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Abstract: Density functiona B3LYP calculations have been employed to
investigate potential energy surfaces for the reactions of scandium, nickel, and
paladium oxides with methane. The results show that NiO and PdO are reactive
toward methane and can form molecular complexes with CH, bound by 9-10 kcal/mol
without a barrier. At elevated temperatures, the dominant reaction channel is direct
abstraction of a hydrogen atom by the oxides from CH, with a barrier of ~16 kcal/mol
leading to MOH (M = Ni, Pd) and free methyl radical. A minor reaction channel is
an insertion into a C-H bond to produce CHsMOH molecules via transition states
lying 19-20 kcal/mol above the initial reactants. For instance, for PdO the rate

constant of the hydrogen abstraction channel evaluated using the transition state



theory for the 300-1000 K temperature range, Kmetyi = 7.12x10™ exp(-17329/RT) cm®
s molecule™, is 2-3 orders of magnitude higher than the insertion rate constant and
the branching ratio for the PdAOH + CH3 productsis 98-99%. The preferable channel
of dissociation of CH3NiOH is a cleavage of the Ni-C bond leading to the radical
NiOH + CHj products without an exit barrier, while CH3PdOH is more likely to
undergo 1,2-CH3 migration to produce a PACH3OH complex and eventually Pd plus
methanol. PdOH and CHg3 can recombine producing CH3PdOH and isomerization
and dissociation of this molecule result in further transformation of methyl radical
into methanol. However, the NiOH + CHj3 reaction is expected only to produce
CH3NiOH or to restore the initial reactants, NiO + CHs.  ScO is not reactive with
respect to methane at low and ambient temperatures. At elevated temperatures, the
ScO + CH4 reaction can proceed via a barrier of 22.4 kcal/mol to form a CH;ScOH
molecule with exothermicity of 9.8 kcal/mol. CH3ScOH is not likely to decompose

to the methyl radical and ScCOH because this processis 58.9 kcal/mol endothermic.

I ntroduction
Methane is one of the world's abundant resources and although it can be easily
burned CH,4 is not versatile for chemical synthesis. Utilization of methane to

produce practica chemicals is one of the desirable goals of the current chemical



industry.® Therefore, the activation of methane and its conversion to other organic
species has attracted a significant attention.®  If the strong C-H bond in CH,4 can be
cleaved using a catalyst, free methyl radicals formed are much more reactive and can
recombine with other species to yield useful chemical products. Although catalytic
processes usually occur in solution or in a solid state, an approach to understanding
reaction mechanisms of methane with potential catalysts (such as transition metal
oxides) can start from the study of these reactions in the gas phase. For such study,
ab initio and density functional calculations of potential energy surfaces (PES)
represent an invaluable tool. Once the gasphase reaction mechanisms are
understood by means of theoretical and experimental studies, a comparison can be
made between the reactions in the gas and condensed phases, and the role of
condensed phase effects can be better comprehended. Thus, the gas phase studies
provide first steps toward a more detailed understanding of the role of electronic
structure in the more complex systems involved in condensed phase chemistry.

The activation of C-H and C-C bonds in smal hydrocarbons by various
transition-metal-oxide ions and bare metal cations in the gas phase have been
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investigated experimentally and theoretically by a number of groups.
instance, Schroder and Schwarz have studied the reaction between FeO™ and CH,4 and

suggested HO-Fe'-CH3z as a key intermediate on the basis of experimentaly



determined isotope effects.!® Schwarz's group has systematically examined™ the
efficiency and product branching ratio of the gas-phase reactions of various
transition-metal-oxide ions with methane and found that early transition-metal-oxide
ions, ScO", TiO", VO', and CrO", do not react, while those of late transition metals,
MnO*, FeO", CoO", and NiO", react with methane. Yoshizawa and coworkers'®*®
have theoretically studied PES of the FeO" + CH4, MNO" + CHjy4, and CoO" + CH,
reactions using density functional functional calculations and suggested that the
methane-methanol conversion can occur by the following mechanism, MO" + CH; ®
OM*(CH,) ® TS1® HO-M*-CH3; ® TS2® M*(CH3;OH) ® M* + CH3OH, where
M is a transition metal. Additionally, Yoshizawa et a.®* have investigated
abstraction of methane's hydrogen atom by iron-oxo species FeO**, FeO", and FeO
and concluded that the concerted reaction path leading to the HO-Fe™-CHj
intermediates is energetically more favorable. These authors concluded that the
experimentally observed reaction efficiency and methanol/methyl product branching
ratio can be rationalized in terms of the calculated barrier heights at TS1 and TS2.
Much less is known about the reaction mechanism of neutral metal oxides with
methane. Broclawik et al.'® have used density functional calculations to study the
activation of methane over PdO and found that the palladium oxide and CH,4 can form

aweak complex bound by 3.3 kcal/mol. The insertion of PdO into the methane C-H



bond was predicted to have a significant activation energy of 24.5 kcal/mol and to
lead to the CH3PdOH molecule, 29.5 kcal/mol below the reactants. Our recent
G2M(MP2) calculations® showed the BeO + CH, reaction to proceed by barrier-less
formation of CH4BeO, for which the complex formation energy (20.7 kcal/mol) is
much higher than those for the methane complexes with neutral PdO and FeO (5.7
kcal/mol)*® and comparable with the formation energies of the complexes with
transition-metal-oxides FeO" (22.8 kcal/mol), MnO" (16.2 kcal/mol), CoO" (26.5
kcal/mol),” as well as FeS" (16.4 kca/mol)** CH,BeO can isomerize to a
CH3BeOH molecule (87.8 kcal/mol below BeO + CH,) via transition state TSI,
which lies 6.5 kcal/mol lower in energy than the reactants® CHsBeOH can dissociate
without an exit barrier to BeOH + CH3 (0.5 kcal/mol below the reactants) or rearrange
through a high barrier at transition state TS2 (25.7 kcal/mol above BeO + CH,) to a
weakly bound CH3;OHBe complex. The overadl BeO + CH; ® CH30OH + Be
reaction was computed to be 11.4 kcal/mol endothermic and to have the highest
barrier of 25.7 kcal/mol. However, the reaction route leading to the BeOH + CHj3
radica products either via the CH3BeOH intermediate or by direct hydrogen
abstraction is more feasible.”

The goal of the present paper is to study PES and mechanisms of reactions of

neutral transition metal oxides with CH, in order to analyze the possibility of the



methane ® free methyl radical and methane ® methanol conversion using MO. For
this purpose, we considered the oxides of an early transition metal (Sc) and a late
transition metal (Ni) and used the density functional theory (DFT) to calculate PES
for theMO + CH; ® M + CH30H and MO + CH; ® MOH + CHs reactions.  Since
nickel oxide appeared to be reactive towards CH,, we have aso studied its heavier

anaog, PdO.

Computational Details

As mentioned above, we have studied the lowest doublet PES for the ScO + CH,4
reaction as well as triplet and singlet surfaces for NiO/PdO + CH,;.  For M = Sc, the
first excited electronic states of the metal, “F (3d%4s), and of the oxide, D, lie
relatively high in energy, 32.9% and 43.0%® kcal/mol above the ground state Sc(*D)
and ScO(’S"), respectively, and therefore we investigated only the ground electronic
state doublet PES. On the other hand, for Ni and Pd two lowest in energy triplet and
singlet electronic states PESs are quite close to each other and may interconvert
during the reaction. Hence, we considered both triplet and singlet surfaces. For the
ScO and NiO reactions, full geometry optimizations were run to locate al the
stationary points and transition states at the B3LY P/6-31G** level of theory.***® We

used spin-unrestricted B3LY P (UB3LY P) calculations for the doublet and triplet states.



On the singlet NiO + CH, surface both a reactant NiO(*D) and a product Ni(*D) have
open shell wavefunctions. Therefore, for intermediates and transition states we
carried out calculations for open and closed shell singlet states using the UB3LY P and
spin-restricted RB3LYP methods, respectively, then compared their energies and
chose the species with lower energies to obtain the potential energy surface for the
lowest singlet state. In these cases we carried out both RB3LYP and UB3LYP
geometry optimizations. Harmonic vibrational frequencies were obtained at the
same level of theory in order to characterize the stationary points as minima or first
order saddle points, to obtain zero-point vibration energy corrections (ZPE) and to
generate force constant data needed for the intrinsic reaction coordinate (IRC)
caculations. The IRC method® was used to track minimum energy paths from
transition structures to the corresponding minima. A step size of 0.1 amu®? bohr or
larger was used in the IRC procedure. The relative energies of various species were
then refined by single-point calculations at the B3LY P/6-31G** optimized geometries
using the B3LYP method with the large 6-311+G(3df,2p) basis set,
B3LY P/6-311+G(3df,2p)//B3LY P/6-31G**. Unless otherwise mentioned, all
relative energies for the ScO/CH, and NiO/CH, systems include ZPE corrections
obtained at the B3LY P/6-31G** |evel.

For the reactions of the heavier transition metal oxide, PdO, we used basis sets in



combination with effective core potential on the metal atoms. The smaller basis set |
included the relativistic core potential (RECP) of Hay and Wadt* for Pd and
double-zeta quality basis functions on both metal®” and lighter O, C, and H atoms™
augmented with polarization d functions for C and O, p functions for H, and f
functions for Pd.*® In basis set 11, the RECP of Dolg et a. and the associated
triple-zeta basis set® with addition of the f polarization functions™ have been used for
the metal, and Dunning's correlation consistent basis set cc-pV TZ>* has been used for
O, C, and H, while excluding f functions on O and C and d functions on H.
Geometry optimization, normal mode anaysis, and IRC calculations have been
performed at the B3LYP/I level. The unscaled zero-point energies (ZPE) calculated
at the B3LYP/I level are included in our final energetics obtained by single-point
calculations at the B3LYP/II level. It should be noted that similar basis sets were
used by Cui, Musaev, and Morokuma® in their B3LYP caculations of methane
activation by Pd, Pt, Pd,, and Pts.

In order to assess the expected accuracy of our calculations, we recalculated the
energies of various electronic states of metal atoms and their oxides using the coupled
cluster™® CCSD(T) method and multirefrence CASSCF* and MRCI® approaches
with full valence active space and various basis sets.  The cal culations described here

were performed employing the Gaussian 98* and MOLPRO 2000°" programs.



Results and Discussion
Assessment of Computational M ethods

The calculated singlet-triplet energy differences for M and MO (M = Ni, Pd) and
the M-O bond strengths are shown in Table 1. The singlet-triplet energy gap for the
Ni atom (between the 3F (3d®4s”) and 'D (3d%s') states), 9.7 kcal/mol in
experiment,? is difficult to reproduce by single-reference-based ab initio methods.
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 the *F-'D energy gap very
close to experiment. Density functional UB3LY P/6-311+G(3df) calculations result
in 3.0 kca/mol. Full-vaence 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
difference, in areasonable agreement with the experimental value.

Various electronic states of NiO have been investigated both experimentally and
theoretically.*®** According to photoelectron spectroscopic measurements by Wu
and Wang,*® the two lowest singlet states of nickel oxide are 'D and 'S’, which
respectively lie 21.7 and 41.5 kcal/mol above the ground S state. As can be seen in
Table 1, these values are not accurately reproduced even by sophisticated ab initio

calculations. For instance, B3LY P calculations with various basis sets gave the °S-'D
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and °S-'S' energy differences as 10-15 and 34-36 kca/mol, significantly
underestimating the experimental results. The CCSD method overestimates the °S-'D
splitting by ~5 kcal/mol but underestimates °S-!'S" 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 and !S* and D 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 kca/mol, close to experiment, the higher level MRCI/6-311+G(3df)
approximation overestimates the 'D energy and underestimates *S".

In experiment, the bond strength in the ground state nickel oxide is 90.4
kcal/mol.* 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/mal,
close to the MR-ACPF result by Bauschlicher and Maitze™ (87.6 kcal/mol) and in
reasonable agreement with experiment. B3LY P/6-311+G(3df) calculations give a
slightly underestimated value of 83.9 kcal/mol, while CCSD(T) and B3LY P with the
6-311G* basis sets give the results more than 20 kcal/mol too low as compared to
experiment.

The above comparisons and our earlier studies of the ScO + Hy,* NiO + H,,* Sc

+ CO,™ and Ti + CO,® reactions, where we compared the accuracy of the
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B3LY P/6-311+G(3df,2p)//B3LY P/6-31G** method with those of CCSD(T) and
multirefrence CASSCF and MRCI, show that the B3LYP approach is a reasonable
compromise between the computational cost and accuracy. While B3LY P provides
less accurate results for the energy gaps between different electronic states of
transition metals and their oxides than the multireference methods, it appears to be
superior with respect to the much more costly CCSD(T) concerning the singlet-triplet
energy splitting for M and MO and the heats and barriers of the MO + H, ® M + H,O
andM + CO, ® MO + CO reactions.

The ground state of Pd atom has a closed-shell 'S electronic state (d'° electronic
configuration) and the open-shell °D (s'd®) state is 21.9 kcal/mol above?® B3LYP
and MRCI results are in a good agreement with the experimental value giving the
1S3D energy gap as 18-19 kcal/mol (Table 1), while the CCSD(T) and CASSCF
methods significantly underestimate the experimental result.  Since the experimental
ground state of PdO is not known, there has been a continuing discussion among
theorists what electronic state, °S or °P, islower in energy for palladium oxide. Ina
Cl calculation Bauschlicher et al.*® found that these states lie very close in energy, but
since they used different Cl expansions, they could not decide which is the lowest
state.  The MP2 and CISD methods predicted a®P ground state®” but later relativistic

DFT calculations by Chung et a.* gave the ®S energy 16.4 kcal/mol lower than that
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of P. More recent non-relativistic B88-LYP calculations by Broclawik et al.*
resulted in avery small (~0.5 kcal/mol) energy difference with ®P being slightly more
favorable. Our full-valence MRCI calculations with addition of the Davidson
correction for quadruple excitations (MRCI+Q) use the same Cl expansion for both
states and include most important relativistic effects via the use of RECP, so we
expect that the computed *S-*P energy gap of 3.3 kcal/mol is a reliable prediction.
It should be noted that the B3LY P/Il value is only 1.6 kcal/mol lower and al other
methods used in our calculations consistently give S as the ground state lying 1-4
keal/mol below °P.

The experimental dissociation energy of PdO to Pd(*S) and O(’P), 66.2
kcal/mol,* is best reproduced by the MRCI+Q/Il approach using supermolecule
calculations (see Table 1), which gives 64.5 kcal/mol. B3LYP, CCSD(T) and MRCI
methods with basis set |1 underestimate the experimental value by 8-9 kca/mol.
Summarizing, the B3LY P/Il method in most cases gives the results reasonably close
to those obtained by much more expensive CCSD(T) and MRCI calculations, except
for the singlet-triplet energy gap in PdO overestimated by ~9 kcal/mol. Therefore,
one should keep in mind that the B3LY P results for the early stages of the reaction of
PdO may somewhat overestimate the energy difference between triplet and singlet

structures.
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ScO + CH4 reaction mechanism

Relative energies of various compounds in the ScO + CH, reaction calculated at
the B3LY P/6-31G** and B3LY P/6-311+G(3df,2p) levels of theory are listed in Tables
2, while Table 3 presents vibrational frequencies for various species. The energy
diagram adong the ScO + CH; reaction pathways computed at the
B3LY P/6-311+G(3df,2p)//B3LYP/6-31G** level is shown in Figure 1 and the
optimized geometric structures of various reactants, intermediates, transition states,
and products are collected in Figure 2. The calculations show that scandium oxideis
unable to form a stable molecular complex with methane. Instead, the reaction
proceeds by insertion of ScO into the C-H bond producing the CH3ScOH intermediate
viaTSL1 (see Figs. 1 and 2). In this view, the mechanism of the ScO + CH, reaction
is similar to that of ScO + H,.** For the latter, also no stable OScH, molecular
complex exists and the insertion of ScO into the H-H bond results in the HScOH
molecule. The B3LY P/6-311+G(3df,2p)//B3LY P/6-31G** calculated exothermicity
of the ScO + CH; ® CH3ScOH reaction step is 9.7 kcal/mol and the barrier at TS1is
22.4 kcal/mol. The IRC caculations at the B3LYP/6-31G** level of theory have
confirmed that transition state TS1 connects the CH, + ScO reactants with CH3ScOH.

The geometries of the ScCOH fragments in the CH3ScOH and HScOH molecules are

14



very similar, so that the substitution of H by the methyl group plays a minor role for
the structure.  On the other hand, the binding energy of CH3ScOH relative to ScO +
CH, (9.7 kcal/moal) is notably lower than that of HScOH with respect to ScO + H,
(14.2 kca/mol at the same B3LYP/6-311+G(3df,2p)//B3LYP/6-31G** level of
theory*). Apparently, the Sc-C bond in CH3ScOH is slightly weaker than the Sc-H
bond in HSCOH. The decrease of the reaction exothermicity when ScO reacts with
methane instead of molecular hydrogen is also reflected by an increase of the reaction
barrier from 13.7 kcal/mol for ScO + H, to 22.4 kcal/mol for the ScO + CH, reaction.
In the ScO + H; reaction, the HScOH intermediate can undergo a 1,2-H shift
from Sc to H with formation of the Sc-OH, molecular complex via a high barrier of
~57 kcal/mol.*? This appeared not to be the case for the CH3ScOH molecule,
Despite of a careful search, we failed to locate a transition state for the methyl group
1,2-migration leading to the Sc-methanol complex. The saddle point optimization
instead leads to the CH; + ScOH dissociation products indicating that CH3ScOH
rather decomposes with the Sc-C bond cleavage than isomerizes to SCCH3;OH. The
bond cleavage takes place without an exit barrier. The calculated endothermicity of
the ScO + CH; ® ScOH + CHjs reaction is high, 49.2 kcal/mol, and this reaction is
unlikely to occur. At elevated temperatures, when the 22.4 kcal/mol barrier at TS1

can be overcome, the ScO + CH, reaction can produce CH3ScOH. At higher
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temperature, the latter would rather dissociate to ScO + CHy4 via the barrier of 32.1
kcal/mol than to ScCOH + CHgz with an activation energy of 58.9 kcal/mal.

The ScOH + CH3 reaction can occur by two different mechanisms. If methyl
radical attacks ScOH from the Sc side, CH3ScOH is produced without an entrance
barrier and with high exothermicity. Thisintermediate can further easily decompose
to ScO + CH,4 because transition state TS1 lies 26.8 kcal/mol below the ScCOH + CHs
reactants. Another pathway leading to the ScO + CH,4 products may be a direct
abstraction of the hydrogen atom from ScOH by CHjs, but we do not consider this
possibility here since it should be less favorable than the barrier-less and 58.9
kcal/mol exothermic formation of CH3ScOH at theinitial reaction step.  On the other
hand, CH3 can attack ScOH towards the middle oxygen atom. In this case, the
ScCH30OH complex of the Sc atom with methanol can be produced via transition state
TS2. The ScOH + CH3z ® ScCH3OH reaction is calculated to be 11.4 kcal./mol
endothermic and exhibits a barrier of 26.9 kcal/mol. In the transition state TS2, the
forming C-O bond length is 1.86 A, 0.41 A longer than that in the ScCCHsOH complex,
and the Sc-O bond lengthens from 1.77 A in ScOH to 1.99 A in TS2, and then to 2.20
A in the product. The ScOH fragment, linear in the isolated molecule bends in the
transition state where the ScCOH angle is 114.8°, which is close to 109.2° in ScCCH30OH.

Therefore, TS2 is arather late transition state, in line with the fact that the reaction is
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endothermic. The B3LYP/6-31G** IRC calculations confirmed that the first order
saddle point TS2 connects CH3 + ScCOH with SCCH30OH. The complex of scandium
atom with methanol is bound by 12.4 kcal/mol relative to CH3OH + Sc and its
decomposition can take place without an exit barrier. The total endothermicity of the
SCOH + CH3 ® TS2® ScCH30H ® Sc + CH30H reaction and the highest barrier
on the reaction pathway are computed as 23.8 and 26.9 kcal/mol, respectively.
These values render the Sc + CH3OH product channel in the ScCOH + CH3 reaction
much less likely than the ScO + CH,4 channdl.

The reverse reaction of the Sc atom with methanol starts with the ScCH3;OH
complex formation and can continue by its dissociation to SCOH + CH3 viaTS2, 15.5
and 3.1 kcal/mol above the complex and Sc + CH3O0H, respectively. The ScOH +
CH3 products can in turn undergo a secondary reaction producing ScO + CH,. In
this way, Sc atoms can reduce methanol to methane but the methane-methanol
conversion over scandium oxide is improbable. It should be noted that the
B3LY P/6-311+G(3df,2p)//B3LY P/6-31G** calculated relative energy of Sc + CHzOH
is 72.9 kcal/mol higher than that of ScO + CH,, which is very close to the
experimental value of 72.0 kcal/mol obtained based on the experimental bond strength

in ScO, 161.7 kcal/mol,>* and heats of formation of methane, methanol and O.%
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NiO + CH, reaction mechanism

Triplet Potential Energy Surface As seen in Figs. 3 and 4, at the first step of
the NiO(®S) + CHj, reaction in triplet electronic state, the CH, molecule can be
attached without a barrier to the Ni atom of NiO(*S) to form a molecular complex
t-CH4NiO (here and below prefixes “t” and “s’ indicate triplet and singlet states,
respectively) bound by 8.7 kcal/mol relative to the reactants (see Tables 4 and 5 for
relative energies and vibrational frequencies, respectively). The complex has no
symmetry and Ni is oriented toward two hydrogens of methane, for which the C-H
bonds are slightly stretched to 1.12 A (ca. with 1.085 A in the free CH; molecul€).
The CNiO fragment in t-CH4NiO is nearly linear, with the angle of 169.8°. The
complex formation energy of NiO(*S") with methane is significantly higher than that
with molecular hydrogen, 3.7 kcal/mol at the same level of theory* At the next
reaction step, NiO can insert into the C-H bond producing a t-CH3NiOH intermediate
viat-TS1. The calculated exothermicity of the t-CHsNiO ® t-CH3NiOH reaction
step is about 28.9 kcal/mol and the barrier is 28.3 and 19.6 kcal/mol relative to
t-CH4NiO and NiO(®S) + CHy,, respectively. IRC calculations have confirmed the
connection between t-CH4NiO and t-CH3NiOH through transition state t-TS1. The
geometry of the NiOH fragment in t-CH3NiOH is similar to that in the HNiOH

molecule®  On the other hand, the energy of t-HNiOH relative to NiO(’S) + Ho,
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-44.8 kcal/moal, is ~7 kcal/mol lower than the energy of t-CH3NiOH with respect to
NiO(S) + CHy, -37.6 kcal/mol, indicating that the Ni-C bond is weaker than Ni-H.
Interestingly, the barriers for the NiO(*S") insertion into the C-H bond of methane and
H-H bond of H, are very close, ~19 kcal/mol relative to the reactants.

From the t-CH3NiOH intermediate, the reaction can proceed by the 1,2-methyl
group migration via transition state t-TS2 to t-NiCH3OH, a complex between the Ni
atom and methanol. The Ni-C bond (2.29 A) in t-TS2 becomes weaker and a new
C-O bond (1.86 A) starts to form, while the Ni-O bond stretches from 1.74 to 1.85 A.
The transition state exhibits a rather late character, which is in accord with the fact
that this reaction step is 29.3 kcal/mol endothermic. The barrier at t-TS2 is
calculated to be high, 62.7 and 25.1 kcal/mol with respect to t-CH3NiOH and the
initial reactants, respectively. The B3LYP/6-31G** IRC calculations confirmed that
the first order saddle point t-TS2 connects the t-CH3NiOH and t-NiCH3;OH
intermediates. t-NiCH3OH, where the Ni atom is coordinated toward the O atom of
methanol, is a rather weak complex which decomposes to Ni(}F) and CH3OH with the
energy loss of 5.0 kcal/mol and without an exit barrier.  Overall, the NiO(®S") + CH,4
® Ni(®(F) + CH3OH reaction is calculated to be 3.3 kcal/mol exothermic, while
according to the experimental data it is 0.7 kcal/mol endothermic.?® Nevertheless,

the deviation between the experimental and
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B3LY P/6-311+G(3df,2p)//B3LY P/6-31G** calculated DH; is not large. Interestingly,
the NiO(S) + H, ® Ni(’(F) + H,O reaction is much more exothermic, ~27
kcal/mol,* reflecting a stronger O-H bond in water as compared to O-C in CH3OH.
Another possible product channel of the NiO(*S) + CH, reaction is CH; +
NiOH(®A”). The radical products can be formed by a direct abstraction of an H
atom of CH4 by the oxygen atom of NiO via transition state t-TSa. The transition
state exhibits a typica geometry for a hydrogen abstraction TS, with a nearly linear
(176.8°) C-H-O fragment. The breaking C-H bond is lengthened from 1.085 to
1.419 A and the forming O-H bond, 1.121 A, is only ~0.15 A longer than that in the
NiOH radical. Thus, t-TSa has alate character, in line with the fact that the NiO(®S)
+ CH; ® CHgs + NiOH reaction is computed to be 13.2 kcal/mol endothermic. The
calculated barrier at t-TSa is 15.9 kcal/mol relative to the reactants but only 2.7
kcal/mol with respect to the products. The CHz + NiOH products can be also
formed through the Ni-C bond cleavage in the t-CH3NiOH intermediate. The
t-CH3NIiOH ® CHgs + NiOH reaction is 50.8 kcal/mol endothermic and takes place
without an exit barrier; a transition state search for the Ni-C bond rupture in the
t-CH3NiOH molecule led to the radical products. On the other hand, the t-NiCH3;OH
complex can aso dissociate to NiOH + CHgz by a cleavage of the C-O bond. This

process exhibits an exit barrier with transition state t-TS3 lying 19.2 and 6.0 kcal/mol

20



above NiO(*D) + CH,4 and NiOH + CHs, respectively. The transition state shows a
late character with the breaking C-O bond of 2.26 A, and the NiOH and CHs
fragments have the geometries very close to those in the separated radicals.

Snglet Potential Energy Qurface.  The singlet reaction pathway is similar to the
triplet pathway but the energies differ. At the
B3LY P/6-311+G(3df,2p)//B3LY P/6-31G** level, singlet NiO('D) lies 10.6 kcal/mol
above the ground °S' triplet state, so that the experimental energy gap between the two
states, 21.7 kcal/mol, is underestimated by two times. All intermediates and
transition states of the NiO(*D) + CHj reaction, except the s-NiCHsOH complex, have
open-shell  wavefunctions in their lowest singlet states, i.e. their
UB3LY P/6-311+G(3df,2p)//UB3LYP/6-31G**  energies are lower than the
RB3LY P/6-311+G(3df,2p)//RB3LY P/6-31G** energies (Table 3). The <S> values at
the UB3LYP level aretypically in the range of 0.63-1.00 before annihilation of higher
spin contributions in the wavefunctions but decrease to 0.02-0.05 after the
annihilation, which indicates a significant spin contamination of the open-shell singlet
wavefunction by the triplet state. A removal of the spin contamination would result
in an increase of the triplet-singlet energy gap for NiO, Ni, as well as various
intermediates and transition states.

At the initial reaction step, NiO(*D) and CH, form the s-CH4NiO complex
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stabilized by 10.6 kcal/mol relative to the reactants. Thus, the complex formation
energy in the singlet state is 1.9 kca/mol higher than in the triplet state. Thisisaso
the case for the molecular complex of nickel oxide with H, for which the complex
formation energies are 6.1 and 3.7 kcal/mol in singlet and triplet, respectively.”®  Still,
S-CH4NIO lies 8.7 kcal/mol abovet-CH4NiO. The major difference in the t-CH4NiO
and s-CH4NiO geometries is seen for the CNiO angle, 169.8° for triplet vs. 180° for
singlet, i.e., the latter has a Cy-symmetric structure with the linear CNiO fragment.
The energy barrier for NiO insertion into the C-H bond separating ss=CH4NiO from
S-CH3NiOH is 20.6 kcal/mol and sTS1 is only 1.0 kcal/mol higher in energy than
t-TS1. sTS1 shows a somewhat earlier character than the triplet transition state,
with a shorter breaking C-H bond (1.32 A vs. 1.38 A in t-TS1) and a longer forming
O-H bond (1.40 A vs. 1.36 A ). The s-CHsNiOH molecule produced after the
insertion is 7.7 kcal/mol higher in energy than the ground state triplet t-CH3NiOH and
lies 29.9 and 40.5 below the triplet and singlet reactants, respectively. Optimized
geometric parameters of CH3NiOH in the triplet and singlet states significantly differ
for the CNiO (161.2° and 136.3°) and NiOH (128.5° and 118.4°) angles as well as for
the C-Ni bond length, ~0.1 A shorter in the singlet than in the triplet state. From
s-CH3NiOH, the reaction can proceed by the C-Ni bond cleavage to form the radical

CH3 + NiOH products without an exit barrier.  On the other hand, the methyl group
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migration from Ni to O leads to the sNiCH3OH complex vias-TS2. The energy of
sTS2, 20.5 kcal/mol relative to NiOCS) + CHa, is 4.6 kcal/mol lower than that of
t-TS2. In the singlet transition state, both Ni-C and C-O distances are much (by
0.25-0.4 A) shorter than those in t-TS2 but the Ni-O distance is ~0.09 A longer. The
s-NiCH3OH complex, 3.6 kcal/mol higher in energy than t-NiCH3OH, is stabilized by
4.4 keal/mol with respect to Ni(*D) + CH3OH and can decompose to them without an
exit barrier. It should be noted that the B3LYP/6-311+G(3df,2p) calculations
underestimate the experimental 'D-F energy gap for the Ni atom by 6.7 kcal/mol.
Overall Reaction Mechanism.  Similarly to the NiO + H, reaction,*® the reaction
of the nickel oxide with methane may involve both triplet and singlet potential energy
surfaces. The minimal energy reaction pathway starts from the formation of the
t-CH4NiO complex from NiO(®S) and CHa. Next, the t-CH3NiOH intermediate is
produced viat-TS1 overcoming abarrier of 19.6 kcal/mol with respect to the reactants.
For the NiO + H, reaction,* the minimal energy pathway goes through the singlet
transition state s-TS1, which is ~6 kcal/mol lower than t-TS1, and thus involves a
singlet-triplet intersystem crossing. This is not the case for NiO + CHy; sTSL is
dlightly higher in energy than the triplet transition state for NiO insertion into the C-H
bond. t-CH3NiOH decomposesto CH3 + NiOH or undergoes a 1,2-CHz migration to

form a molecular complex between the Ni atom and methanol. If a singlet-triplet
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intersystem crossing takes place along the reaction path, the barrier for this reaction
step can be lowered from 25.1 kcal/mol (relative to the initia reactants) at t-TS2 to
20.5 kcal/mol at sTS2. After the barrier is cleared on the singlet state PES, another
intersystem crossing can lead to the t-NiCH3OH complex, 3.6 kcal/mol lower in
energy than s-NiCH3OH. Finally, the complex decomposes into the triplet Ni(F) +
CH3OH products.  Earlier,*® we showed that the intersystem crossing indeed takes
place between singlet and triplet PES of the HNiOH system in the vicinity of the
transition state for the 1,2-H shift from Ni to O. The spin-orbit coupling between the
singlet and triplet states at a representative point on the crossing seam was computed

as 27 cmt.®

From the potential energy diagram for the CH3NiOH system (Fig. 3)
one can expect that the singlet-triplet intersection can also occur in the vicinity of s-
and t-TS2.

The barriers on the NiO(S) + CH, ® Ni(®F) + CH;OH reaction pathway are
calculated as ~20 kcal/mol with respect to the reactants. This means that at elevated
temperatures in the gas phase nickel oxide might directly transform methane to
methanol. However, according to the computed energies the reaction mechanism
leading to CH3OH is not favorable. The direct hydrogen abstraction leading to the

CH3 + NiOH is preferable since the barrier for this mechanism is lower, 15.9 kcal/mal.

The radical products can be also formed by the NiO(S) + CH, ® t-CH4NIiO ®
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t-TS1 ® t-CH3NiOH ® CHgz + NiOH pathway. Once the t-CH3NiOH intermediate
is produced, it is more likely to decompose to CH3 + NiOH with the activation energy
of 50.8 kcal/mol than to rearrange into the t-NiCH3OH complex viathe barrier of 58.1
kcal/mol and singlet-triplet intersystem crossing or via the barrier of 62.7 kcal/mol in
thetriplet state. Hence, while NiO is able to assist the methane activation at elevated
temperatures, the methanol/methyl product branching ratio is expected to be low. At
low and ambient temperatures, the NiO(’S) + CH, reaction can produce only the
t-CH4NiO molecular complex bound by 8.7 kcal/mal.

The reverse reaction of Ni(*F) with methanol can easily give the t-NiCH3;OH
complex with the energy gain of 5.0 kcal/mol. The other intermediates (t-CH3NiOH
and t-CH4NiO) and products (NiO(?S) + CH,4) can be formed only under conditions
when the ~23 kcal/mol barriers relative to Ni(3F) + CHzOH can be overcome.  Thus,
the reaction of Ni atoms with methanol should differ from that with water where the
barrier at TS2 is much lower and the Ni(F) + H,O reaction is able to produce HNiOH
even at low temperatures. The CH3 + NiOH reaction can result in the NiO(S) +
CH, products by the direct hydrogen abstraction with a barrier of 2.7 kcal/mol or
through CH3 + NiOH ® t-CH3NiOH ® t-TS1® t-CH4NiO ® NiO(®S) + CH,4 viaa
6.4 kcal/mol barrier. On the other hand, the CHz + NiOH ® t-CH3NIiOH ® s TS2

® t-NiCHzOH ® Ni(°*F) + CH;OH and CHz + NiOH ® t-TS3 ® t-NiCHs;OH ®
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Ni(*F) + CHsOH pathways lead to the Ni atom and methanol through the barriers of

7.3 and 6.0 kcal/mol, respectively.

PdO + CH4 reaction mechanism

Relative energies of various species in the PdO + CH, reaction calculated at the
B3LY P/l and B3LY P/I1 levels of theory are presented in Tables 5, while Table 6 lists
their vibrational frequencies. The energy diagram along the PdO + CH, reaction
pathways computed at the B3LYP/II//B3LYP/I level is shown in Figure 5 and the
optimized geometric structures of various reactants, intermediates, transition states,
and products are depicted in Figure 6.  Similarly to Broclawik et a.,*® we found two
types of complexes of palladium oxide with methane corresponding to collinear and
bridging adsorprtion of CHs In triplet electronic state, only the collinear
t-CH4PdO(I) complex isalocal minimum. It has C,, symmetry with two H atoms of
methane oriented towards the Pd atom (see Fig. 6). The minima were located in two
triplet states, *B; and A, where the latter lies 4.7 kcal/mol lower in energy than the
former and is stabilized by 9.9 kcal/mol with respect to the reactants, PdO(°S’) + CH..
In t-CH4PdO(l), 3A,, the C-H bonds directed to Pd are slightly stretched (to 1.111 A)
and the Pd-H distances are relatively short, 2.129 A.  The Pd-O bond length is nearly

unchanged as compared to the free PAO(®S) molecule. The complex formation
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energy computed at the B3LYP/II level is significantly higher than 3.3 kcal/mol
obtained by Broclawik et al. at the B88-LYP level’® and is comparable with that for
t-CH4NIO. In singlet electronic state, the sCH4PdO(b) complex in Cs symmetry
corresponds to bridging adsorption of methane and no collinear complex was found as
aloca minimum. One of CH,4 hydrogens interacts with O and another with Pd with
O-H and Pd-H distances of 2.218 and 2.048 A, respectively. s-CH,PdO(b) lies 9.4
kcal/mol below the PAO(*S") + CH, reactants, so the complex formation energy for
singlet is similar to that for triplet.

Both triplet and singlet reactions proceed from the complexes by insertion of the
paladium oxide into a C-H bond via TS1. In the triplet state, the barrier is high,
31.1 and 21.2 kcal/mol relative to t-CH4PdO(l) and PdO(®S) + CH., respectively.
On the other hand, in the singlet state the calculated barrier is only 1.1 kcal/mol with
respect to s-CH4PdO(b) and s-TS1 lies 19.0 kcal/mol above PAO(®S)) + CH, and 2.2
kcal/mol below t-TS1. sTS1 has a much earlier character than t-TS1, which is
indicated by a shorter length for the bresking C-H bond (1.219 A in the former vs.
1.400 A in the latter) and a longer length for the forming O-H bond (1.480 A vs.
1.244 R). Since the energies of t- and s-TS1 are close, one can expect the singlet
and triplet PES can crossin avicinity of this transition state. Indeed, calculations of

atriplet state at the s TS1 geometry show that the singlet *A’ and triplet A" energies
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are nearly identical and differ only by 1 and 50 cm™ at the B3LYP/I and B3LYP/II
levels, respectively. Thus, the singlet-triplet intersystem crossing takes place at
sTS1. The ground electronic state reaction, PdO(*S’) + CH., proceeds on the triplet
PES before reaching the s-TS1 structure where the system can switch its multiplicity
and continue on the singlet PES. Because s-TS1 develops earlier than t-TS1, the
higher barrier in the triplet state at t-TS1 does not have to be overcome.

The insertion of PdO into a C-H bond of methane leads to the formation of a
CH3PdOH molecule. Its structures in the singlet and triplet states are quite different.
s-CH3PdOH has shorter Pd-O and Pd-C bond lengths, 1.932 and 1.991 A, respectively,
vs. 1.957 and 2.062 A in t-CH3PdOH, and much smaller CPdO and PdOH angles,
98.3° and 107.0°, respectively, vs. 151.3° and 115.4°. The singlet CHzPdOH resides
35.8 kcal/mol lower in energy than the PAO(®S) + CH, reactants and is 13.8 kcal/mol
more stable than t-CH3PdOH. In the singlet state, the reaction can continue by
1,2-migration of the methyl group from Pd to O viasTS2. In the transition state,
the Pd-C and Pd-O bonds are stretched as compared to those in ss=CH3PdOH and a
new Pd-O bond (1.835 A) startsto form.  The calculated barrier for the 1,2-CHs shift
is 31.9 kcal/mol but sTS2 lies 3.9 kcal/mol below the initial reactants. Despite a
careful search, we were not able to locate a corresponding t-TS2 in the triplet state.

The saddle point search resulted in dissociation of the triplet molecule to PAOH(A”)
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and methyl radical indicating that CH3 splitting is preferable as compared to its
migration. After the barrier at sTS2 is cleared, a ssPAdCH3;0H complex between Pd
atom and methanol is produced. The complex lies 34.4 kcal/mol lower in energy
than the reactants and is stabilized by 8.0 kcal/mol with respect to Pd(*S) + CHsOH.
A triplet t-PdCH3OH complex can also exist, athough it is 19.9 kcal/mol less stable
than s-PdCHsOH. The complex formation energy of Pd(°D) with methanol is 7.2
kcal/mol. t-PdCHsOH can be produced without a barrier not only from Pd(D) +
CH3OH but aso from PdOH and CHs.

The overall exothermicity of the PdO(*S) + CH, ® Pd(*S) + CH3OH reaction is
caculated as 26.4 kca/mol a the B3LYF/II//B3LYP/I level. Taking the
experimental bond strength for PdO (66.2 kcal/mol*®) and heats of formation of CHa,
CH3OH, and O,% the experimental reaction heat is—23.5 kcal/mol, so our calculated
result agrees with the experimental DH; within 3 kcal/mol margins. The minimal
energy pathway for methane conversion to methanol using palladium oxide involves
both triplet and singlet PES and can be described as follows: PdO(*S) + CH, ®
t-CH4sPdOH(l) ® sTSL ® sCHsPdOH ® sTS2 ® sPdCH;OH ® Pd(‘S) +
CH3;OH. Here, the reaction starts on the triplet surface, undergoes triplet-singlet
intersystem crossing near sTS1, and then continues in the singlet electronic state.

Since Pd is a heavy element, the triplet-to-singlet conversion at the intersection point
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of PESis expected to be efficient. The PdO(*S) + CH, ® Pd(*S) + CH3OH reaction
is another example of the two state reactivity concept, which was recently discussed
in detail by Schroder, Shaik, and Schwarz.*

The aternative channel for the PdO(S) + CH, reaction is abstraction of a
hydrogen atom to produce PdOH(*A”) and CHs.  This channel is computed to be 6.9
kcal/mol endothermic and proceeds via transition state t-TSa with a barrier of 16.2
kcal/mol. In accord with the reaction endothermicity, t-TSa exhibits a rather late
character; the forming Pd-O bond is 18% longer than that in isolated PAOH, while the
breaking C-H bond is 27% longer than the bond in methane. The two channels,
hydrogen abstraction, PdO(*S) + CH, ® t-TSa® PdOH + CHs, and PdO(®S) + CH,
® t-CH4PdOH(l) ® sTS1 ® sCHsPdOH ® STS2 ® sPdCH:OH ® Pd(*S) +
CH3OH, are expected to contribute into the reaction. The barrier for the former, 16.2
kcal/mal, is dlightly lower than the highest barrier at sTS1, 19.0 kcal/mol, on the
pathway leading to methanol. In order to estimate a possible branching ratio for
formation of methanol and methyl radical in the reaction of paladium oxide with
methane, we carried out transition state theory calculations with Wigner’s tunneling
correction> for the H-abstraction channel and for the rate-determining step of the
methanol formation, PdO insertion into a C-H bond occurring at sTS1 assuming

efficient singlet-triplet intersystem crossing.  For simplicity, in both cases PdO(S) +
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CH4 were taken as reactants, while t-TSa and s-TS1 served as transition states. The
rate constants calculated for the 300-1000 K temperature range are plotted in Fig. 7
and can be fitted by the following expressions (in cm® s* molecule™):

Kmethanol = 5.60x10™2 exp(-20797/RT)

Kmethyl = 7.12x10™ exp(-17329/RT)
As one can see, the rate of the methyl radical formation is 2-3 orders of magnitude
higher than the rate of the reaction channel proceeding via sTS1 and eventually
leading to the formation of CH3OH. The branching ratio for the methanol channdl is
only 0.05% at 300 K and increases to 1.7% at 1000 K. Therefore, despite the fact
that the barriers at t-TSa and s-TS1 differ by only ~3 kcal/mol, the H-abstraction
mechanism leading to PAOH + CH3 dominates the reaction in the gas phase because it
involves a looser transition state with lower vibrational frequencies (see Table 7).
On the other hand, methanol can be produced in a secondary reaction of PdOH with
CHj3 via two channels, PAOH + CH3; ® s-CH3PdOH ® sTS2 ® s-PdCH;OH ®
Pd(*S) + CHsOH (with the transition state lying 3.0 kcal/mol below reactants) and

PdOH + CH3; ® s-PdCH;OH ® Pd(*S) + CHOH.

Comparison of methanereactionswith various metal oxides

Now we can compare the reaction mechanisms of CH; with oxides of an
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alkaline- earth metal (BeO), an early transition metal (ScO), and two late transition
metals (NiO, PdO). Among those, the scandium oxide appears to be the least
reactive. At elevated temperatures, the ScO + CH, reaction can produce the
CH3ScOH molecule and the molecular complex between scandium oxide and
methane does not exist. ScO is not expected to assist the conversion of CH, into
methyl radical or methanol. BeO is more reactive towards methane than NiO and
PdO. The former can form a more stable molecular complex CH;BeO bound by
20.7 kcal/mol®® as compared to 9-10 kcal/mol for the complex formation energy of
CH4NIiO and CH4PdO. The barrier for the insertion into the C-H bond is 14.2
kcal/mol for BeO vs. 28-29 kcal/mol for NiO and PdO. For the former the insertion
transition state lies lower in energy than BeO + CH, but the barriers relative to the
initial reactants are 19-20 kcal/mol for NiO and PdO. For the reactions of BeO and
NiO, the most favorable pathway for decomposition of the CH;MOH intermediate is
the cleavage of the M-C bond leading to the radical CHz + MOH products. For M =
Be, this product channel is dightly exothermic (0.5 kcal/mol®) but for Ni, 13.2
kcal/mol endothermic. On the other hand, the CHsPdOH molecule would
decompose to Pd + methanol rather than to PAOH + CH3 or PdO + CHa.

The CH3 + MOH products can be also formed by the direct abstraction of a

hydrogen atom overcoming barriers of ~16 kcal/mol for NiO and PdO and this
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channel is expected to dominate the reactions. For BeO, this pathway is barrier-less,

but the reaction would most likely proceed by much more exothermic BeO + CH, ®

CH4BeO ® CH3BeOH channdl. If the CH3BeOH molecule can be stabilized by

collisions, it is expected to be the mgjor reaction product, while a certain amount of

BeOH and CH3 can be also formed. Alternatively, the oxides of Ni and Pd can

convert CH, to CH3 at elevated temperatures. PdO is a better candidate for the

methane conversion because, in addition to the production of CHjz, the recombination

of PAOH with CH5 should be facile and to lead to the formation of methanal.

Conclusions

Density functional calculations of PES for the MO + CH, reactions (M = Sc, Ni,

and Pd) show that the scandium oxide is not reactive with respect to methane at low

and ambient temperatures. At elevated temperatures (when a barrier of ~22 kcal/mol

can be overcome), the reaction can produce the CHzScOH molecule but the latter is

not likely to decompose to the methyl radical and ScOH or Sc + CH3OH because of

the high endothermicity of these processes. On the other hand, the oxides of nickel

and palladium are more reactive and can form, without a barrier, molecular complexes

with CH, stabilized by 9-10 kcal/mol. In addition, NiO and PdO can assist the

methane conversion into free methyl radical and methanol at elevated temperatures.
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The dominant reaction channdl is abstraction of a hydrogen atom from CH, with a
barrier of ~16 kcal/mol leading to MOH + CHs. The recombination PdOH + CHj3
reaction is expected to further transform methyl radical into CH3;OH, however, the
NiOH + CHjs reaction is expected to produce only CH3NiOH or to restore the initial
reactants, NiO + CH;. Summarizing, anong the metal oxides considered here, PO
is the best candidate able to convert methane to free methyl radical and eventualy to

methanol through the gas phase reactions.
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Table 1. Energy differences between low-lying electronic states for Ni, Pd, NiO, and

PdO and Ni-O and Pd-O bond strengths in the ground *S™ electronic state of NiO and

PdO (kcal/mol) calculated at different levels of theory.

Method Ni,°F-'D  NiO,%s-'D NiO, ®s-'S"  Ni-O bond
B3LY P/6-31G* 19.5 10.5 35.1 81.8
B3LY P/6-311G* 18.4 14.9 35.9 70.0
B3LY P/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
CASSCF¥6-311+G(3df) 7.1 18.5 39.5 116.9
MRCI%6-311+G(3df) 6.7 23.7 33.4 61.7 (78.9)°
MRCI+Q¥6-311+G(3df) 6.3 26.0 34.8 75.1(89.9)°
experiment 9.7° 21.7° 41.5 90.4°
Method Pd,'S°D  PdO,%s-*P PdO,3S-'S*  Pd-O bond
B3LYP/I 19.2 0.9 25.8 55.4
B3LY P 18.1 1.7 27.3 58.1
CCSD(T)/II 13.6 4.2 16.4 57.2
CASSCF/II 5.1 1.7 16.1 20.4
MRCIZ/II 17.3 2.4 17.1 35.1 (56.7)°
MRCI+Q¥II 18.0 3.3 18.0 48.6 (64.5)°
experiment 21.9° 66.2"

®Full-valence active space calculations; the active space is (10,6) for Ni and Pd,

(16,10) for NiO and PdO, and (6,4) for O.

PIn parentheses: bond strength computed using the supermolecul e approach where the

energy of M + O was calculated for the two atoms separated by 100 A.

°From Ref. 22.
YFrom Ref. 38.

°From Ref. 40.
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'From Ref. 49.
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Table 2. ZPE corrected relative energies (kcal/mol) of various compounds in the ScO

+ CH, reaction calculated at the B3LY P/6-31G** and B3LY P/6-311+G(3df,2p) levels

of theory at B3LY P/6-31G** optimized geometries.

Species  B3LYP/6-31G**  B3LY P/6-311+G(3df,2p)

ScO(®S")+CH, 0 0
TS1 21.92 22.39
CH3ScOH -6.42 -9.75
ScOH + CHg 52.06 49.16
TS2 78.20 76.04
ScCH5OH 61.81 60.57
Sc(®*D)+CH3OH 77.07 72.92
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Table 3. Vibrational frequencies (cm™) of various compoundsin the ScO + CH,

reaction calculated at the B3LY P/6-31G** level.

Species Frequencies

TS1 14791, 164, 297, 413, 517, 727, 944, 1238, 1239, 1453, 1463, 1946,
2998, 3069, 3117

CH3ScOH 27,125,308, 317, 418, 429, 513, 756, 1172, 1447, 1451, 2984, 3060,
3081, 3947

ScOH 245, 836, 3966

TS2 724i, 128, 159, 446, 532, 688, 770, 877, 1132, 1455, 1458, 3121, 3251,
3273, 3667

ScCH30H 76, 139, 291, 337, 990, 1072, 1163, 1338, 1467, 1504, 1513, 3064,

3146, 3183, 3631
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Table 4. ZPE corrected relative energies (kcal/mol) of various compounds in the NiO

+ CH, reaction calculated at the B3LY P/6-31G** and B3LY P/6-311+G(3df,2p) levels

of theory at B3LY P/6-31G** optimized geometries.

Species B3LYP/6-31G**  B3LY P/6-311+G(3df,2p)
NiO(*S)+CH,4 0 0
t-CH,NiO -17.65 -8.70
t-TS1 8.34 19.60
t-CH3NiOH -54.36 -37.60
t-TS2 19.52 25.10
t-NiCH3OH -7.01 -8.28
Ni(®F)+CHsOH 1.73 -3.30
t-TS3 20.02 19.23
t-TSa 19.62 15.91
NiOH(?A”) + CH3 15.67 13.18
NiO(*D)+CH, 10.53 10.61
s-CH4NIO
RB3LYP 9.34 22.80
UB3LYP<S>>=1.001 -11.79 0.00
sTS1
RB3LYP 14.48 23.74
UB3LYP<S>>=0.629 10.95 20.64
s-CH3NiOH
RB3LYP -35.13 -27.65
UB3LYP<S>>=0.832 -42.01 -29.88
sTS2
RB3LYP 36.38 21.29
UB3LYP<S>>=0.843 23.57 20.48
s-NiCH3OH
RB3LYP 27.94 -4.71
UB3LYP<S>>=1.007 7.53 -0.90
Ni(*D)+CH3OH 21.23 -0.31




Table 5. Vibrational frequencies (cm™) of various compoundsin the NiO + CH,4
reaction calculated at the B3LY P/6-31G** level.

Species Frequencies

t-CH4NiO 73,97, 201, 347, 682, 951, 1219, 1422, 1457, 1504, 1699, 2718, 2830,
3136, 3202

t-CH3NIOH 91, 121, 248, 481, 556, 627, 658, 767, 1247, 1454, 1460, 3027, 3095,
3109, 3900

t-NiCHz;OH 100, 139, 291, 448, 994, 1066, 1165, 1348, 1468, 1507, 1514, 3059,
3137, 3177, 3716

t-TS1 1660i, 193, 303, 441, 497, 719, 852, 1144, 1274, 1469, 1487, 1774,
2835, 3116, 3187

t-TS2 580i, 176, 279, 579, 605, 746, 811, 962, 1208, 1459, 1489, 3097, 3197,
3264, 3680

t-TS3 268i, 28, 91, 193, 424, 454, 546, 713, 829, 1425, 1431, 3145, 3317,
3331, 3750

t-TSa 14309i, 37, 88, 382, 420, 548, 762, 1039, 1091, 1192, 1443, 1445, 3087,
3230, 3231

NiOH 723, 763, 3791

s-CH4NIiO

RB3LYP 87, 193, 315, 417, 579, 964, 1253, 1419, 1426, 1520, 1716, 2656
2807, 3139, 3204

UB3LYP 33, 93, 213, 354, 726, 962, 1220, 1427, 1466, 1488, 1712, 2708, 2820,
3137, 3202

s-CH3NiOH

RB3LYP 158, 184, 361, 525, 723, 735, 783, 818, 1264, 1404, 1460, 2938, 3084,
3131, 3764

UB3LYP 119, 131, 381, 485, 645, 693, 701, 738, 1249, 1420, 1467, 2984, 3087,
3128, 3826

s-NiCH30OH

RB3LYP 157, 179, 456, 543, 940, 1034, 1142, 1302, 1441, 1485, 1516, 3068,
3159, 3204, 3575

UB3LYP 127, 160, 358, 465, 985, 1064, 1162, 1343, 1465, 1504, 1515, 3061,
3140, 3182, 3703

sTS1

RB3LYP 962i, 130, 325, 457, 574, 910, 1053, 1102, 1355, 1439, 1513, 1753,

2878, 3121, 3187
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UB3LYP 1383i, 173, 321, 493, 524, 847, 881, 1110, 1319, 1451, 1502, 1767,
2858, 3119, 3188

STS2

RB3LYP 504i, 231, 305, 454, 676, 947, 968, 1159, 1345, 1465, 1484, 2867,
3123, 3205, 3519

UB3LYP 512i, 297, 328, 463, 504, 952, 1050, 1134, 1369, 1396, 1473, 1975,
3110, 3190, 3705

Table 6. ZPE corrected relative energies (kcal/mol) of various compounds in the PdO
+ CHy,4 reaction calculated at the B3LY P/l and B3LY /Il levels of theory at B3LY P/I

optimized geometries.

Species B3LYP/I B3LYP/II
PJO(®S) + CH,4 0 0
t-CH4PdO(1), A -8.79 -9.85
t-CH4PdO(1), °B1 -5.11 -5.14
t-TS1 20.27 21.17
t-CH3PdOH -21.04 -24.02
t-TSa 14.65 16.15
PAOH(*A") + CH3(?A") 7.12 6.93
t-PdCH3OH -17.06 -15.45
Pd(°D) + CH;OH -8.01 -8.27
PdO(*S™) + CH,4 25.82 27.31
s-CH4PdO(b) 17.67 17.86
sTS1 18.69 19.02
s-CH3PdOH -35.03 -35.81
sTS2 -4.69 -3.91
s-PdCH;0OH -35.80 -34.36
Pd(*S) + CH3OH -28.15 -26.39
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Table 7. Vibrational frequencies (cm™) of various compoundsin the PdO + CH,

reaction calculated at the B3LY P/I levdl.

Species Frequencies
PJO(®S) 662
PJOCP) 613

t-CH,4PdO(l), A, 43, 93, 94, 206, 344, 679, 1229, 1355, 1383, 1517, 1578, 2879,

t-CH,PdO(), °B.

t-TS1
t-CH3PdOH
t-TSa

PAOH(A™)
t-PdCHs0OH

PJO(*S")
s-CH4PdO(b)

sTS1
S-CH3PdOH
sTS?

S-PdCH3OH

2968, 3134, 3199

20, 68, 168, 173, 191, 620, 1265, 1352, 1361, 1554, 1576, 2948,
3024, 3135, 3195

1730i, 100, 161, 451, 486, 556, 648, 1071, 1152, 1434, 1458,
1597, 3027, 3112, 3169

98, 115, 344, 485, 531, 600, 652, 730, 1109, 1411, 1433, 3025,
3131, 3160, 3806

1508, 28, 89, 396, 432, 521, 612, 1091, 1109, 1179, 1417, 1418,
3081, 3231, 3233

537, 812, 3810

105, 131, 228, 431, 1022, 1068, 1158, 1345, 1468, 1489, 1497,
3042, 3119, 3164, 3813

746

82, 116, 188, 198, 338, 724, 1222, 1353, 1375, 1525, 1572, 2800,
2983, 3127, 3193

647i, 152, 237, 436, 467, 691, 1144, 1259, 1317, 1473, 1487,
1617, 2946, 3106, 3188

80, 154, 265, 539, 572, 755, 770, 911, 1211, 1415, 1454, 3015,
3137, 3186, 3800

529i, 201, 228, 455, 539, 838, 869, 1019, 1268, 1427, 1442, 2780,
3141, 3232, 3802

116, 142, 240, 403, 1038, 1072, 1163, 1347, 1472, 1488, 1497,
3027, 3102, 3168, 3863
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Figure Captions

Figure 1. Potential energy diagram for the ScO + CH; ® ScOH + CHz; ® Sc +
CH3OH reactions calculated at the B3LY P/6-311+G(3df,2p)//B3LY P/6-31G** +
ZPE(B3LY P/6-31G**) level.

Figure2. Geometries of the reactants, products, intermediates, and transition states
of the ScO+ CH,® ScOH + CH3; ® Sc + CH3OH reactions, optimized at the
B3LYP/6-31G** level. (Bond lengths are in A and bond angles are in degrees).
Figure 3. Potential energy diagram for the NiO + CH; ® Ni + CH3OH reaction
calculated at the B3LY P/6-311+G(3df,2p)//B3LY P/6-31G** + ZPE(B3LY P/6-31G**)
level.

Figure4. Geometries of the reactants, products, intermediates, and transition states
of theNiO + CH; ® Ni + CH3OH reaction, optimized at the B3LY P/6-31G** levdl.
(Bond lengths arein A and bond angles are in degrees).

Figure 5. Potential energy diagram for the PdO + CH, ® Pd + CH30OH reaction
calculated at the B3LY P/I1//1 + ZPE(B3LY P/1) level.

Figure6. Geometries of the reactants, products, intermediates, and transition states
of the PdO + CH, ® Pd + CH3O0H reaction, optimized at the B3LY P/l level. (Bond
lengths are in A and bond angles are in degrees).

Figure7. Arrhenius plots of calculated rate constants for H abstraction from CH, by
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PAO (kmethy) and for insertion of PdO into methane’s C-H bond (Kmethanal)-
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