OH2 molecular complex via transition state s-TS2 on the singlet
potential energy surface and singlet-triplet intersystem crossing
(CI2). The barrier for this reaction step is 27.0 kcal/mol relative
to t-HNiOH and 17.9 kcal/mol with respect to s-HNiOH. On
the other hand, the isomerization barrier in the triplet state is
much higher, 38.2 kcal/mol. Finally, the t-Ni-OH2 complex
dissociates to the most stable products, Ni(3F) + H2O, without
an exit barrier. Overall, the NiO(3Σ-) + H2 f Ni(3F) + H2O
reaction is exothermic by 29.9 kcal/mol (27.0 kcal/mol in

experiment)41 and the highest barrier on the reaction pathway
is 13.3 kcal/mol.

For the reverse reaction, Ni(3F) + H2O f t-HNiOH, the
B3LYP/6-311+G(3df,2p) calculated barrier is 12.1 kcal/mol (9.6
kcal/mol without ZPE) occurring at s-TS2 in the singlet
electronic state. This result overestimates the classical barrier
of 3.1 kcal/mol obtained by Mitchell et al.22 at the MCPF level.
On the other hand, CCSD(T)/6-311+G(3df,2p) calculations give
the classical barrier height as 2.8 kcal/mol, close to Mitchell’s
result. The singlet and triplet surfaces cross along the reaction
course at CI2 and the singlet-triplet transition significantly
reduces the reaction barrier. It is well-known that such singlet-
triplet transitions readily occur in collisional and reactive
processes of nickel atoms.43,44 Our calculations confirm the
possibility of the intersystem crossing, though the computed
spin-orbit coupling of 27 cm-1 for an isolated molecule is not
very high. The HNiOH molecule is not likely to dissociate to
NiO + H2 because the barrier is prohibitively high.

C. NiS + H2 Reaction Mechanism.Reaction Mechanism.
Our discussion is based on the B3LYP/6-311+G(3df,2p)//
B3LYP/6-31G** energies (see Table 4 and Figure 4). At the
singlet PES, s-SNi-H2 as well as NiS(1∆) and Ni(1D) have the
lowest singlet state with an open shell wave function and we
consider their UB3LYP energies. All other intermediates and
transition states exhibit a closed shell character in the lowest
singlet state, therefore, we discuss their RB3LYP energies. At
the initial reaction stage the H2 molecule attaches to the Ni atom
of singlet or triplet NiS to form molecular s- or t-SNi-H2

complexes, respectively, without barrier. In the triplet state, the
complex is nonplanar at the B3LYP/6-31G** level and have a
structure ofCs symmetry, similar to the geometry of ONi-H2.
On the other hand, the singlet complex is calculated to be planar
and hasC2V symmetry. The other geometric parameters of s-
and t-SNi-H2 are similar. The complex formation energy in
the singlet state, 8.9 kcal/mol, is notably higher than that in the
triplet state, only 3.2 kcal/mol.

From the t-SNi-H2 complex, the reaction proceeds by
migration of one of the hydrogen atoms to form a nonplanar
nonlinear intermediate t-HNiSH via transition state t-TS1(S).
The calculated barriers is 22.3 kcal/mol relative to t-SNi-H2

and 19.1 kcal/mol with respect to the triplet reactants. The
NiS(3Σ-) + H2 f t-HNiSH reaction exothermicity is found to
be 18.2 kcal/mol, which is much lower than for the reaction of
NiO(3Σ-), 44.8 kcal/mol. The transition state optimization was
followed by the frequency and IRC calculations at the B3LYP/
6-31G** level of theory which confirmed that t-TS1(S) connects
t-SNi-H2 and the t-HNiSH intermediate. The reaction pathway
from s-SNi-H2 to s-HNiSH is found to be more complicated.
From the s-SNi-H2 complex, the reaction first proceeds by
changing the HNiH angle and elongating the H-H bond to form
s-SNiH2 via transition state s-TS0(S). From s-SNi-H2 to
s-TS0(S) the SNiH angle bends from 124.1° to 105.0°, the SNi
bond slightly shortens by 0.025 Å, and two hydrogen atoms
are separated by 1.981 Å. The calculated barrier is 20.14 kcal/
mol and the s-SNi-H2 f s-SNiH2 reaction step is found to be
endothermic by 20.06 kcal/mol. Therefore, s-SNiH2 is an
intermediate at the B3LYP/6-31G** level but is not likely to
be a local minimum at higher theory levels. The IRC calcula-
tions at the B3LYP/6-31G** level of theory confirmed that
s-TS0(S) connects the s-SNi-H2 and s-SNiH2 intermediates.
From s-SNiH2, the hydrogen atom can shift further from
Ni to S to form s-HNiSH via a nonplanar transition state s-TS1-
(S). According to its geometry at the B3LYP/6-31G** level,
s-TS1(S) is a very early transition state. The B3LYP/6-31G**
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IRC calculation confirmed the connection between s-SNiH2

and s-HNiSH via the first order saddle point s-TS1(S). Accord-
ing to B3LYP/6-311+G(3df,2p) calculations, the energy of
s-TS1(S) is slightly lower than that of s-SNiH2. All these results
indicate that there is only one transition state and no local
minima in the vicinity of s-TS0(S), s-SNiH2, and s-TS1(S), as
shown in Figure 4. If we take the energy of s-TS1(S) as the
energy of this single TS, we find that it is slightly higher (by
1.1 kcal/mol) than the energy of t-TS1(S), so the triplet energy
pathway to t-HNiSH is more favorable.

Triplet state is the ground electronic state for the HNiSH
intermediate, it lies 5.7 kcal/mol lower than the singlet state.
t-HNiSH decomposes to Ni(3F) and H2S via a nonplanar
transition state t-TS2(S). At B3LYP/6-31G**, the Ni-S bond
in t-TS2(S) (2.268 Å) becomes weaker and the hydrogen atom
is shifted from the Ni side of the molecule to a position above
the Ni-S bond, with S-H of 1.606 Å. The B3LYP/6-311+G-
(3df,2p) calculations place transition state t-TS2(S) 26.8 kcal/
mol higher in energy than t-HNiSH. The B3LYP/6-31G** IRC
calculation confirmed that t-TS2(S) connects the t-HNiSH
intermediate and the Ni(3F) + H2S products. On the other hand,
from s-HNiSH, the reaction continues to form the s-Ni-SH2

complex via a nonplanar transition state s-TS2(S). s-TS2(S) lies
13.9 kcal/mol above s-HNiSH at the B3LYP/6-311+G(3df,2p)
level but 7.2 kcal/mol lower than t-TS2(S). The B3LYP/
6-31G** IRC calculation confirmed that s-TS2(S) connects the
s-HNiSH intermediate and the s-Ni-SH2 complex. It takes 8.7
kcal/mol for the decomposition of s-Ni-SH2 to Ni(1D) + H2S
without an exit barrier. For the final reaction step, the singlet-
triplet intersystem crossing taking place first between t-HNiSH
and s-TS2(S) and then between the s-Ni-SH2 complex and the
Ni(3F) + H2S products is clearly important to enhance the
reaction. Here, we did not locate the structure of the singlet-
triplet intersection but can expect that the spin-orbit coupling
in the vicinity of TS2(S) and s-Ni-SH2 should be higher than
for CI2 at the NiOH2 surface since sulfur is heavier than oxygen.

Summarizing, the NiS+ H2 reaction begins on the triplet
potential energy surface and proceeds via t-TS1(S) overcoming
the barrier of∼19 kcal/mol relative to NiS(3Σ-) + H2 to produce
the global minimumsthe HNiSH molecule in triplet electronic
state, 18.2 kcal/mol below the reactants. This intermediate
dissociates to the triplet Ni atom and H2S via s-TS2(S) and the
s-Ni-SH2 complex involving singlet-triplet intersections. The
energy of the intersystem crossing located between s-Ni-SH2

and the triplet products would determine the exit barrier or the
barrier for the reverse Ni(3F) + H2S reaction. Judging from the
triplet-singlet energy splitting for the Ni atom (about 10 kcal/
mol25), the energy of the intersystem crossing point is not
expected to be high. Therefore, the t-Ni+ H2S reaction should
be fast to yield the HNiSH molecule. The latter can, in turn,
dissociate to NiS+ H2 overcoming a barrier of∼37 kcal/mol
relative to HNiSH or∼13 kcal/mol with respect to the reactants.
Thus, at elevated temperatures Ni atoms are expected to readily
react with H2S producing nickel sulfide and molecular hydrogen.
The calculated heat of the NiS(3Σ-) + H2 f Ni(3F) + H2S
reaction is 6.0 kcal/mol at the B3LYP/6-311+G(3df,2p) level,
underestimating the experimental reaction endothermicity of
12.5 kcal/mol.41

D. Comparison of the NiO and NiS Reactions with
Molecular Hydrogen. Although the reaction mechanisms of
NiO and NiS with H2 are similar, the energetics of the two
reactions is quite different. For instance, the NiO+ H2 f Ni
+ H2O reaction is 27 kcal/mol exothermic, while NiS+ H2 f
Ni + H2S is ∼12 kcal/mol endothermic. This is related to the

fact that the heat of formation of H2S is much higher (by∼53
kcal/mol) than that of water, while the Ni-S bond is only∼7
kcal/mol weaker than Ni-O. Both NiO and NiS can form
molecular complexes with H2 in singlet electronic state bound
by 6-9 kcal/mol, while in the ground triplet electronic state
such complexes are weaker (bound by 3-4 kcal/mol). The
reactions can lead to the HNiOH and HNiSH molecules
overcoming barriers in the range of 13-19 kcal/mol. The
HNiOH and HNiSH intermediates have triplet ground electronic
state, 6-9 kcal/mol below the singlet state. t-HNiOH is expected
to be a much more stable intermediate (44.8 kcal/mol below
the reactants) than t-HNiSH (only 18.2 kcal/mol below the
reactants). These intermediates dissociate to nickel atoms and
water or H2S via the molecular complexes t-Ni-OH2 or s-Ni-
SH2. For the oxygen case, triplet is the ground electronic state
of the complex but for sulfur the complex exists only in the
singlet state. For the Ni-OH2 complex, the singlet electronic
state also has a local minimum, 5.9 kcal/mol higher than t-Ni-
OH2, and stabilized only by 0.9 kcal/mol relative to Ni(1D) +
H2O. Another common feature of the two reactions is the
importance of the intersystem crossing and singlet-triplet
transitions along the reaction pathway.

For the reverse reactions of Ni atoms with H2O and H2S,
our calculations show that they can occur readily with relatively
low activation barriers due to the singlet-triplet intersystem
crossing on the pathway from the reactants to the t-HNiOH or
the s-Ni-SH2 complex. Both reactions produce stable HNiOH
and HNiSH molecules lying 15-24 kcal/mol below the
reactants. For the H2S case, this intermediate can dissociate to
NiS and H2 with the barrier of∼13 kcal/mol with respect to
the initial reactants. For H2O, the barrier to produce nickel oxide
and molecular hydrogen is much higher,∼43 kcal/mol. There-
fore, it is not surprising that the experimental study of the gas-
phase reaction of Ni atoms with water did not produce any
evidence for the formation of NiO+ H2. Instead, the insertion
product t-HNiOH was formed.22

In our previous studies,8,9 we suggested the use of metal
oxides and sulfides for reversible storage of molecular hydrogen.
For instance, BeO and BeS can react with H2 producing first
molecular complexes with H2, which then rearrange to HBeOH
or HBeSH with low barriers. These compounds can be stored
and, when necessary, selectively release H2 because the energy
barriers for Be+ H2O or Be+ H2S dissociation are significantly
higher than those for the hydrogen release. One of the goals of
the present study was to test a similar possibility for NiO and
NiS. However, the calculations show that the energy barriers
for the release of H2O and H2S from HNiOH and HNiSH are
lower than those for the H2 elimination. Interestingly, in the
HNiSH system the Ni(3F) + H2S products lie higher in energy
than NiS+ H2, however, the energetic order of the correspond-
ing barriers is reverse.

4. Conclusions

The reaction of the nickel oxide with molecular hydrogen is
demonstrated to involve both triplet and singlet potential energy
surfaces. If the singlet-triplet intersystem crossing is efficient,
the minimal energy reaction pathway includes the following
steps. The reaction starts from the formation of the t-ONi-H2

complex bound by 3.7 kcal/mol relative to NiO(3Σ-) and H2.
Then, an intersystem crossing takes place (the spin-orbit-
coupling calculated at a representative point CI1 of the singlet-
triplet intersection is 86 cm-1), and the system proceeds via
the barrier of 13.3 kcal/mol at s-TS1 in singlet electronic state.
Next, the HNiOH intermediate is formed in singlet or triplet
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state. t-HNiOH, 9.1 kcal/mol more stable than s-HNiOH, lies
44.8 kcal/mol below the reactants and its formation involves
another intersystem crossing. The HNiOH molecule rearranges
to the triplet t-Ni-OH2 molecular complex via transition state
s-TS2 on the singlet potential energy surface and this process
involves intersystem crossings in the transition state vicinity.
CI2, a representative structure where the singlet and triplet
surfaces cross, has the spin-orbit coupling of 27 cm-1. On the
last reaction step, the t-Ni-OH2 complex dissociates to Ni(3F)
+ H2O without an exit barrier. For the reverse reaction, Ni(3F)
+ H2O f t-HNiOH, the barrier, 12.1 and 4.9 kcal/mol at the
B3LYP/6-311+G(3df,2p) and CCSD(T)/6-311+G(3df,2p) lev-
els, respectively, occurs at s-TS2 in singlet electronic state. The
singlet and triplet surfaces cross along the reaction course and
the singlet-triplet transitions significantly reduce the reaction
barriers.

The NiS+ H2 reaction exhibits a similar scenario but different
energetics. It begins on the triplet potential energy surface and
proceeds via the barrier [at t-TS1(S)] of 19 kcal/mol relative to
NiS(3Σ-) + H2 to produce the global minimumsthe triplet
HNiSH molecule,∼18 kcal/mol below the reactants. This
intermediate dissociates to the triplet Ni atom and H2S via
s-TS2(S) and the s-Ni-SH2 complex involving two singlet-
triplet transitions. The energy of the intersystem crossing located
between s-Ni-SH2 and the triplet products would determine
the exit barrier and the barrier for the reverse Ni(3F) + H2S
reaction. This reaction is predicted to rapidly produce the HNiSH
molecule, which, in turn, can dissociate to NiS+ H2 overcoming
the barrier of∼37 kcal/mol relative to the intermediate or 13
kcal/mol with respect to the reactants. Since the highest barriers
along the NiO+ H2 f Ni + H2O and NiS+ H2 f Ni + H2S
reaction pathways are∼13 and ∼19 kcal/mol, molecular
hydrogen is expected to reduce nickel oxide and NiS to atomic
nickel at elevated temperatures.
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