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The reactions of manganese and iron monoxides (MnO and FeO) with methane molecules have been
investigated using matrix isolation infrared absorption spectroscopy. The metal monoxide molecules were
prepared by laser ablation of Mp@r FeOs targets. The reaction products were identified on the basis of
isotopic substitution experiments witfCH, and CDO, as well as density functional theoretical calculations.

In solid argon, manganese and iron monoxides reacted with methane spontaneously on annealing to form the
OMnN(CH,;) and OFe(CH) complexes, which were predicted to ha@e, symmetry with the metal atom
coordinated to two hydrogen atoms of the methane molecule. The OMh(@td OFe(CH) complexes
underwent photochemical rearrangement to the;NMDH and CHFeOH molecules upon ultraviolet
irradiation.

Introduction 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 -€H bond of methane to form
CH3PdOH was predicted to have an energy barrier of 24.5 kcal/
mol28® The reactions of scandium, nickel, and palladium
monoxides with methane were also studied by Hwang and
Mebel using density functional calculatioHst! Similar to the
Yransition metal monoxide ions, neutral NiO and PdO are
éeactive 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 ¢with a barrier of

16 kcal/mol. The insertion into a-€H bond to produce CH
MOH 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 co-
workers investigated the methane activation by ,MKd = Cr,

Mo, W; x =1, 2, 3), and found that the trends in reactivity can
be rationalized in terms of changes in electrophilicity of MO
the strength of the MO x bonds, and the binding properties
of MOy to methyl or hydrogef? These theoretical studies have
provided valuable information concerning the reaction mech-
anism and energetics.

In this paper, we report a combined matrix isolation infrared
absorption spectroscopic and theoretical study of the reactions
of neutral MnO and FeO with methane. The reaction intermedi-
ates and products were trapped and characterized.

The catalytic conversion of methane to methanol has gained
much attention due to its great economic and scientific
importance: The CH; + MO™ — M 4+ CH3OH reaction is of
particular interest since this process is viewed as the simplest
model for alkane hydroxylation. Previous experimental studies
have been focused on the gas phase reactions of variou
transition metal oxide ions with methafe. Schraler, Schwarz,
and co-workers have systematically investigated the gas phas
reactions of the first row transition metal monoxide ions and
methane, demonstrating that late transition metal monoxide ions
can efficiently convert methane to methanol while the early
transition metal monoxide ions canrfoln an FeO + CHy
reaction study, an HOE€Hj; species has been suggested as a
key intermediate in the reaction procésdetz and co-workers
have prepared the HOFEH; and CHFeOH™ intermediates
in the FeO + CH, reaction in the jet by ion molecular reactions,
and their photodissociation has been examined in the visible
and near-UV range using time-of-flight mass spectrometry.
Theoretically, Yoshizawa and co-workers have calculated the
reaction pathway and energetics for methane-to-methanol
conversion by first row transition metal monoxide idnghe
MO™* 4+ CHs — M™' 4+ CH3OH reactions were suggested to
proceed via the initial formation of an OMCH,;) complex
followed by isomerization to the HOMCH; and M (CH3OH)
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. The reactivities
of different iron—oxo species FeEO (n = 0, 1, 2) toward
methane were also computed by Yoshizawa et al., and it was The experimental setup for pulsed laser ablation and matrix
found that the iron(IV)-oxo species are most effective for the isolation FTIR spectroscopic investigation has been described
cleavage of the €H bond of methané. in detail previously:® Briefly, the 1064 nm Nd:YAG laser

The reaction of neutral transition metal oxides with methane fundamental (Spectra Physics, DCR 150, 20 Hz repetition rate
has received much less attention. Broclawik et al. have and 8 ns pulse width) was focused onto the rotating MoO

investigated the interaction of palladium monoxide with methane F&:Os targets, which were prepared by sintered metal oxide
powders. The ablated species were co-deposited with methane

* Corresponding author. E-mail: mfzhou@fudan.edu.cn. in excess argon onto a 12 K Csl window 8 h at arate of
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Figure 1. Infrared spectra in 870790 and 686-630 cnT? regions
from co-deposition of laser-ablated Ma®arget with 0.8% CH in

excess argon. & h of sample deposition at 12 K, (b) after 30 K
annealing, and (c) after 30 min of broad-band irradiation.
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approximately 24 mmol/h. Isotopically labeled CXIsotec,
99%),13CH, (Isotec, 99%), and mixtures were used in different

experiments. Infrared spectra were recorded on a Bruker IFS

113 V spectrometer at 0.5 crh resolution using a DTGS

detector. Matrix samples were annealed at different tempera-
tures, and selected samples were subjected to broad-band
irradiation using a 250 W high-pressure mercury arc lamp and

glass filters.

Density functional calculations were performed using the
Gaussian 98 prograti.The three-parameter hybrid functional
according to Becke with additional correlation corrections due
to Lee, Yang, and Parr (B3LYP) was utilizét!® The
6-311++G** basis set was used for H, C, and O atoms, and
the all-electron basis set of Wachtetday as modified by
Gaussian was used for Fe and Mn atdiv$. 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. Transition state optimizations were
done with the synchronous transit-guided quasi-Newton (STQN)

method® at the B3LYP/6-31++G** level followed by the
vibrational frequency calculations showing the obtained struc-
tures to be true saddle points.

Results and Discussion

Infrared Spectra. The MnO and FeO reactants were prepared
from laser ablation of Mn@and FeOjs targets. Under controlled
ablation laser energy, laser ablation of a Mré@rget followed
by condensation with pure argon formed MnO (833.3 &nas
the major product with minor Mn©9(948.0 and 816.4 cm)
and MnOMn (808.3 cmt).2° Distinct new product absorptions
were observed in experiments using At as reagent gas.

Wang et al.
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Figure 2. Infrared spectra in 13701270, 906-850, and 706-650
cm! regions from co-deposition of laseablated FgO; target with
0.8% CH, in excess argon. J& h of sample deposition at 12 K, (b)
after 30 K annealing, and (c) after 30 min of broad-band irradiation.

TABLE 1: Infrared Absorptions (cm ~1) from MO + CH,4
Reactions in Solid Argon

CH,4 13CH, CDq assignment
842.1 842.1 843.0 OMn(CH »(Mn—0)
661.4 660.5 643.9 C#NOH, v(Mn—OH)
1355.2 1348.4 1021.3 OFe(GHAO(CHy)
1323.3 1315.8 1007.6 OFe(GHA(CHy)
879.4 879.4 879.3 OFe(GHv(Fe-0)
2759.8 CRQFeOD,»(0-D)
687.4 686.8 667.2 CiffeOH,v(Fe—OH)

after broad-band irradiatich.In some experiments, the HMnOH
molecule (1663.4 and 648.6 c) formed from the reaction of
Mn atom with trace HO impurity was also observed.

Similar experiments were also performed using theOze
target. Co-deposition of the species from laser ablation gdfe
with argon at 12 K produced strong iron monoxide absorption
(FeO, 872.8 cmb) and weak other metal oxide absorptions
(FeQ, 945.8 and 797.0 cmt; OFeFeO, 661.5, 660.6 cr).23
As shown in Figure 2, new absorptions at 1355.2, 1323.3, and
879.4 cn! were observed when the species from laser ablation
of F&O3 were co-deposited with CHn excess argon (Figure
2a). These three new absorptions increased on sample annealing
to 30 K (Figure 2b), but decreased on subsequent broad-band
irradiation (Figure 2c), during which a new band at 687.4€m
was produced. Weak bands due to HFgC1683.6 cmil) and
HFeOH (1731.0 and 679.7 cY formed from the reactions of
Fe atoms with methane and®lwere also observed upon broad-
band irradiatior?*25

Experiments were repeated with tH€H,, CD,, and CH, +
CD, samples. The isotopic frequencies are also listed in Table
1. The infrared spectra in selected regions using different
isotopic samples are shown in Figures 3, 4, and 5, respectively.

Calculation Results. DFT/B3LYP calculations were per-

Figure 1 shows the representative spectra in selected regiondormed on the potential reaction products. Three OM@H

with a CHy/Ar sample (0.8% molar ratio), and the product

= Mn, Fe) isomers, namely, the OM(GHcomplex, the inserted

absorptions are listed in Table 1. Besides the manganese oxidéHsMOH molecule, and the M(C§DH) complex, were con-

absorptions, a new band at 842.1¢mwas observed on sample

sidered. Both quintet and triplet states of the OFg@idmers

deposition. This band increased slightly on 30 K annealing and were optimized. The results showed that the quintet state is more
disappeared on subsequent broad-band irradiation, during whichstable than the triplet state for all three isomers. For the OMn
anew band at 661.4 crhwas produced. A weak band at 1616.5 + CH, system, both sextet and quartet states were optimized,
cmt (not shown in Figure 1), which was previously assigned and it was found that the sextet state is the ground state for all
to the HMnCH molecule, was also observed in the experiment three OMNnCH isomers. The optimized geometric parameters
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Figure 3. Infrared spectra in 13701300 and 1035985 cnt regions Wavenumber (cm")
from co-deposition of laser-ablated &g target with isotopically Figure 5. Infrared spectra in 675630 cnt? region from co-deposition
substituted Cllin excess argon. Spectra were takenregth of sample of laser-ablated Mngtarget with isotopically substituted Ghh excess
deposition followed by 30 K annealing. (a) 0.8% &£Hb) 0.8% argon. Spectra were taken afeh of sample deposition followed by
13CH,, and (c) 0.8% CR 30 K annealing and 30 min of broad-band irradiation. (a) 0.8%,CH
(b) 0.8%%CH,, (c) 0.8% CD, and (d) 0.4% ChHi+ 0.4% CD.
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Figure 4. Infrared spectra in 855828 cnt* region from co-deposition H H
of laser-ablated Mn&xarget with isotopically substituted Glih excess tans /1095 /005
argon. Spectra were taken afeh of sample deposition followed by 0«9391"‘)“1’91 G 008 A#AH I L v
30 K annealing. (a) 0.8% C#i(b) 0.8%*3CH,, (c) 0.8% CID, and (d) N \H O 1552 N
0.4% CH, + 0.4% CD, 1-754\28/ 2398 1725\82%/&.276
Mn Fo'
for the ground state OMCHisomers are shown in Figure 6, 1 TS1
and the vibrational frequencies and intensities are listed in Table Figure 6. Optimized structures (bond lengths in A, bond angles in
2 deg) of ground state OMnCHand OFeCH isomers, and transition

OM(CH 4). The 1355.2, 1323.3, and 879.4 chbands in  States (TS1).
the FeOs; + CHy experiments exhibited the same relative
intensities in experiments with different laser energy and, CH higher than the FeO stretching frequency of FeO in solid
concentrations, suggesting that these three bands are due targon; it exhibited no shift witA3CH,; and a very small shift
different vibrational modes of the same molecule. The 1355.2 (0.1 cnt?) with CD4, which suggests that this band is most likely
and 1323.3 cm! bands shifted to 1348.4 and 1315.8¢rwith due to the terminal FeO stretching vibration of an FeO
13CH,4 and to 1021.3 and 1007.6 ctwith CDy; they gave complex. Accordingly, we assign the 1355.2, 1323.3, and 879.4
isotopic frequency ratios of 1.0050 and 1.0057*%&/*3C and cm! bands to the Ckl deformation and FeO stretching
1.3269 and 1.3133 for H/D, respectively. These ratios are very vibrations of the OFe(Ck complex.
close to those of the CHdeformation mode of methane The assignment was supported by density functional calcula-
(observed at 1305.4 cri) and the OSc(Clj complex?® The tions. As shown in Figure 6, the OFe(g@Hcomplex was
band positions and isotopic frequency ratios suggest the predicted to have 8A; ground state withC,, symmetry. The
assignment of these two bands to the,@ldéformation modes  iron atom of FeO is coordinated to the two hydrogen atoms of
of a CH; complex. In the mixed CiH+ CD,4 experiment, no CH, (i.e., n%-CH, bonding). Upon complex formation, the
intermediate absorption was observed, indicating that only one structure of the methane unit is deformed from fhetype
CH, subunit is involved. The 879.4 cthband is only 6.6 cmt geometry of free methane into ti@, structure. The binding
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TABLE 2: Calculated Vibrational Frequencies (cm~1) and Intensities (km/mol) of Experimentally Observed OM(CH;,) and
CH3MOH (M = Mn and Fe) Molecules at the B3LYP/6-31%+G** Level

molecule frequency (intensity)

OFe(CH) GA;)  3166.1 (0), 3107.8 (7), 2982.9 (3), 2898.6 (19), 1582.7 (9), 1532.7 (0), 1390.3 (48), 1361.8 (17), 1253.8 (11), 914.7 (205),
359.5 (0), 189.1 (2), 151.2 (2), 103.2 (15), 67.8 (15)

CHsFeOH ¢A) 3957.9 (126), 3061.9 (17), 3061.2 (17), 2994.9 (11), 1445.2 (1), 1443.0 (1), 1202.2 (9), 701.3 (198), 590.4 (42), 588.3 (42),
509.0 (14), 271.6 (153), 111.1 (59), 97.3 (8), 67.3 (83)

OMn(CHy) (PAy)  3158.9 (1), 3106.6 (21), 3030.0 (3), 2950.4 (42), 1564.7 (6), 1536.7 (0), 1374.7 (42), 1346.3 (17), 1269.7 (6), 888.1 (259),
229.0 (1), 126.7 (8), 125.3 (7), 83.6 (16), 53.8 (10)

CHMnOH PA)  3975.3 (109), 3057.9 (18), 3056.7 (18), 2992.6 (17), 1449.2(0), 1448.7 (1), 1197.3 (6), 679.3 (199), 586.4 (42), 585.3 (45),
490.7 (8), 206.6 (148), 97.6 (0), 92.0 (12), 42.3 (147)

energy of OFe(Ch) with respect to FeG- CH4 was predicted assigned to the MAOH stretching mode of the GMInOH

to be 4.8 kcal/mol at the B3LYP/6-33%H-G** level after zero molecule. This band shifted to 643.9 chin the CD, experi-
point energy corrections. The GHleformation and FeO ment and gave a H/D ratio of 1.0336. The band position and
stretching frequencies were predicted at 1390.3, 1361.8, andisotopic H/D ratio are close to those of the M®H stretching
914.7 cnvt, which are in good agreement with the experimental mode of HMnOH (648.6 cmt with a H/D ratio of 1.0317§?
values. These three modes were predicted to have 48, 17, and’he 661.4 cm?! band exhibited 0.9 crt isotopic shift when
205 km/mol IR intensities. All of the other vibrational modes the!3CH, reactant was used, indicating that this vibration mode
have lower IR intensities (Table 2), and were not observed in was weakly perturbed by the GHsubunit. The CEHMnOH

the experiments. The calculated isotopic frequency ratios for molecule was found to have®' ground state with a strong
the CH deformation mode®C/A3C, 1.0053 and 1.0060; H/D,  Mn—OH stretching vibration at 679.3 crh The13CH;MnOH

1.3358 and 1.3252) fit the experimental values very well. and CyMnOD isotopomers were predicted to absorb at 678.9
The 842.1 cm! band in the Mn@ + CH, experiments is and 661.2 cm?, respectively.
assigned to the MRAO stretching mode of the OMn(GMH Reaction Mechanism Laser ablation of the Mngand FgOs

complex following the example of OFe(GH This band had targets produces metal monoxides (MnO and FeO) as the major
no carbon-13 isotopic shift witCH,, but blue-shifted to 843.0  products. The OMn(Ck} and OFe(CH) complexes were
cmtin the CDy experiment. The band position is 8.8 T formed by the reactions between metal monoxides and CH
higher than that of diatomic MnO in solid argon. The £H molecules, reactions 1 and 2, which were calculated to be
deformation mode of the OMn(CjHcomplex was not observed.  exothermic:

Similar to the OFe(Chk) complex, the OMn(Ck) complex was

predicted to have 8 ; ground state witlC,, symmetry. It was MnO (Gz+) + CH,— OMn(CH,) (6A1)

predicted to be bound by 1.9 kcal/mol with respect to the ground AE = —1.9 kcal/mol (1)
state MNnO+ CHjy. This binding energy is lower than that of

the OFe(CH) complex, suggesting that the interaction between pqon EA) + CH, — OFe(CH) (5A )

MnO and CH is weaker than the interaction between FeO and 4 1

CHa. As listed in Table 2, the MRO stretching mode was AE = —4.8 keal/mol (2)

calculated at 888.1 cm, blue-shifted 20.3 cm from that of . ,
MnO (867.8 cml) calculated at the same level. The £H The'OMn(CHl) and OFe(Ch) .absorpuons mcreaseq on an-
nealing, suggesting that reactions 1 and 2 are barrier free.

deformation mode was predicted at 1374.7 “énwith an .
intensity about 16% of the MO stretching mode. This mode creT;see dogﬂrnfj?sji,paergegFueégnwaggﬂiﬁ da?rig:ﬁgggﬁ ?jeu-ring
may either be overestimated or overlapped by the strong CH which the CHMROH and CHFeOH absorptions were pro-

absorption. duced. This suggests that the @#hOH and CHFeOH

CH3MOH. In the FeOs + CH,4 experiment, the band at 687.4
cm~! was produced after broad-band irradiation, during which molecules were gen_erated from the OMn(gind OFe(CH)
complexes via reactions 3 and 4.

the OFe(CH) absorptions decreased. This band shifted to 686.8
cm1 with 23CH,4 and to 667.2 cmt with CD,4. The band position

6 I
and H/D isotopic frequency ratio (1.0303) imply that this band OMN(CH,) (°A;) — CH;MnOH (°A") ®3)
is due to an Fe OH stretching vibration. This band is assigned 5
to the Fe-OH stretching mode of C#feOH according to the OFe(CH) (°A,) — CH,FeOH (A") (4)

isotopic experiments and a previous regérhe CHFeOH

molecule has been produced and characterized in the reactiorAccording to our DFT/B3LYP calculations, the @AnOH and

of Fe + CH;OH. Two bands at 3744.8 and 687.5 thhave CHsFeOH molecules are 39.3 and 36.8 kcal/mol lower in energy
been assigned to the-H and Fe-OH stretching modes of  than the OMn(CH) and OFe(CH) complexes, respectively.

the CHFeOH molecule in solid argoti. The O—H stretching The potential energy surfaces for the M@ CH; — M+ +
mode of CHFeOH could not be observed in our experiment CH;OH reactions (M denotes first row transition metals) have
due to weakness, but this mode of the{0ID isotopomer was been extensively studiéd.The results showed that the reactions
clearly observed at 2759.8 cth As shown in Figure 6, the  can occur by the following mechanism: MO+ CH; —
CHzFeOH molecule was predicted to havéAd ground state OMT(CHg) — TS1— CHsMTOH — TS2 — M*(CH30H) —

with Cs symmetry. The G-H and Fe-OH stretching vibrational M* + CH3OH. Crossings between the high-spin and low-spin
frequencies of CkFeOH were predicted at 3957.3 and 701.3 potential energy surfaces were predicted to occur, and spin

cmL. The calculated isotopic frequency ratios for the-lgH inversion can occur near a crossing region of potential energy
stretching mode®C/A3C, 1.0007; and H/D, 1.0278) also match surfaces. It can play a significant role in decreasing the barrier
the observed valued?C/13C, 1.0009; and H/D, 1.0303). heights of the transition states. To get a better understanding of

Similarly, a band at 661.4 cm in the MnQ, + CH, the reaction mechanism of the M& CH, reactions, the
experiments appeared only upon broad-band irradiation and ispotential energy surfaces along the MOCH; — CH3OH +
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604 FeOP=*) + CH,. The ground state of FeO has been determined
151 _ previously to beA.282°The5=* state was calculated to lie 10.8
kcal/mol higher in energy above th& ground state. Moreover,
= = >3 Yoshizawa et al. predicted that the ¢ OH intermediate has
' 0.5 a triplet ground state with a quintet state lying 28.5 kcal/mol
— 135 higher in energy, and thus a spin crossing between the quintet
% ss — and t.riplet potential energy .surfaces.occurred. qu calculations
: i “—Fe('Dy+CH,0H ptretd|ct_etﬂ th?t_ tlhet Cikﬂt:e(l)H |nt2%rrg|e(d|a|;e hlars]_al']qumte'zj groun(_j
s 8 R 5 a0 state with a triplet state lying 28.0 kcal/mol higher, and no spin
FeOCAYrCH, OFe(CH,)(A,) Fe(CH,OMCA) crossing between the quintet and triplet potential energy surfaces
143 was predicted.
The potential energy surfaces indicate that the formation of
416 CH3MOH from OM(CH,) requires activation energy, which is
— in accord with our experimental observations that the@&H
- molecules were only produced upon broad-band irradiation. In
Figure 7. Profile of potential energy surface (in kcal/mol) of Fe© our experiments, the formation of GMOH is a photochemical
CH, reaction. process, and most likely involves an electronically excited state
of essentially MO, which is only weakly perturbed by the
487 - r_nethane ligand. To define more closely the wavelengths of the
45.3 —_— 04 light that promote rearrangement of OM(@)Ho CHsMOH,
40 i {0 — experiments with selective irradiations were done. The results
26.6

5

. 209 i228:
triplet —. 1567 /it

" —

E

o
1

quintet ﬂ 48 ;,-"‘

Relative energy (kcal/mol)
8
1

-40 < e
CH.FeOH (A")

60 - TS1 TS2

{ quartet 266 25‘24_:" 2 —_ showed that only the UV light under the wavelength range of

204 i 250-300 nm could effectively initiate the rearrangement

.2 68 reactions. It is difficult to identify the most probable transitions
00 ; L 5 44— because of the lack of UV absorption spectra in MnO and
0 sextet — P= Mn(*S)+CH,OH| FeO: only some low-lying excited states have been repdfted.
MnO(Z)+CH, OMn(CH YA | Mn(CH,OH)(A) AItho_ugh the UV Ilght could not initiate direct dissociation o_f
MRS CH, into CHz + H in the gas phase, the UV photon energy is
' sufficient for the dissociation. The electronic excitation energy
of metal oxide may be redistributed to mobilize the hydrogen
M atom.
CH,MnOH (‘A) From the CHMOH intermediate, the reaction could further
. ) ) . proceed by methyl group migration to form the M(gBH)
ElgrrriaBétizrr]?flle of potential energy surface (in kalimol) of Mo complex via a transition state (TS2). This process was calculated
to be endothermic. The barrier heights with respect to the-CH
M reaction path have been computed at the B3LYP/6- MOH intermediates were predicted to be 70.9 and 72.6 kcal/
311++G** level; the results are shown in Figures 7 and 8. mol for MnO and FeO, respectively. These barrier heights are
We took quartet and sextet states for MnO, and triplet and much higher than those at TS1. No M(gPH) or CHOH
quintet states for FeO, into account. All the reaction intermedi- absorptions were observed in the experiments.
ates and transition states on the potential energy surfaces were .
fully optimized. As can be seen in Figures 7 and 8, the reactions Conclusions
follow mechanisms similar to those of the MO+ CH, The reactions of transition metal monoxides (MnO and FeO)
reactions. The initial step of the reaction is the spontaneouswith methane molecules have been investigated using matrix
formation of the OM(CH) complex. The binding energies of isolation infrared absorption spectroscopy. The metal monoxide
1.9 and 4.8 kcal/mol for MnO and FeO are significantly smaller molecules were prepared by laser ablation of Mm® FeO3
than those for the corresponding monoxide cations (16.2 andtargets. The reaction intermediates and products were identified
22.8 kcal/mol for MnG and Fed)%7 and are even smaller than on the basis of isotopic substitution experiments wWiiH,
those of NiO and PdO (910 kcal/mol)10-11 and CD, as well as the density functional theoretical calcula-
From the complex, one hydrogen atom is passed from C to tions. In solid argon, the manganese and iron monoxide
oxygen, leading to the C#MOH intermediate via a transition = molecules reacted with methane spontaneously on annealing to
state (TS1). It is interesting to note that no spin crossing was form the OMn(CH) and OFe(ChH) complexes. Both complexes
observed for both the MnO and FeO reactions, which is quite were predicted to hav€,, symmetry with the metal atom
different from the MO + CHj, reactions. The barrier heights coordinated to two hydrogen atoms of the methane molecule.
at TS1 with respect to the OM(ClHcomplex were predicted  The binding energies with respect to the ground state reactants
to be 28.9 and 27.6 kcal/mol for MnO and FeO, respectively. were predicted to be 1.9 and 4.8 kcal/mol, respectively, at the
Yoshizawa et al. related the reaction efficiencies of transition B3LYP/6-31H+G** level. The OMn(CH,) and OFe(CH)
metal oxide ions with methane to the barrier heights at TS1. complexes underwent photochemical rearrangement to the CH
The corresponding barrier heights for Mh@nd FeO were MnOH and CHFeOH molecules upon ultraviotevisible
computed as 9.4 and 22.1 kcal/nidlyhich indicates that the irradiation. The calculation results also showed that no spin
reaction efficiency for MnO and FeO should be lower than those crossing occurred for both the MnO and FeO reactions, which
for MNO* and FeO. is quite different from the M® + CH, reactions. The barrier
The potential energy surface for the FeOCH; — CHs- heights for conversion from the OM(GHcomplex to the Cht
FeOH reaction has previously been calculated by Yoshizawa MOH intermediate were predicted to be 28.9 and 27.6 kcal/
et al. using the B3LYP functional as wéllThey reported that  mol for MnO and FeO, respectively, higher than the corre-
the OFe(CH) complex is 5.7 kcal/mol lower in energy than sponding barrier heights for MnOand FeQ.

Relative energy (kcal/mol)

=20

40- %-41.2,"
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