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In this review, we present our recent studies on the MOþCH4 and MþCH3OH
model reactions (M¼ transition metals) in order to provide quantitative
information regarding the mechanisms for the catalytic methane-to-methanol
conversion process. The reaction intermediates were trapped and probed by
matrix isolation infrared absorption spectroscopy. Various important inter-
mediates including OM(CH4), M(CH3OH), CH3MOH, CH3M(O)H and
CH3OMH are identified via isotopic substitution experiments in the MOþCH4

and MþCH3OH reactions for selected early and late transition metals. Based on
the observed reaction intermediates, some unprecedented reaction pathways are
proposed. Complementary quantum chemical calculations support the inter-
mediate identification and help to gain insight into the reaction mechanisms and
periodic trends.
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1. Introduction

The conversion of methane to more easily handled products such as methanol is of great

economic and scientific importance.1–3 Although the oxidation reaction, CH4þ 1/

2O2!CH3OH is thermodynamically favoured, no direct efficient methane-to-methanol
conversion scheme has yet been developed4. The development of catalysts for selective

oxidation of methane to methanol under mild conditions is a great challenge and has

attracted intensive experimental and theoretical interest. A lot of transition-metal derived

catalysts have been developed for the controlled oxidation of methane, including some

heterogeneous catalysts,5–7 homogeneous catalysts8,9 and enzyme catalysts.10 While the

catalytic processes consist of a complicated sequence of interrelated reactions, the

investigation of the MOþþCH4!MþþCH3OH and MOþCH4!MþCH3OH reac-

tions and their reverse reactions can potentially provide quantitative information

regarding the thermodynamics and mechanisms for the catalytic methane-to-methanol

conversion processes. Such model reactions can be studied under well-defined conditions,

and free of effects from ligand, solvent, surface active site and crystal lattice.
The reactions of gas phase transition metal monoxide cations with methane have been

extensively studied both experimentally11–23 and theoretically.23–32 Schwarz and coworkers

have systematically studied the gas phase reactions of the transition metal monoxide

cations and methane using different experimental techniques including ion cyclotron

resonance and guided ion beam mass spectrometry.16–23 The product distributions and

energetics were measured. The results of these studies show that the late transition metal

monoxide cations are able to convert methane to methanol, but the efficiency depends

strongly on the metals. For example, MnOþ reacts with methane very efficiently, but the

branching ratio in forming methanol is less than 1%.20 FeOþ also efficiently reacts with

methane at thermal energies, the yield of methanol is 41%.16 CoOþ exhibits low reactivity

toward methane, but the branching ratio in forming methanol is 100%.18 The early

transition metal monoxide cations are unreactive toward methane due to the strong
bonding interaction between metal and oxygen. In contrast, the metal cations are able to

react with methanol to form metal monoxide cation and methane in the gas phase.33 Based

on the final product analysis, the MOþþCH4!MþþCH3OH reactions were suggested
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to proceed via an important [CH3MOH]þ intermediate. A more detailed mechanism has

been developed based upon theoretical calculations.24–32 The reactions were suggested to

proceed via the initial formation of a [OM(CH4)]
þ complex followed by the isomerization

to the [CH3MOH]þ and [M(CH3OH)]þ intermediates via two transition states. The results

showed that the experimentally observed reaction efficiency and methanol-to-methyl

branching ratio could be rationalized in terms of the predicted barrier heights at the
transition states.30 Although the proposed reaction intermediates on the potential energy

surfaces were not directly observed in the mass spectrometric study of the

MOþþCH4!MþþCH3OH reactions in the gas phase, four distinct intermediates

with FeCH4O stoichiometry were generated by Schwarz and coworkers in a clean fashion
by reacting Feþ with appropriate organic precursors in an ion cyclotron resonance cell and

were characterized by using collisional activation mass spectrometry.34 The [CH3FeOH]þ

and [H2OFeCH2]
þ intermediates were also produced by specific ion molecule reactions,

cooled in a supersonic expansion, and their photodissociation spectra were measured by
Metz and coworkers.35,36

In contrast to the cation reaction systems, the neutral MOþCH4!MþCH3OH

reactions and reverse reactions have gained much less attention, in part because of the

experimental challenges faced in detecting neutral species in the gas phase. While the mass
spectrometry is sensitive in detecting charged species, it is nearly blind to the neutral

species. The fast flow tube reactor is the most commonly used technique applied to the

study of neutral metal atom reactions in the gas phase.37,38 Some spectroscopic techniques
such as laser induced fluorescence were employed to detect the metal atoms for estimating

their concentrations, and hence, kinetic information such as reaction rate can be

calculated. However, it is difficult to produce a clean neutral transition metal monoxide

source for reaction study using the flow tube technique. Matrix isolation is a very
commonly used technique in the investigation of neutral metal atom reactions.39–41 Matrix

isolation coupled with spectroscopic techniques such as infrared absorption has proven to

be a powerful method for delineating reaction mechanisms by facilitating the isolation and

characterization of the reactive intermediates.42–44 Particularly relevant to the topic of this
review, the reactions of transition metal atoms with methane have been intensively studied

by matrix isolation infrared spectroscopy.45–67 Various intermediates such as HMCH3,

H2C¼MH2 and HC�MH3 were trapped and identified, which are very helpful in
understanding the mechanism of C–H bond activation of saturated alkanes by transition

metal centres.
In this review, we summarize our recent progress in understanding the mechanism of

methane-to-methanol conversion by transition metal monoxide neutrals. We focus on

trapping and identification of the potentially important intermediates involved in the
conversion process using matrix isolation infrared absorption spectroscopy. Both the

reactions of metal atoms with methanol and metal monoxide molecules with methane were

investigated. Several early transition metal as well as late transition metal systems were
studied to elucidate the periodic trends.

This review is organized as follows. The experimental approach and theoretical method

are described in the next section. The results on the MOþCH4 reactions are presented in

Section 3, while the MþCH3OH reactions are summarized in Section 4. The vibrational
frequencies for the experimentally observed reaction intermediates are presented in

Section 5. Finally, some conclusions are given in Section 6.
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2. Experimental approach and theoretical method

2.1. Experiment apparatus

The experiments were performed by using pulsed laser ablation-matrix isolation infrared

absorption spectroscopy. The transition metal atoms and monoxide molecules were

prepared by pulsed laser ablation of bulk metal or metal oxide targets. Laser ablation has

been widely used to produce reactive intermediates and radicals for gas phase jet studies

as well as low temperature matrix isolation spectroscopic studies.39,40,68 It has also proved

to be a convenient method to produce atoms from a solid for matrix isolation studies.

In contrast to conventional thermal evaporation techniques, with laser ablation only a

small amount of the material is directly heated, thus minimizing the introduction of

impurities into the sample and the heat load on the matrix, particularly for transition

metals which have a very high melting point temperature. The preparation of transition

metal monoxide neutrals is more difficult than the production of transition metal atoms.

Most transition metals exhibit several oxidation states, and hence, the species evaporated

from the bulk metal oxide target usually is a mixture composed of oxides with different

oxidation states. We were able to prepare relatively ‘pure’ transition metal monoxides by

laser ablation of selected metal oxide targets with controlled laser energy for some

transition metals.
A schematic diagram of the apparatus is shown in Figure 1, which is similar to those

used previously in the literature.69,70 The 1064 nm Nd:YAG laser fundamental (Spectra

Physics, DCR 150, 20Hz repetition rate and 8 ns pulse width) was focused onto a rotating

bulk metal or metal oxide target. The laser ablated metal atom or metal oxide species were

co-deposited with reagent gas in excess argon onto a cooled CsI window, which is

maintained at 6K by means of a closed-cycle helium refrigerator. The samples were

usually deposited (accumulated) for one to three hours. The laser evaporated species may

involve excited species and electrons and ions. If these high energy species are involved in

Figure 1. Schematic diagram of apparatus for laser ablation matrix isolation infrared spectroscopic
investigation of intermediates in the MOþCH4 and CH3OHþM reactions.
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the reactions, the identification of the reaction intermediates and products and reaction

pathways can be problematic. Therefore, we use relatively low ablation laser energy, so

that the ablated species can be efficiently quenched and reactions during sample deposition

are largely avoided. With the use of low laser energy, the possibility for the formation

of clusters can also be avoided, therefore, the atomic reactions dominate the chemistry.

After deposition, the samples were annealed to allow the trapped reactants to diffuse

and react. The reaction can be very effectively quenched after the primary reaction,

and the energy-rich intermediates which fragment readily in the gas phase may be

stabilized in detectable concentration in solid matrix. Selected samples were also

subjected to broad-band irradiation using a tungsten lamp or a high-pressure mercury

arc lamp with glass filters to initiate further isomerization or dissociation reactions.

The infrared absorption spectra of the intermediates and products in the middle infrared

region (4000–400 cm–1) were recorded on a Bruker IFS 113V spectrometer at 0.5 cm–1

resolution using a DTGS or liquid nitrogen cooled MCT detector. The vibrational

absorptions of intermediates and products were assigned based on isotopic substitution

experiments. Isotopic labelled CD4 (Isotec, 99%),13CH4 (Isotec, 99%), 13CH3OH,

CH3
18OH and CH3OD (Isotec, 99%) samples and mixtures were used in different

experiments.

2.2. Theoretical method

In order to validate the experimental assignments and to gain a detailed understanding of

the reaction mechanism, quantum chemical calculations were performed. This involves

calculations not only of the equilibrium geometries and vibrational spectra of the

intermediates and products experimentally detected, but also energetics and potential

energy surfaces. In some cases, both the ground state and excited state potential energy

surfaces were calculated. The evaluation of accurate molecular properties and energetics

usually needs sophisticated high level ab initio calculations. However, it is very difficult to

compute the transition metal-containing systems with high level ab initio methods. Density

functional theory (DFT) provides a good prediction of the geometries, vibrational

frequencies and energetics of mononuclear transition metal compounds.71–73 All

calculations were performed using the Gaussian program.74 The three-parameter hybrid

functional according to Becke with additional correlation corrections due to Lee, Yang,

and Parr (B3LYP) was utilized.74,75 The 6-311þþG(d, p) or 6-311þþG(3df, 3pd) basis set

was used for the H, C and O atoms. The all-electron basis sets of Wachter and Hay as

modified by Gaussian were used for the first row transition metals, and the SDD

pseudopotential and basis sets were used for the second and third row transition

metals.76–78 Reactants, various possible intermediates and transition states and products

were optimized. The geometries were fully optimized, and the stability of the electronic

wave function was tested; the harmonic vibrational frequencies were calculated with

analytic second derivatives, and zero-point energies (ZPE) were derived. The single-point

energies of selected structures optimized at the B3LYP level were calculated using the

CCSD(T) method.79 Transition state optimizations were done with the synchronous

transit-guided quasi-Newton (STQN) method.
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3. The MO1CH4 reactions

The reactions of neutral transition metal monoxides with methane have not been

reported experimentally, but have been the subject of some theoretical calculations.

Broclawik et al.80,81 have investigated the interaction of palladium monoxide with

methane by means of density functional theory, and found that palladium monoxide

can form a weak complex bound by 3.3 kcal/mol. The insertion of PdO into the C–H

bond of methane to form CH3PdOH was predicted to have an energy barrier of

24.5 kcal/mol. The reactions of scandium, nickel, and palladium monoxides with

methane were also studied by Hwang and Mebel using density functional

calculations.82,83 Similar to the transition metal monoxide ions, neutral NiO and

PdO are reactive toward methane and can form molecular complexes with CH4 bound

by 8–9 kcal/mol without a barrier. At elevated temperatures, the dominant reaction

channel is direct abstraction of a hydrogen atom by the oxides from CH4 with a

barrier of 16 kcal/mol. The insertion into a C–H bond to produce CH3MOH is a minor

reaction channel and proceeds via a transition state lying 19–20 kcal/mol above the

initial reactants. On the contrary, the results showed that ScO is not reactive with

respect to methane at low and ambient temperatures. Goddard and coworkers

investigated the methane activation by MOx (M¼Cr, Mo, W; x¼ 1, 2, 3), and found

that the trends in reactivity can be rationalized in terms of changes in electrophilicity of

MOx, the strength of the M–O � bonds, and the binding properties of MOx to methyl

or hydrogen.84 These theoretical studies have provided valuable information concerning

the reaction mechanism and energetics.
We performed matrix isolation spectroscopic studies on the reactions of transition

metal monoxides with methane. The study is mainly focused on the first row transition

metals. We were not able to prepare a considerable quantity of isolated VO in the

matrix, therefore, niobium and tantalum monoxides were selected as the congener

candidate.

3.1. FeO, MnO1CH4 reactions

The reactions of MnO and FeO with methane are similar.85 The monoxide reactants were

prepared by laser ablation of bulk MnO2 and Fe2O3 targets. Under controlled laser

energy, the monoxide is the dominate species from laser ablation. The spectra in selected

regions with a MnO2 target are shown in Figure 2. It was found that the manganese and

iron monoxides reacted with methane spontaneously on annealing to form the OMn(CH4)

and OFe(CH4) complexes. The OMn(CH4) complex was predicted to have a 6A1 ground

state, while the OFe(CH4) complex a 5A1 ground state, both of which correlate to the

ground state of metal monoxides. The complexes have a C2V symmetry with the metal

atom coordinated to two hydrogen atoms of the methane molecule, as shown in Figure 3.

The OMn(CH4) and OFe(CH4) complexes were predicted to be bound by 1.9 and

4.8 kcal/mol respectively, with respect to MnOþCH4 and FeOþCH4 at the B3LYP/

6-311þþG** level of theory after zero point energy corrections. These values are

significantly smaller than those for the corresponding monoxide cations (16.2 and

22.8 kcal/mol for MnOþ and FeOþ)25–27 and are even smaller than those of NiO and PdO

(9–10 kcal/mol).83,84
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The OMn(CH4) and OFe(CH4) complexes rearrange to the CH3MnOH and CH3FeOH

isomers under UV light irradiation with the wavelength range of 250–300 nm. According to

DFT/B3LYP calculations, the CH3MnOH and CH3FeOH molecules are 39.3 and

36.8 kcal/mol lower in energy than the OMn(CH4) and OFe(CH4) complexes, respectively.

The formation of CH3MOH is a photochemical process, and most likely involves an

electronically excited state of essentially MO, which is only weakly perturbed by the

methane ligand.

Figure 2. Infrared spectra in selected regions from co-deposition of laser-ablated MnO2 target with
0.8% CH4 in excess argon. (a) 2 h of sample deposition at 12K; (b) after 30K annealing; (c) after
30min of broad-band (250< �<580 nm) irradiation. From ref. 85.

O Fe

H H

H
C

H

OFe(CH4) (C2v, 5A1)

O Fe

H
H

H H

C

H

H

H

O

H

Fe

Fe(CH3OH) (Cs, 5A')

CH3FeOH (Cs, 5A')

CH3OFeH (C3v, 5A1)

Fe O C
H
HH

H

C

Figure 3. Optimized structures (B3LYP/6-311þþG**) of the intermediates in the FeOþ
CH4!FeþCH3OH reaction. From ref. 85.
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3.2. NbO, TaO1CH4

The niobium and tantalum monoxides were prepared by laser-evaporation of the bulk

Nb2O5 and Ta2O5 targets.86 The NbO molecule reacted with methane spontaneously

to form the ONb(CH4) complex, which has a 4A1 ground state with a C3v symmetry

(Figure 4). The niobium atom of NbO is coordinated to three hydrogen atoms of CH4, i.e.

�3–CH4 bonding. The
4A1 state correlates to the ground state NbO (4

P
�) and CH4, and

is very weakly bound. The binding energy of ONb(CH4) was predicted to be only

0.9 kcal/mol with respect to NbO (4
P
�)þCH4 calculated at the CCSD(T)/B3LYP/

6-311þþG**/SDD level. The TaO molecule has a doublet (2�) ground state. It may

interact with methane to form the OTa(CH4) complex, which was predicted to have a
2E ground state with a C3v symmetry, analogous to ONb(CH4). The binding energy was

computed to be 1.0 kcal/mol at the CCSD(T)/B3LYP/6-311þþG**/SDD level.

No OTa(CH4) absorptions were observed in the experiments. We assume that the
OTa(CH4) complex was formed, but its absorptions were overlapped by the strong CH4

and TaO absorptions.
The ONb(CH4) and OTa(CH4) complexes rearrange to the CH3Nb(O)H and

CH3Ta(O)H isomers upon 300< �<580 nm irradiation. Both CH3Nb(O)H and

CH3Ta(O)H were predicted to have a doublet ground state without any symmetry, as

shown in Figure 4. They can be regarded as being formed via a hydrogen atom transfer

from methane to the metal centre. The CH3Nb(O)H and CH3Ta(O)H structures are about

27.6 and 29.0 kcal/mol more stable than the ONb(CH4) and OTa(CH4) complexes,

respectively.
Besides metal monoxides, laser evaporation of bulk Nb2O5 and Ta2O5 targets

also produced metal dioxides (NbO2 and TaO2), which also reacted with methane

to form the O2Nb(CH4) and O2Ta(CH4) complexes. Both complexes have a 2A0

ground state with a Cs symmetry. They photochemically rearranged to the more

stable CH3Nb(O)OH and CH3Ta(O)OH isomers via one hydrogen atom transfer

from methane to one of oxygen atom of metal dioxide, as shown in Scheme 1.

3.3. TiO1CH4

The TiO molecule was generated by pulsed laser ablation of bulk titanium dioxide target.

The spectra in a selected region from the TiOþCH4 reaction are shown in Figure 5.
From the spectra, the TiOþCH4 reaction can be summarized as Scheme 2.87

The initial step of the reaction between titanium monoxide and methane is also the

formation of the 1:1 complex. In contrast to other previously reported transition metal

CH

H

H

H Nb O

ONb(CH4), C3v, 4A1

C

H

H
H

Nb

O

H

CH3Nb(O)H, C1, 2A

Figure 4. Optimized structures of the intermediates observed in the NbOþCH4 reaction at the
B3LYP/6-311þþG**/SDD level of theory. From ref. 86.
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monoxide–methane complexes, which were predicted to be coordinated between the metal

and H atoms, the OTi(CH4) complex was predicted to have a C3v structure with one of H

atom of CH4 coordinated to the O atom of TiO, as shown in Figure 6. The small

deformation of the CH4 and TiO subunits and the rather long O–H distance (2.658 Å

calculated at the B3LYP level) indicate weak interaction between the CH4 and TiO

subunits. The binding energy with respect to TiOþCH4 was predicted to be 1.1 kcal/mol

at the CCSD(T)//B3LYP level, significantly lower than those of late transition metal

monoxide–methane complexes. From the complex, one hydrogen atom of methane

transferred to the metal centre to form the CH3Ti(O)H molecule under �>500 nm light

irradiation. The CH3Ti(O)H molecule was predicted to have a singlet ground state with a

non-planar C1 structure (Figure 6). The calculated Ti–C bond length of 2.088 Å suggests

a Ti–C single bond, which is very close to the standard single Ti–C bond lengths in

CH

H

H

H

Nb

O

O

C Nb

H

H

H

O

O
H

250 < λ < 580 nm

Scheme 1. The reaction from O2Nb(CH4) to CH3Nb(O)H.

Figure 5. Infrared spectra in the Ti–H and Ti¼O stretching frequency regions from the reactions
of TiO with 5.0% CH4 in argon. (a) After 3 h of sample deposition at 12K; (b) after 30K annealing;
(c) after 30min of �>500 nm irradiation; (d) after 30min of �>250 nm irradiation; and (e) after
35K annealing. From ref. 87.
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tetraaryl compounds.88 The CH3Ti(O)H molecule can be regarded as a titano-

acetaldehyde. According to the calculations, the singlet ground state CH3Ti(O)H molecule

is 6.9 kcal/mol lower in energy than the triplet state OTi(CH4) complex. The H atom
transfer process is thus exothermic but requires activation energy. This isomerization

process involves spin crossing and proceeds only under visible light (�>500 nm)

irradiation, during which some excited states may be involved. No absorptions due to

the CH3TiOH structure were experimentally observed. This structure was predicted to be

3.7 kcal/mol higher in energy than the CH3Ti(O)H isomer.
Under UV light (�>250nm) irradiation, one hydrogen atom of CH3 group can further

be transferred to the O atom in CH3Ti(O)H to form the CH2Ti(H)OH isomer. The

CH2Ti(H)OH molecule has a singlet ground state with a non-planar C1 structure, as

illustrated in Figure 6. The Ti–C bond length of 1.815 Å is slightly shorter than the

experimentally known Ti¼C double bond length.89,90 The CH2Ti(H)OH molecule is a

methylidene hydrido hydroxide complex, which can also be regarded as a titano-vinyl
alcohol molecule. Similar to the recently reported methylidene hydride CH2¼MH2

57–62

and the fluorine substituted derivatives CH2¼MHF (M ¼ Ti, Zr, Hf, Mo and W),91,92 the

TiO + CH4

O

Ti
CH3H

Visible

OH

TiC

H

H

H
CH4

OH
Ti

HH3C

H3C

UV

TiO(CH4)
CH4

O

Ti
CH3H

CH4

UV

Scheme 2. The mechanism for the TiOþCH4 reaction.

C H

H

H
H

O Ti

OTi(CH4), C3v, 3E

C
H

Ti
H

H

O

H

CH3Ti(O)H, C1, 1A

C
H

H
Ti

H

O

H

CH2Ti(H)OH,C1, 1A

C
H

Ti

H

H
O

H

CH3OTiH, Cs, 3A″

C
H

Ti

H

H O

H

Ti(CH3OH), Cs, 3A′

Figure 6. Optimized structures of the intermediates observed in the TiOþCH4 reaction at the
B3LYP/6-311þþG** level of theory. From ref. 87.
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CH2Ti(H)OH titano-vinyl alcohol molecule involves agostic interaction between the
metal atom and one of the �-hydrogen atoms.93 The methylene group is distorted with
one of the methylene hydrogen atoms located close to the Ti atom: ffHCTi¼ 89.1� and
rCH. . .Ti¼ 2.117 Å. The CH2Ti(H)OH structure is 23.4 kcal/mol less stable than the ground
state CH3Ti(O)H isomer. The reaction on the singlet ground state was computed to
proceed via a transition state lying 51.4 kcal/mol above CH3Ti(O)H. A similar ultraviolet
induced alpha-H transfer has been observed for CH3TiX to form CH2TiHX (X¼H,F)
in the reactions of Ti atoms with CH4 and CH3F.

57,92

It was found that CH2Ti(H)OH further reacted with a second methane to form titano-
isopropyl alcohol, (CH3)2Ti(H)OH on annealing, which suggests that CH2Ti(H)OH is able
to activate methane with very low activation energy. The activation process is predicted to
be exothermic by about 32.1 kcal/mol. The reaction proceeds with the initial formation of
a CH2Ti(H)OH(CH4) complex followed by a hydrogen atom transfer via a transition state
lying 4.0 kcal/mol above the CH2Ti(H)OHþCH4 reactants. The energy barrier is quite
low and tunnelling effects which are common for hydrogen atom transfer reactions might
be responsible for the formation of (CH3)2Ti(H)OH on annealing.94,95

Experiments were also performed on other first row transition metal monoxides.
ScO reacted with methane to form the OSc(CH4) complex, which was predicted to have
a C3v symmetry analogous to the OTi(CH4) complex with a predicted binding energy of
1.2 kcal/mol at the CCSD(T)//B3LYP level. No further reaction was observed from
OSc(CH4). For CrO, CoO and NiO, no reaction was observed. Recent studies in our
laboratory have shown that some transition metal oxide molecules trapped in solid argon
are chemically coordinated by one or multiple argon atoms in forming the noble gas
complexes.96–99 The late transition metal monoxides (CrO through NiO) trapped in solid
argon were found to be coordinated by one argon atom with quite strong metal–Ar
binding energies.99 If the binding energy of Ar is stronger than that of methane, the
reaction of metal monoxide with methane will be blocked due to Ar coordination.

3.4. Periodic trends

The initial step for the reactions of transition metal monoxides with methane is the
formation of the 1:1 OM(CH4) complex. The OSc(CH4), OTi(CH4), ONb(CH4),
OFe(CH4) and OMn(CH4) complexes were experimentally observed. The OSc(CH4) and
OTi(CH4) complexes were predicted to have a C3v symmetry with one H atom of CH4

coordinated to the O atom, whereas the other complexes have C2v or C3v symmetry with
the metal atom coordinated to two or three hydrogen atoms of the methane molecule.
While the interaction between transition metal monoxide and methane is very weak, the
late transition metal monoxides bound more strongly than that of early transition metal
monoxides. The CH4 molecule is spherical and is difficult to be polarized. It is a very poor
ligand that may be comparable to the argon atom. The ScO and TiO molecules are more
ionic than late transition metal monoxides; the bonding between ScO or TiO and methane
is largely ion induced dipole interaction. The late transition metal monoxides have quite
low metal based valence molecular orbitals, which are responsible for bonding interactions
with methane, as have been discussed in late transition metal–noble gas complexes.99

Different oxidation reaction mechanisms were observed starting from the OM(CH4)
complexes, as illustrated in Scheme 3.
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From the complex, one hydrogen atom of methane is transferred to the metal centre to
form the CH3M(O)H structure for the early transition metals (Ti, Nb, Ta).86,87 In contrast,
the hydrogen atom of methane is transferred to the O atom to give the CH3MOH isomer
for the late transition metals (Mn, Fe).85 The different reactivity can be rationalized in
terms of changes in the strength of the M–O bonds and the electron count. As listed in
Table 1, the bond dissociation energies of early transition metal monoxides are
significantly larger than those of late transition metal monoxides.100 Among the oxides
studied, the NbO and TaO molecules have bond dissociation energies above 7.5 eV, about
twice as large as those of MnO and FeO. Therefore, the hydrogen atom prefers to be
transferred to the O atom for late transition metals, whereas the hydrogen atom is firstly
added to the metal centre for early transition metals. The bond dissociation energy of TiO
is significantly higher than those of MnO and FeO, but is lower than those of NbO and
TaO. Therefore, after the first hydrogen atom transfer to the Ti centre in forming the
CH3Ti(O)H intermediate, a second hydrogen atom is able to be transferred subsequently
to the O atom in forming the CH2Ti(H)OH isomer in the TiOþCH4 reaction. For the
addition of the C–H bond to the M¼O bond in forming the CH3MOH structure, the
valence of metal remains in its þ2 oxidation state, but if the C–H bond adds to the metal
atom to form the CH3M(O)H isomer, the oxidation state of metal increases from þ2 to
þ4. The valence d electrons of early transition metals are inclined to participate in bonding
to form high-valent compounds, whereas the late transition metals, Mn and Fe, prefer to
form divalent molecules due to the stability of the half and more than half filled d5 and d6

electronic configurations. A similar difference in reactivity between early and late
transition metals has previously been reported for some other reactants such as H2O

101–106

and NH3.
107–111

MO + CH4

O

M
CH3H

OM(CH4)

OHMH3C

Scheme 3. The mechanisms for the MOþCH4 reactions.

Table 1. Bond dissociation energies (BDE, in eV) for the MO
molecules. From ref. 100.

State BDE

TiO 3� 6.87
NbO 4P� 7.53

TaO 2� 8.2
MnO 6Pþ 3.83

FeO 5� 4.17
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4. The M1CH3OH reactions

There are some reports on matrix isolation spectroscopic study on the reactions of

neutral metal atoms with methanol, which showed that the reactivity of methanol

toward metal atoms is diverse and heavily depends on the metals.112–118 Earlier studies

of iron atom reaction with methanol have identified the formation of the Fe(CH3OH)

complex. Subsequent photoexcitation of the complex in the visible region (�>400 nm)

led to iron insertion into the O–H bond, whereas UV (280 nm< �<360 nm)

irradiation caused the activation of the C–O bond.112 Silicon atoms inserted into both

the O–H and C–O bonds of methanol to form methoxysilylene and methylsilicon

hydroxide in solid argon, but the O–H bond insertion is energetically favoured over the

C–O bond insertion.113,114 The reactions of laser-ablated boron atoms with methanol

produced CH3BO as well as CH2BOH and CH2BO, which were formed via boron

insertion into the C–O bond of methanol.115 Recent investigations in our laboratory on

the reactions of beryllium and magnesium atoms with methanol in solid argon have

shown that the ground state beryllium atoms spontaneously inserted into the O–H

bond of methanol to form CH3OBeH; the thermodynamically more favourable

CH3BeOH and CH3MgOH were only formed upon broad-band irradiation.116,117 In

contrast, no electron paramagnetic resonance evidence was found for aluminium atom

insertion into the C–O, C–H and O–H bonds of methanol in an adamantine matrix at

77K.118 Being considered as the reverse reaction of MOþCH4, complementary

investigations were performed on the reactions of the first row transition metal atoms

and methanol.

4.1. Sc1CH3OH

The ground state Sc atoms react with methanol to form the inserted CH3OScH molecule

spontaneously on annealing in solid argon, as clearly shown in Figure 7.119 The CH3OScH

molecule was predicted to have a 2A0 ground state with a Cs symmetry. Under broad-band

UV light irradiation, CH3OScH isomerizes to the OSc(CH4) complex or decomposes to

ScO and CH4.

4.2. Ti1CH3OH

Ti atoms are reactive toward methanol,87,120 and form complexes with methanol bound by

12.4 kcal/mol without a barrier. Under visible light irradiation, the dominant reaction

channel is an insertion into the O–H bond of methanol to produce the CH3OTiH

molecule. The CH3OTiH intermediate further rearranges to the CH3Ti(O)H and

CH2Ti(H)OH isomers upon UV light excitation, which are also observed in the

TiOþCH4 reaction.
87

4.3. Mn, Fe1CH3OH

The reactions of late transition metal atoms with methanol in a solid matrix have

been studied by Margrave and coworkers.112 The experimental observations show that

the ground state metal atoms react with methanol to form stable molecular
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complexes. Photoexcitation of the complexes in the visible region (�>400 nm) led to

metal insertion into the O–H bond of methanol in forming the CH3OMH molecules,

whereas UV (280 nm< �<360 nm) irradiation caused the activation of the C–O bond

of methanol in forming the CH3MOH, which were also observed in the MOþCH4

reactions. The CH3FeOH structure was predicted to be 28.3 kcal/mol lower in energy

than the CH3OFeH isomer at the B3LYP level.120

In the experiments with relatively high metal atom concentrations, the CH3MOH or

CH3OMH intermediates are able to react with a second metal atom to form the dinuclear

CH3MOMH molecules upon UV (�>300 nm) light irradiation. The reaction mechanism

is similar to that of MþH2O.104–106 For the latter, the MOH2 complexes were formed, and

the metal inserts into one of the O–H bonds of water to give the HMOH molecule, which

further reacts with a second metal atom to form HMOMH.104–106

4.4. Mechanisms of methane-to-methanol conversion

Based on the experimentally probed intermediates in both the MOþCH4 and MþCH3OH

reactions, some information regarding the mechanism of methane-to-methanol conversion

by transition metal monoxides can be drawn. For late transition metals Mn and Fe, the

inserted CH3MOH molecule is a critical intermediate observed in both the MOþCH4 and

MþCH3OH reactions. The major reaction pathway involved is assumed as follows:

MOþ CH4! OMðCH4Þ ! CH3MOH!MðCH3OHÞ !Mþ CH3OH:

In this view, the mechanism of the neutral reaction is similar to that of the methane-

to-methanol conversion by late transition metal monoxide cations.21,30,36 The potential

Figure 7. Infrared spectra in selected regions from co-deposition of laser-evaporated scandium
atoms with 0.2% CH3OH in argon. (a) 1 h of sample deposition at 12K; (b) after 24K annealing;
and (c) after 30min of broad-band (250< �<580 nm) irradiation.
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energy surfaces along the MOþCH4!CH3OHþM (M¼Mn, Fe) reaction path

have been computed at the B3LYP/6-311þþG** level, and the results for iron are

shown in Figure 8. The reaction follows a mechanism similar to that of the

FeOþþCH4!FeþþCH3OH reaction. However, the FeO neutral reaction proceeds

only on the quintet surface, and no spin crossing was observed, which is different from the

FeOþ cation reaction, in which crossings between the high-spin and low-spin potential

energy surfaces were predicted to occur. The potential energy surface shown in Figure 8

indicates that the initial reaction step is the attachment ofmethane to the Fe centre of FeO to

form the OFe(CH4) complex without any barrier. From the complex, the reaction proceeds

by a hydrogen atom migration from C to O via a transition state (TS1) to form the

CH3FeOH intermediate. The barrier height from the OFe(CH4) complex to the CH3FeOH

structure is about 27.6 kcal/mol, which is in accord with the experimental observation that

CH3FeOH was only produced upon UV light irradiation. From the CH3FeOH

intermediate, the reaction proceeds to Fe(CH3OH) by the methyl group migration via the

transition state TS2. This reaction step is highly endothermic by 47.1 kcal/mol. The barrier

for the methyl groupmigration at TS2 is as high as 72.6 kcal/mol. The Fe(CH3OH) complex

decomposes to FeþCH3OH without a barrier. Overall, the FeOþCH4!FeþCH3OH

reaction was predicted to be endothermic by 13.5 kcal/mol, and proceeds via two transition

states, which lie 22.8 and 35.1 kcal/mol above the ground state reactants. We were not

able to observe the formation of Fe(CH3OH) from CH3FeOH because of the significant

barrier at TS2.
The reaction mechanism for early transition metals is different from that of late

transition metals. The CH3MOH intermediate was observed neither in the MOþCH4

reaction nor in the MþCH3OH reaction. In contrast, the CH3M(O)H molecule was

observed to be an important intermediate in both the MOþCH4 and MþCH3OH

reactions for group IV and V transition metals. The CH3OMH structure is determined to

be an intermediate in the reaction pathway from the M(CH3OH) complex to the

Figure 8. The potential energy profiles of the FeOþCH4!FeþCH3OH reaction calculated at the
B3LYP/6-311þþG** level. From ref. 85.
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CH3M(O)H structure. Therefore, the reaction pathway from methane to methanol is

proposed as:

MOþCH4!OMðCH4Þ!CH3MðOÞH!CH3OMH!MðCH3OHÞ!MþCH3OH:

The potential energy profiles for the TiOþCH4 reaction calculated at the CCSD(T)/

6-311þþG**/B3LYP/6-311þþG (3df, 3pd) level of theory are shown in Figure 9.

The initial interaction between the 3� ground state TiO and methane is the formation of

the 1:1 complex without any barrier. From the complex, the reaction proceeds by

hydrogen atom migration from C to the metal centre to form the CH3Ti(O)H

intermediate. Since the OTi(CH4) has a triplet (3E) ground state, while the CH3Ti(O)H

molecule has a singlet ground state, there is a spin crossing between the triplet and singlet

potential energy surfaces. This reaction step is exothermic by 6.9 kcal/mol with a barrier of

23.3 kcal/mol (TS1). Since the CH3MOH structure is the critial intermediate involved in

the late transition metal monoxide reactions, we also calculated the reaction path from

OTi(CH4) to CH3TiOH. This process proceeds by a hydrogen atom migration from C to O

via a transition state (TS2) lying 11.2 kcal/mol above TS1. The CH3TiOH structure was

predicted to be 3.7 kcal/mol higher in energy than the CH3Ti(O)H isomer. Therefore, the

formation of CH3TiOH is energetically unfavoured and is not observed experimentally.

From the CH3Ti(O)H intermediate, the reaction proceeds to the CH3OTiH intermediate

by the methyl group migration. The CH3OTiH intermediate has a 3A00 ground state, which

  CH4 + 
TiO (1Σ)

  CH4 + 

TiO (1∆) (3E)

TS1

TS3
TS4

0.0

17.0

−1.1

16.1

−8.0

40.4

15.4

22.2

42.7
43.4

OTi(CH4)

OTi(CH4)

(1A1)

CH3Ti(O)H

CH3Ti(O)H

(3A″)

CH3OTiH

(3A″)

(3A″)

(1A)

(1A)

CH2Ti(H)OH
(1A)

Ti(CH3OH)

Ti(CH3OH)

    (1A′)

(3A′)

Ti(1D)+

Ti(3F)+

CH3OH

CH3OH

29.6

15.0

88.0

60.8

78.5

48.4

75.4

58.0

62.8

91.3

CH3TiOH 

−4.3

33.4

TS5

TS6

TS7

TS8

TS2

Figure 9. Potential energy profiles for the TiOþCH4!TiþCH3OH reaction calculated at the
CCSD(T)/6-311þþG**/B3LYP/6-311þþG (3df, 3pd) level of theory (values are given in kcal/mol).
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lies about 23.0 kcal/mol above the singlet CH3Ti(O)H isomer. There is another spin

crossing from CH3Ti(O)H to CH3OTiH. The energy barrier (TS5) for this process is
66.0 kcal/mol with respect to CH3Ti(O)H. From the CH3OTiH intermediate, the reaction

proceeds to Ti(CH3OH) via transition state TS7. This reaction step is highly endothermic
by 33.4 kcal/mol with a barrier as high as 60.4 kcal/mol. The Ti(CH3OH) complex

decomposes to TiþCH3OH without a barrier. Overall, the TiOþCH4!TiþCH3OH
reaction was predicted to be endothermic by 60.8 kcal/mol, and spin crossing occurs twice
along the entire reaction pathway. There is another reaction pathway from CH3Ti(O)H,

that is, one hydrogen atom of CH3 group can further be transferred to the O atom in
CH3Ti(O)H to form the CH2Ti(H)OH isomer. This process is slightly endothermic

(23.4 kcal/mol) and proceeds via a transition state (TS4) lying 51.4 kcal/mol above
CH3Ti(O)H. Note that TS4 lies 14.6 kcal/mol below TS5, thus, the isomerization to

CH2Ti(H)OH should be energetically favourable compared to the reaction pathway
toward the CH3OTiH intermediate. Consistent with the above notion, the CH2Ti(H)OH

molecule instead of the CH3OTiH isomer was formed in the TiOþCH4 experiments.
In the case of scandium, the reaction mechanism is different from that of the group IV

and V metals. Although no intermediate except the OSc(CH4) complex was observed in the

ScOþCH4 reaction, the CH3OScH molecule was observed to be an intermediate in the
ScþCH3OH reaction. Therefore, the reverse reaction pathway can be described as:

Scþ CH3OH! CH3OScH! OScðCH4Þ ! ScOþ CH4:

The potential energy surface for the reaction of ScO with methane has been

calculated by Mebel and coworkers at the DFT/B3LYP level.82,83 Their calculations
show that scandium monoxide is unable to form a stable molecular complex with

methane, instead, the reaction proceeds by insertion of ScO into the C–H bond to form
the CH3ScOH intermediate via a transition state. They did not consider the CH3OScH

intermediate. The potential energy profile on the doublet surface of the
ScOþCH4$ScþCH3OH reaction calculated at the B3LYP/6-311þþG(d,p) level is

illustrated in Figure 10. The initial step of the ScOþCH4 reaction is the formation of
a very weakly bound OSc(CH4) complex. From the complex, two reaction paths are

considered. The first path is hydrogen atom migration to the Sc centre to form the
CH3Sc(O)H intermediate via a transition state (TS1); the CH3Sc(O)H intermediate
subsequently isomerizes to the CH3OScH structure via the methyl group migration,

which further rearranges to the Sc(CH3OH) complex via transition state TS5. The
second path is one hydrogen atom migration from C to the O atom to form the

CH3ScOH intermediate via a transition state (TS2). The CH3ScOH intermediate
dissociates to form CH3þ ScOH without energy barrier. The CH3þ ScOH products

recombine to form the Sc(CH3OH) complex via a transition state (TS4). The second
path is about the same as that reported by Mebel and coworkers.82,83 According to our

calculations, the CH3ScOH molecule is 19.8 kcal/mol more stable than the CH3OScH
isomer. The transition states involved in the reaction path from ScOþCH4 to

CH3OScH lie considerably high compared to that of the reaction path from ScOþCH4

to CH3ScOH. Thus, the second path leading to the CH3ScOH intermediate should be

energetically favourable compared to the first path with the formation of CH3OScH.
In contrast, the transition state involved in the reaction path from CH3ScOH to
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Sc(CH3OH) lies above that of the second path from CH3OScH to Sc(CH3OH).
Therefore, the ground state Sc atom reacted with methanol to form CH3OScH, but not
the thermodynamically more favourable CH3ScOH.

The above proposed reaction pathways for early transition metal reaction systems are
quite different from that previously reported for transition metal monoxide cation
reactions. The corresponding [CH3OMH]þ and/or [CH3M(O)H]þ intermediates have not
been considered in previous investigations on the cation systems. We assume that such
species may also be important intermediates in the reactions of early transition metal
monoxide cations.

Similar to cation reactions, the reaction pathway from methane to methanol is quite
uphill in energy on early transition metal monoxides according to theoretical calculations,
which suggest that early transition metal monoxides are not good mediators for the
formation of methanol. In contrast, the late transition metal monoxides are expected to be
more efficient in converting methane to methanol, as the reaction from methane to
methanol is almost thermally neutral or slightly uphill for late transition metal monoxides.

5. The vibrational frequencies of the intermediates

As has been discussed above, the intermediates involved in the MOþCH4 and
MþCH3OH reactions were trapped in solid argon, and their infrared vibrational spectra
were measured. The stoichiometry and vibrational modes of the observed intermediates
were determined based on the isotopic substitutions, and the assignments were further
supported by density functional theoretical frequency calculations. Density functional
calculations with sophisticated functionals and basis sets generally provide quite reliable
predictions on the vibrational frequencies and intensities for ground state transition metal-
containing compounds. The deviations obtained at the B3LYP level usually amount to

Sc(2D)+ 
CH3OH

Sc(CH3OH)
(2A″)

TS4

TS5

CH3+ScOH(1Σ+)

CH3OScH
(2A′)

CH3ScOH
 (2A′)

OSc(CH4)
(2A)

CH3Sc(O)H (2A′)

TS2

ScO(2Σ)
+ CH4

0.0 −0.1

34.7
33.1

22.8

48.7

9.6

−10.2

49.0

73.9

60.667.4

78.6

TS1

TS3

Figure 10. Potential energy profiles for the ScOþCH4!ScþCH3OH reaction calculated at the
B3LYP/6-311þþG** level of theory (values are given in kcal/mol).
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several percent. The anharmonicity and matrix shift are expected to be the major
contributors to these deviations. In addition, the calculated isotopic frequency shifts or
ratios, which are characteristic of the nature for normal mode of vibrations, provide
additional key factors to be compared with experiment. None of these intermediates have
been spectroscopically characterized in the gas phase. The vibrational frequencies of such
neutral species in solid argon are expected to be slightly shifted from the gas phase values,
and they provide a significantly good approximation to the gas phase band centres.

5.1. OM(CH4)

The vibrational frequencies of the M–O stretching and CH2 deformation modes of the
OM(CH4) complexes in solid argon are listed in Table 2. The frequency shifts with respect
to the free MO and CH4 molecules in solid argon are also listed. Upon complex formation,
the structure of the methane unit is deformed from the Td-type geometry of free methane
into a low symmetry structure. Thus, the IR active triply degenerate CH2 deformation
mode splits into two or more IR active modes due to reduced symmetry, and the
frequencies are shifted from that of free methane. However, if the shift is not large enough,
it will be overlapped by the strong free methane absorption. Only one CH2 deformation
mode was observed for most of the systems studied. For early transition metals, both the
M–O stretching and CH2 deformation modes are red-shifted with respect to free MO and
methane in solid argon. In contrast, both modes are blue-shifted for the late transition
metals. It should be mentioned that the late transition metal monoxides (MnO and FeO)
are coordinated by one Ar atom in solid argon, therefore, the shifts of the M–O stretching
mode listed in Table 2 should be regarded as the difference between OM(CH4) and
OM(Ar).

5.2. CH3MOH

The CH3MOH intermediates were observed only in the late transition metal systems. Only
two vibrational modes were observed for the CH3FeOH molecule, namely, the M–OH
stretching and O–H stretching modes observed at 687.5 and 3744.8 cm�1 in solid argon.

Table 2. Vibrational frequencies (cm�1) of the M–O stretching and CH2 deformation modes of
OM(CH4) and frequency shifts (cm�1) with respect to free MO and CH4.

M–O stretch
CH2 deformation

� ��a � ��

OSc(CH4) 944.2 �2.8 1290.2 �15.2
OTi(CH4) 974.1 �13.9 1285.8 �19.6
ONb(CH4) 947.1 �16.8 1289.8 �15.6
OMn(CH4) 842.1 8.8
OFe(CH4) 879.4 6.6 1355.2, 1323.3 49.8

17.9

Note: aThree site absorptions were observed for TiO in solid argon;122 the average value is used.
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The corresponding absorptions for the deuterium substituted species are shifted to 667.2

and 2759.8 cm�1. Only the Mn–OH stretching mode was observed at 661.4 cm�1 for the

CH3MnOH intermediate.

5.3. CH3OMH

The CH3OMH intermediates were formed either from spontaneous reaction of atomic

Sc with methanol or from electronically exciting the metal–methanol complexes. The

vibrational frequencies for the first row transition metals, Sc through Fe, are given in

Table 3. For all of the CH3OMH intermediates, the M–H and C–O stretching modes are

the strongest absorptions in the infrared spectra. As can be seen in Table 3, while the C–O

stretching modes were observed around 1150 cm�1 for all of the CH3OMH molecules, the

M–H stretching frequencies increase across the series from 1482.7 cm�1 in CH3OScH to

1767.0 cm�1 in CH3OFeH. The increase of the M–H stretching frequency is largely due to

the regular reduction in metal ionic radius with increasing atomic number across the series.

A similar trend has also been observed for the M–H stretching modes of the HMOH

molecules in the reactions of first row transition metal atoms with water.42

5.4. CH3M(O)H

The CH3M(O)H intermediates were formed only for early transition metal systems,

including group IV and V metals. The experimentally observed vibrational frequencies are

listed in Table 4. These intermediates are characterized as having two strong IR active

vibrations, the terminal M–H and M¼O stretching vibrations.

5.5. M(CH3OH)

The M(CH3OH) complexes were obtained for all of the MþCH3OH reactions studied

except Sc. The ground state Sc atoms was found to react with methanol to form the

inserted CH3OScH intermediate spontaneously, which suggests that Sc(CH3OH) is a

short-lived species, and is not able to be stabilized in solid argon matrix. Sc is a very

electropositive element, and the ScþCH3OH reaction to form CH3OScH is highly

Table 3. Vibrational frequencies (cm�1) of the CH3OMH intermediates in solid argon.

Frequency

CH3 asym
stretch

CH3 sym
stretch

M–H
stretch

CH3

bend
C–O
stretch

M–OCH3

stretch
M–H
bend

CH3OScH 1482.7 1167.4 1158.5 562.2
CH3OTiH 1520.4 1149.9
CH3OVH 1567.1 1150.5
CH3OCrH 2885.6 2818.3 1662.1 1165.0 1139.5 552.8 477.0
CH3OMnH 2819.6 1694.3 1156.6 529.2
CH3OFeH 1767.0 1155.9
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exothermic. The M(CH3OH) complexes are more strongly bound than the OM(CH4)
complexes. The vibrational frequencies of the experimentally observed M(CH3OH)
complexes are summarized in Table 5. The C–O stretching mode is the most IR intense
absorption for all of the complexes, which is red-shifted with respective to free methanol.
Methanol is a ligand that is similar to water. Although methanol cannot act as a �
acceptor, it is an electron donor. The metal is coordinated with the O atom of methanol.
The donation of electron density from the lone pair orbital of methanol to metal weakens
the C–O bond, which results in a decrease of the C–O stretching frequency.

6. Conclusions

We have shown in this article some of our recent studies in probing the reaction
intermediates involved in the methane-to-methanol conversion process by the neutral
transition metal monoxides. Important intermediates in both the MOþCH4 and
MþCH3OH reactions (M¼ transition metals) were trapped and detected by matrix
isolation infrared absorption spectroscopy. The vibrational frequencies of intermediates
isolated in solid argon were measured and assigned on the basis of isotopic substitutions.
Complementary quantum chemical calculations were performed to validate the experi-
mental assignments and to gain a detailed understanding of the reaction mechanism. This
involves calculations not only of the equilibrium geometries and vibrational spectra of the
intermediates experimentally detected, but also energetics and potential energy surfaces of
the reactions.

Table 4. Vibrational frequencies (cm�1) of the CH3M(O)H intermediates in solid argon.

Frequency

M–H stretch CH3 bend M¼O stretch M–CH3 stretch M–H bend

CH3Ti(O)H 1613.9 1000.4 583.7 474.7
CH3Zr(O)H 1542.9 914.7
CH3Nb(O)H 1686.6 973.4
CH3Ta(O)H 1766.6 1160.8 974.7

Table 5. Vibrational frequencies (cm�1) of the M(CH3OH) complexes in solid argon.

Frequency

O–H stretch CH3 bend C–O stretch

Ti(CH3OH) 1063.2 968.7
V(CH3OH) 974.4
Cr(CH3OH) 3627.4 1008.3
Mn(CH3OH) 3613.7 1060.8 994.0
Fe(CH3OH) 987.6
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For late transition metals, the inserted CH3MOH molecule is a critical intermediate in

the reactions. The major reaction pathway involved is as follows:

MOþ CH4! OMðCH4Þ ! CH3MOH!MðCH3OHÞ !Mþ CH3OH

which is similar to that of the methane-to-methanol conversion by transition metal

monoxide cations. However, the cation system is characterized as involving two-state

reactivity, while the reactions of late transition metal neutrals proceed on a single potential

energy surface.
Different oxidation reaction mechanisms were observed for early transition metal

systems. The inserted CH3OMH and CH3M(O)H molecules are critical intermediates in

group IV and V transition metals, and the reaction pathway is proposed as:

MOþCH4!OMðCH4Þ!CH3MðOÞH!CH3OMH!MðCH3OHÞ!MþCH3OH:

For Sc, the CH3ScOH molecule is an important intermediate involved in the

ScOþCH4 reaction, whereas, the CH3OScH is a critical intermediate involved in the

ScþCH3OH reaction.
The proposed reaction pathways for early transition metal reaction systems are quite

different from that previously reported for transition metal monoxide cation reactions. We

assume that the analogous [CH3OMH]þ and/or [CH3M(O)H]þ species may also be

important intermediates in the reactions of early transition metal monoxide cations, which

have never been considered.
These investigations clearly demonstrate that matrix isolation spectroscopy coupled

with quantum chemical calculations is a powerful method for delineating reaction

mechanisms by facilitating the isolation and characterization of the reactive intermediates.
The systems we have studied to date are the simplest model systems concerning

catalytic methane-to-methanol conversion. We hope to extend our studies to larger

systems such as metal oxide clusters, which should be more perfect models for the catalyst

surface and active site of enzyme. The major difficulty is how to produce and trap metal

oxide clusters into solid matrix with detectable concentrations. The reactivity of metal

oxides in different oxidation states and in different media is also of fundamental interest.

Besides matrix isolation infrared spectroscopic technique, it will be very helpful to

investigate these more complicated systems using other complementary techniques.
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