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The reactions of niobium and tantalum monoxides and dioxides with methane have been investigated using
matrix isolation infrared spectroscopic and theoretical calculations. The niobium and tantalum oxide molecules
were prepared by laser evaporation ob@band TaOs bulk targets. The niobium monoxide molecule interacted

with methane to form the ONb(Cj{complex, which was predicted to ha@, symmetry with the metal

atom coordinated to three hydrogen atoms of the methane molecule. The ONlio(@hplex rearranged to

the CHNb(O)H isomer upon 300 nns A < 580 nm irradiation. The analogous OTa(gldomplex was not
observed, but the CHla(O)H molecule was produced upon UV irradiation. The niobium and tantalum dioxide
molecules reacted with methane to form th&l®(CH,) and QTa(CH,) complexes withCs symmetry, which
underwent photochemical rearrangement to thgNtHO)OH and CHTa(O)OH isomers upon ultraviolet
irradiation.

Introduction CH3PdOH was predicted to have an energy barrier of 24.5 kcal/

mol.”® The reactions of scandium, nickel, and palladium
onoxides with methane were also studied by Hwang and
ebel using density functional calculatioh¥’ The results

showed that neutral NiO and PdO are reactive toward methane

The controlled partial oxidation of methane to produce
chemical feedstocks such as methanol is of great economic an
scientific importance. A variety of transition metal oxide

containing catalyst systems were developed upon catalytic .
g st Sy P X y and can form molecular complexes with £bound by 8-9

conversion of methane to methanol. The reactions of transitionk Jmol. wher ScO is not reactive with r t to methan
metal oxide molecules with methane may serve as the simplest calimol, whereas >t IS not reactive espect to methane
at low and ambient temperatures. Goddard and co-workers

model for understanding the intrinsic mechanism of th Iytic . . R
odel for understanding the intrinsic mechanism of the catalytic vestigated methane activation by M@ = Cr, Mo, W;x =

conversion processes. The gas phase reactions of transition met . . . .
oxide ions with methane have been studied both experimentally .~ tzrcr)’r)1 an(f:i fﬁurr‘]d thaitnt?k? trelndtsrm Lt?lc'i:lciilwt); CMag)h be rte:u?]nzt;\kl:zed
and theoretically: 6 Schraler, Schwarz, and co-workers have erms of changes € electrophilicity of lktIne streng

systematically investigated the gas phase reactions of the firstOf the M-O 7 bondls, and the blnc_ilng properties of M@

row transition metal monoxide ions and methane, demonstrating methyl or hyd“’g‘?ﬁ- These th_eoretlcal stut_jles have pr_owded
that late transition metal monoxide ions can efficiently convert valuablg information conceming the reaction mechanism and
methane to methanol, while the early transition metal monoxide energetics.

ions cannot Yoshizawa and co-workers have calculated the Recently, we ha\_/s mvelstlge?ted tQE reatchtlons Of. ron a{u_j
reaction pathway and energetics for methane-to-methanol 1'2"9anese monoxide moiecules with methane using matrix

conversion by first row transition metal monoxide idhhe isolation infrared absorption spectroscopy as well as theoretical

MO™ + CHs — M* + CHyOH reactions were suggested to calculations? It was found that the ground state iron and
proceed vi; the initial forgmation of a OMCH,) complex manganese monoxide molecules reacted spontaneously with

followed by the isomerization to the HOMCHz and M™(CHs- methalme to forr]mhthe weakly gﬁunt?] O_M(G,)I;(I\él I;BFI-?' MT)
OH) intermediates via two transition states. The results showed COMPIEXES, which rearranged to he Insertedst motk-
that the experimentally observed reaction efficiency and methanol- €cules under ultraviolet irradiation. The calculation results also
to-methyl branching ratio could be rationalized in terms of the iq%meﬁﬂtga“_h.e-rrse;ﬁ?\;] gal_:hoMHeSH'CA:%wgﬂ“)d_) TSl i
predicted barrier heights at the transition states. The reactivities . "~ : (CHzOH) =~ M 3 0€s no

of different iron-oxo species FEO(n = 0, 1, 2) toward methane require spin crossing, which is quite different from the corre-

were also computed by Yoshizawa et al., and it was found that spondmg MO + CH, reactions. In this paper, we report a
the iron(IV)-oxo species are most effective for the cleavage of combined matrix isolation infrared spectroscopic and theoretical

the C—H bond of methané study of the reactions of niobium and tantalum mono- and

The reactions of neutral transition metal oxides with methane dioxides with methane.
have received much less attention. However, the interactions
of neutral metal monoxide with methane have been theoretically
studied. Density functional theoretical investigations found that ~ The experimental setup for pulsed laser evaporation and
pa”adium monoxide can form a weak Comp|ex with methane. matrix isolation Fourier transform infrared (FT'R) SpectrOSCODiC

The insertion of PdO into the €H bond of methane to form  investigation has been described in detail previot&Briefly,
the 1064 nm Nd:YAG laser fundamental (Spectra Physics, DCR

* Corresponding author. E-mail: mfzhou@fudan.edu.cn. 150, 20 Hz repetition rate and 8 ns pulse width) was focused
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Figure 1. Infrared spectra in the 1350250 and 1006825 cnt?
regions from the codeposition of laser-evaporated niobium oxides with
1.0% CH in argon: (a) afte2 h of sample deposition at 12 K; (b)
after 30 K annealing; (c) after 30 min of 300 nm A < 580 nm
irradiation; (d) after 30 min of 250 nn¥ 4 < 580 nm irradiation.
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Figure 2. Infrared spectra in the 3738670 and 17061650 cnT1?!
regions from the codeposition of laser-evaporated niobium oxides with
1.0% CH in argon: (a) afte2 h of sample deposition at 12 K; (b)
after 30 K annealing; (c) after 30 min of 300 nm A < 580 nm
irradiation; (d) after 30 min of 250 nn¥ 4 < 580 nm irradiation.

onto the rotating N§Os or TaOs targets, which were prepared
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Figure 3. Infrared spectra in the 1350250 and 1025885 cnt?
regions from the codeposition of laser-evaporated tantalum oxides with
1.0% CH in argon: (a) afte2 h of sample deposition at 12 K; (b)
after 30 K annealing; (c) after 30 min of 250 nm A < 580 nm
irradiation.
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Figure 4. Infrared spectra in the 3725675 and 18081750 cnt?
regions from the codeposition of laser-evaporated tantalum oxides with
1.0% CH in argon: (a) afte2 h of sample deposition at 12 K; (b)
after 30 K annealing; (c) after 30 min of 250 nm 4 < 580 nm
irradiation.

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 (ZPEs) were derived. The single point

by sintered metal oxide powders. The ablated species wereenergies of all of the structures optimized at the B3LYP level
codeposited with methane in excess argon onto a 12 K Cslwere calculated using the CCSD(T) method with the same basis

window for 2 h at arate of approximately 24 mmol/h.
Isotopically labeled CB (Isotec, 99%)13CH, (Isotec, 99%),

sets!®

and mixtures were used in different experiments. Infrared spectraResults and Discussion

were recorded on a Bruker IFS 113 V spectrometer at a 0.5

cm ! resolution using a DTGS detector. Matrix samples were

Infrared Spectra. The niobium and tantalum oxides were

annealed at different temperatures, and selected samples wergroduced by laser evaporation of the bulk ¥ and TaOs
subjected to broad-band irradiation using a 250 W high-pressuretargets. Codeposition of laser-evaporated niobium and tantalum

mercury arc lamp and glass filters.

Density functional calculations were performed using the
Gaussian 03 prograti.The three-parameter hybrid functional
according to Becke with additional correlation corrections due
to Lee, Yang, and Parr (B3LYP) was utilizétd Additional
comparison calculations on the weakly bound OM{ELebm-
plexes were also done using the BSPW91 functioHalEhe
6-311++G** basis set for H, C, and O atoms and the SDD
pseudopotential and basis set for Nb and Ta were tis€dhe

oxides with pure argon at 12 K forms monoxides (NbO, 963.9
cm1; TaO, 1014.3 cm?) and dioxides (Nb@ 931.2 and 869.9
cm™L; TaO,, 907.0 and 965.3 cm) as the major products. These
niobium and tantalum oxide species have previously been
identified from the effects of isotopic substitution in their
infrared spectra and from comparison to frequencies calculated
by using density functional theof). 22

New absorptions were observed when laser-evaporated nio-
bium and tantalum oxide molecules were codeposited with
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TABLE 1: Infrared Absorptions (cm ~1) from the Codeposition of Laser-Evaporated Niobium and Tantalum Oxides with CH,
in Solid Argon (For Comparison, the Calculated Isotopic Frequencies (cmt) Are Listed in Parentheses)

CH, 13CH, CD, assignment
963.9 NbO
931.2 NbO, (1)
875.5 NbO; (v; site)
869.9 NbO, (v3)
1289.1 (1327.1) 1281.5 (1281.5) (1003.8) ONb(L€H; deformation)

947.1 (977.7)
1686.6 (1780.9)
975.8 (992.8)
1282.0 (1301.9)
915.5 (953.0)
853.4 (908.7)
3707.8 (3909.6)
960.5 (974.0)

1014.3
965.3

907.0

1766.6 (1829.2)
1160.8 (1204.2)
974.7 (975.1)
1268.9 (1299.0)
953.8 (953.8)
895.5 (904.6)
3709.9 (3916.4)
966.5 (957.7)
692.0 (692.1)

947.1(977.7)
1686.6 (1780.9)
975.5 (992.7)
1274.9 (1294.2)
915.5 (953.0)
853.4 (908.7)
3707.8 (3909.6)
960.1 (973.9)

1766.6 (1929.2)
(1194.3)

974.7 (975.0)
1261.6 (1291.2)
953.8 (953.8)
895.5 (904.6)
3709.9 (3916.4)
966.4 (957.6)
(691.4)

944.1 (976.4)
1212.3 (1267.3)
975.6 (991.3)
(985.0)

915.1 (950.4)
853.2 (908.4)
2735.0 (2848.2)
960.5 (973.6)

1265.9 (1298.1)
915.9 (946.4)
974.0 (972.9)
(983.0)

949.9 (951.2)
895.4 (904.5)
2737.3 (2853.5)
966.0 (957.0)
681.3 (664.9)

ONDb(ZENb—O stretch)
3l{O)H (Nb—H stretch)
LH(O)H (Nb—O stretch)
2ND(CH,) (CH, deformation)
2ND(CH,) (Nb—O sym. stretch)
2ND(CH,) (Nb—O asym:. stretch)
3iI{O)OH (O—H stretch)
BH(0O)OH (Nb-O stretch)

TaO
TaO, (’V]_)
TaO, (’V3)
3sCGHO)H (Ta—H stretch)
£Id(O)H (CH: deformation)
TH(O)H (Ta—0O stretch)
2T@(CH;,) (CH; deformation)
2T@Q(CHy) (Ta—0O sym. stretch)
2T@(CH,) (Ta—0 asym. stretch)
3GHO)OH (O-H stretch)
{H(O)OH (Ta-O stretch)
¢Fa(O)OH (Ta-OH) stretch

methane in excess argon. The spectra in select regions are shown OM(CH,). The absorptions at 1289.1 and 947.1¢rim the

in Figures -4, and the frequencies are listed in Table 1. On niobium experiments are due to different vibrational modes of
the basis of their growth/decay characteristics measured as ahe same species. The 1289.1¢érhand shifted to 1281.5 cmh
function of changes of experimental conditions, the new product with 13CH,. The 12C/3C isotopic frequency ratio of 1.0059 is
absorptions can be classified into several groups. In the case oOfyery close to that of the CHieformation mode of Cibobserved
niobium, the band set at 1289.1 and 947.1 ¢mas observed 4t 1305.4 cm' in solid argon. The band position and isotopic
upon sample deposition (Figure 1, trace a), was kept almostfrequency shift suggest the assignment of the 12891 txand
unchanged upon annealing (Figure 1, trace b), and disappearegy, the CH, deformation mode of a CHcomplex. The 947.1
when the matrix was irradiated by the output of the high-pressure -1 pand is 16.8 cmt lower than the frequency of NbO in
mercury arc lamp with @ > 300 nm pass filter (300 nn¥ 4 solid argon and is in the spectral range expected for the terminal
< 580 nm, Figure 1, trace c). The band set at 1282.0, 915'1’ Nb—O stretching mode of a NbO complex. This band showed
and 853.2 cm! also was observed after sample deposition, no shift with thel3CH, sample and shifted to 944.1 cinwith

increased slightly upon annealing, and showed no obvious - . .
. o . the CD, sample. The spectral feature in the experiment with
change upon 300 nr\d 4 < 580 nm irradiation, but it decreased the mixture of CH and CD (Figure 5, trace b) implies that

significantly upon 250 nn¥ 1 < 580 nm irradiation (Figure 1, N . .
trace d). A pair of new bands at 1686.6 and 975.8 tappeared only one CH subunit is involved in the species. These
experimental observations lead us to assign the 1289.1 and 947.1

upon 300 nm< A < 580 nm irradiation (Figures 1 and 2, trace - . .
¢), and two new bands at 3707.8 and 960.5twere produced ~ CM * bands to the Chldeformation and NbO stretching

under 250 nm< A < 580 nm irradiation (Figures 1 and 2, trace  Vibrations of the ONb(Cl) complex.
d).

In the reaction of laser-evaporated tantalum oxides with ;|
methane, new absorptions at 1268.9, 953.8, and 895.5ware
observed after sample deposition (Figure 3, trace a), increased
upon annealing (Figure 3, trace b), and decreased significantly o
upon 250 nm< A < 580 nm irradiation (Figure 3, trace c). CH,
New absorptions at 1766.6, 1160.8, 974.7, 3709.9, 966.5, and ©
692.0 cnT! were produced upon broad-band irradiation as well
(Figures 3 and 4, trace c).

The experiments were repeated with the isotopic substituted )
CD, and3CH, samples. The isotope frequencies are also listed 02+

ONb(°CH,)
//Osz('°CH4)

O,Nb(CD,)

0.4+

Absorbance

ONb(CH,)
in Table 1. The infrared spectra in selected regions using ONb(CH,) Ole;(CH,)
different isotopic samples are shown in Figures85 respec- @ \ \ . | H h
tively. 0-01 y T —7/f . T :
350 1300 1250 1200 1000 950 900 850

Calculation Results. Quantum chemical calculations were
erformed on the potential product molecules. The optimized
P P P P Figure 5. Infrared spectra in the 135175 and 1008825 cn1?

structure_s are shown |n F|gures_9 and 19' The V|bra_t|0nal regions from the codeposition of laser-evaporated niobium oxides with
frequencies and intensities of various species involved in the athane in excess argon. Spectra were takerr &ft of sample

niobium and tantalum oxides and methane reaction systems arejeposition followed by 30 K annealing: (a) 1.0% £kb) 0.5% CH,
listed in Tables 2 and 3, respectively. + 0.5% CD; (c) 1.0% CD; (d) 1.0%3CH,.

Wavenumber (cm")
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Figure 6. Infrared spectra in the 186750 and 725650 cnt?

regions from the codeposition of laser-evaporated tantalum oxides with

methane in excess argon. Spectra were takerr 2fte of sample
deposition followed by 30 min of broad-band irradiation: (a) 1.0%
CH,; (b) 1.0% CD; (c) 0.5% CH + 0.5% CD.
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Figure 7. Infrared spectra in the 37258650 and 27562700 cnt?

regions from the codeposition of laser-evaporated tantalum oxides with

methane in excess argon. Spectra were takerr 2fte of sample
deposition followed by 30 min of broad-band irradiation: (a) 1.0%
CHg; (b) 1.0% CD; () 0.5% CH + 0.5% CD.

Density functional calculations indicated that the ONb{CH
complex has dA; ground state witlCs, symmetry (Figure 9).
The niobium atom of NbO is coordinated to three hydrogen
atoms of CH, that is,3—CH, bonding. The!A; state correlates
to the ground state NbO*Y~) and CH, and is very weakly
bound?°23 The distance between Nb and H is 3.506 A at the
B3LYP/6-31H-+G**/SDD level and 3.056 A at the B3PW91/
6-311++G**/SDD level. The binding energy of ONb(Cjiwas
predicted to be only 0.9 kcal/mol with respect to NHQT) +
CH, calculated at the CCSD(T)/B3LYP/6-31#G**/SDD
level. The calculations predicted that the £#¢formation and

J. Phys. Chem. A, Vol. 109, No. 42, 2008517
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Figure 9. Optimized structures (bond lengths in angstroms, bond angles
in degrees) of the species observed in the niobium system at the B3LYP/
6-311++G**/SDD and B3PW91/6-311++G**/SDD (values in pa-
rentheses) levels of theory.

No absorptions can be assigned to the analogous OTg(CH
complex. In contrast to NbO, which has a quartet ground state,
the TaO molecule has a doubleéAj ground staté®22 The
ground state TaO molecule interacts with methane to form the
OTa(CHy) complex, which was predicted to haveéa ground
state withCsz, symmetry (Figure 10). This complex is very
weakly bound, having a binding energy of only 1.0 kcal/mol
with respect to the ground state Tafd) and CH, at the CCSD-
(T)/B3LYP/6-311+G**/SDD level. The CH deformation and
Ta—O stretching modes of the complex were computed at

Nb—O stretching modes have the highest IR intensities. The 1345 3, 1335.3, and 1009.1 ctarespectively. We assume that

CH, deformation mode of the complex predicted at 1327.1%cm
is red-shifted about 13.2 crh from that of free CH, and the
Nb—O stretching mode at 977.7 cris red-shifted by 5.6 cmt
from that of the ground state Nb@"), which are in reasonable
agreement with the experimental values. Another Géforma-
tion mode predicted at 1345.6 chwith appreciable IR intensity
was overlapped by the strong ¢absorption predicted at 1340.3
cm ! (experimentally observed at 1305.4 T

the OTa(CH) complex was formed in the present experiments,
and its absorptions are most probably overlapped by the strong
CH, (predicted at 1340.3 cm) and TaO (predicted at 1008.7
cm1) absorptions.

CH3zM(O)H. The band set at 1686.6 and 975.8 émvas
produced under 300 nm A < 580 nm irradiation. The band at
1686.6 cn1! showed no shift with thé&*CH, sample and shifted
to 1212.3 cm! with the CD, sample. The band position and
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were calculated at 1301.9, 953.0, and 908.7 tand agree
well with the experimental values.

The absorptions at 1268.9, 953.8, and 895.5kin the
tantalum system are assigned to the analogopBa(@H,)
complex. The 953.8 and 895.5 cibands are due to symmetric
and antisymmetric OTaO stretching modes, which both red-
shifted by 11.5 cm! from those of Ta@in solid argon. The
1268.9 cn1! band is due to the CHleformation mode of the
complex. These three modes were calculated at 1297.4, 973.2,
and 918.3 cm? for the ?A’ ground state @la(CHy;) complex.

CH3M(O)OH. The bands at 3707.8 and 960.5 chare
assigned to the C#lb(O)OH molecule. These bands appeared
together only upon broad-band irradiation during which the O
Nb(CH,) absorptions disappeared. The 3707.8 tivand is in
the frequency region expected for ar-8 stretching vibration.

It shifted to 2735.0 cm! with the CD, sample, giving a H/D
ratio of 1.3557, which is characteristic of an—® stretching
vibration. The band at 960.5 cthexhibited a very small shift
(0.4 cntl) with the 13CH, sample and no shift with the GD
sample and is appropriate for a NB® stretching mode. The
g:Hng(O)OH molecule was predicted to have a doublet ground
state (Figure 9) withC; symmetry. The GH and Nb-O
stretching modes were computed at 3909.6 and 974.0',cm
respectively, with the calculated isotopic frequency shifts (Table

the H/D isotope frequency ratio (1.3912) are characteristic of a 1) in good agreement with the experimental values.

Nb—H stretching vibration, which are very close to those of
the Nb—H stretching mode of HNbOH (1587.5 crhwith a
H/D ratio of 1.3911%* The 975.8 cm! band exhibited only
0.3 and 0.2 cm! shifts when thé3CH, and CD, samples were
employed and is suggestive of a NO stretching vibration.
Note that the 1686.6 and 975.8 chbands were produced only
upon 300 nm< A < 580 nm irradiation, during which the ONb-

Similarly, the absorptions at 3709.9, 966.5, and 692.0%cm
in the tantalum system are assigned to the;THO)OH
molecule. The 3709.9 cn band shifted to 2737.3 cm with
CD,4 and is due to the ©H stretching vibration. The terminal
Ta—O stretching mode is observed at 966.5¢nand it shifted
to 966.4 and 966.1 cm when the'*CH, and CD, samples were
employed. The absorption at 692.0 cthis weak and broad

(CHy) absorptions were destroyed. This suggests that the 1686.6and is assigned to the F&H stretching mode. This mode

and 975.8 cm! bands are most likely due to another structural
isomer of ONb(CH). Accordingly, we assign the 1686.6 and
975.8 cn1?! bands to the NbH and Nb-O stretching modes
of CH3sNb(O)H, which was predicted to have a doublet ground
state without any symmetry (Figure 9). As listed in Table 2,
the Nb-H and Nb-O stretching modes were computed at
1780.9 and 992.8 cm, respectively, in good agreement with

became sharp and was observed at 681.3'ammen CD, was
used. The broad feature observed in the normal experiments
suggests that this mode is in Fermi resonance with low-lying
levels. The G-H, Ta—0, and Ta-OH stretching modes of the
doublet ground state Gfia(O)OH molecule (Figure 10) were
predicted to be 3916.4, 957.7, and 692.1 énespectively.
Reaction Mechanism.Laser evaporation of the N©Os and

the observed values. The calculated isotopic frequency shifts Ta,05 targets produces metal monoxides (NbO and TaO) and
(Table 1) also fit the experimental values.

Similarly, absorptions at 1766.6, 974.7, and 1160.8tm
the tantalum system are assigned to thesTGHO)H molecule.
The 1766.6 cm! band is due to the TaH stretching mode,
which was observed at 1265.9 chwith the CD, sample. The
974.7 cn? band is assigned to the F® stretching mode,
which is red-shifted 39.6 cnt from that of TaO. The 1160.8
cm~! band is weak and is assigned to the JQ#¢formation
mode. The deuterium counterpart was observed at 915:9.cm

metal dioxides (Nb@and TaQ) as the major products. The
OM(CHy) and QM(CH,) (M = Nb, Ta) complexes were formed
by the reactions of metal mono- and dioxides with .CH
molecules, reactions-14, which were predicted to be exother-
mic at the CCSD(T)/B3LYP/6-31t+G**/SDD level.

NbO (*=7) + CH, — ONb(CH,) (‘A))
AE = —0.9 kcal/mol (1)

The experimentally observed modes were computed at 1829.2,TaO ¢A) + CH ,— OTa(CH) (E)

975.1, and 1204.2 cm, respectively, for the doublet ground

state CHTa(O)H molecule (Figure 10).
O,M(CHj). The absorptions at 1282.0, 915.5, and 853.4cm  NbO, (°A,) + CH, — O,Nb(CH,) (°A")

were assigned to the niobium dioxidmethane complex, £
Nb(CH,). The 853.4 and 915.5 cthbands are appropriate for
the antisymmetric and symmetric ONbO stretching vibrations.
These bands are 16.5 and 15.7-¢énower than the correspond-
ing modes of Nb@ in solid argor?® Both bands showed no
shift with 13CH, and very small shifts (0.2 and 0.4 c#) with
CD,. The very weak 1282.0 cm band is due to the CH
deformation mode of the complex, which shifted to 1274.9%tm
with 13CH,. Density functional calculations predicted that the
0,Nb(CH;z) complex has A’ ground state witlCs symmetry,

AE = —1.0 kcal/mol (2)

AE = —7.4 kcal/mol (3)

TaQ, (*A,) + CH,— O,Ta(CH,) (°A")
AE = —4.9 kcal/mol (4)

The binding energies of 7.4 and 4.9 kcal/mol for Ni#md
TaQ; are significantly larger than those for the corresponding
monoxides (NbO, 0.9 kcal/mol; TaO, 1.0 kcal/mol). The trend
is the same as that of group VI (Cr, Mo, W) metal oxides. Xu
et al. found that the binding energies of high oxidative

as shown in Figure 9. The three experimentally observed modescomplexes GM(CHz4) (M = Cr, Mo, W;x =1, 2, 3) are larger
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TABLE 2: Total Energies (in Hartrees, after Zero Point Energy Correction), Vibrational Frequencies (cm™1), and Intensities
(km/mol) of Various Species in the NBOs + CH,4 System Calculated at the B3LYP/6-311+G**/SDD Level of Theory

Etot frequency (intensity, mode)
CH, (*A) —40.489 422 1340.3 (543)t 1558.5 (0, €), 3024.1 (041 3129.7 (78,4)
NbO (*=7) —132.179 803 983.3 (16%)
NbO; (2A1) —207.493430 344.5(1,927.8(238,h),973.1(118,9
ONb(CHy) (*A1) —172.669 116 24.7 (3.p42.7 (22, €),100.3 (0, €), 977.7 (195),4327.1 (57, 9, 1345.6 (40, e),

1556.3 (24, €), 3011.1 (6)23115.3 (12, e), 3124.0 (38;)a
O:ND(CHy) (2A")  —247.988 970 13.0 (12! 51.8 (3, 4, 74.8 (4, 4), 131.8 (1, §, 159.0 (4, §, 324.1 (6, §, 330.8 (1, 4), 908.7 (284, 3,
953.0 (98, §, 1301.9 (50, 3, 1339.3 (17, 3, 1370.9 (39, 4), 1547.6 (50, 4), 1555.7 (13, 4,
2921.5 (21, 9, 3013.9 (0, 4), 3095.2 (0, §, 3134.3 (1, §
CHsND(O)H @A)  —172.706 603 113.3 (1), 202.5 (6), 340.3 (47), 471.1 (24), 531.7 (46), 598.9 (5), 621.9 (60), 992.8 (181), 1186.0 (6),
1408.2 (6), 1430.7 (7), 1780.9 (294), 2941.5 (8), 3035.6 (5), 3119.2 (3)
CHsNb(O)OH @A) —248.027 051 102.8 (0), 133.8 (1), 168.2 (3), 219.6 (9), 390.2 (93), 397.8 (48), 528.8 (155), 568.0 (40), 593.1 (6), 695.8 (111),
974.0 (185), 1189.7 (13), 1407.4 (5), 1433.6 (7), 2919.2 (8), 3060.7 (5), 3118.5 (3), 3909.6 (217)

TABLE 3: Total Energies (in Hartrees, after Zero Point Energy Correction), Vibrational Frequencies (cm™1), and Intensities
(km/mol) of Various Species in the NbOs + CH,4 System Calculated at the B3LYP/6-31++G**/SDD Level of Theory

Eot frequency (intensity, mode)
TaO @A) —132.213 694 1008.7 (104)
Ta, (?A1) —207.540 293 332.9 (17;0914.8 (193, b), 966.5 (60, 3
OTa(CH,) (E) —172.702 875 8.5 (04} 46.4 (8, €), 65.9 (6, e), 1009.1 (113),4.335.3 (41, §, 1345.3 (38, €), 1558.2 (4, €),

3022.2 (1, 8, 3127.3 (36, €), 3129.1 (34)a

O;Ta(CH) (PA")  —248.032 686 38.7 (7/039.1 (2, &), 60.2 (17, &), 103.0 (12, 9, 145.6 (0, §, 217.0 (0, &), 322.5 (7, 8§, 904.6 (221, 3,
953.8 (86, §, 1299.0 (65, 3, 1341.5 (19, 8, 1360.8 (33, 4), 1547.2 (28, 4), 1551.1 (13, 3,
2961.3 (40, 3, 3051.9 (0, 4), 3095.7 (4, §, 3120.5 (4, §

CHsTa(O)H @A) —172.753 725 112.8 (0), 195.1 (7), 344.1 (19), 466.5 (22), 531.7 (23), 606.8 (5), 658.5 (24), 975.1 (149), 1204.2 (13),
1409.3 (6), 1430.2 (10), 1829.2 (251), 2941.5 (5), 3028.3 (5) 3115.8 (2)

CHsTa(O)OH fA) —248.078325 93.8 (0), 117.2 (1), 162.4 (3), 215.9 (10), 412.7 (39), 417.1 (99), 533.7 (166), 564.0 (35), 609.5 (5), 692.1 (83),
957.7 (150), 1207.6 (21), 1411.8 (6), 1433.9 (8), 2936.5 (4), 3057.0 (5), 3110.7 (3), 3916.4 (215)

than those of low oxidative complex&sThe binding energies ~ Nb(O)H isomer. The CkTaOH molecule has#\" ground state
of monoxides (NbO and TaO) are much smaller than those of lying 28.8 kcal/mol higher in energy than tR& state CHTa-
later transition metal monoxides, such as NiO and Pdo9(8  (O)H molecule.
kcal/mol) 210 The GNb(CH,;) and GQTa(CH,;) complex absorptions also
The ONDb(CH) complex absorptions disappeared upon 300 decreased upon broad-band irradiation, during which the CH
nm < A < 580 nm irradiation, during which the GNb(O)H Nb(O)OH and CHTa(O)OH absorptions were produced. This
absorptions were produced. This suggests that thgNGHD)H suggests that the GNb(O)OH and CHTa(O)OH molecules
molecule was generated from the ONb@Homplex via were generated from the;Nb(CH,) and QTa(CH,) complexes

reaction 5: via reactions 7 and 8.
ONb(CH,) (A)) + v — CH;Nb(O)H (A) () O,Nb(CH;) %A") + hv — CH,Nb(O)OH €A)  (7)
OTa(CH) (E) + hv —~ CH,Ta(O)H (A)  (6) 0,Ta(CH,) (°A") + hv — CH,Ta(O)OH €A)  (8)

Although the OTa(Ch) complex absorptions were not
observed due to band overlap, the TH(O)H absorptions
appeared upon broad-band irradiation, indicating thagT@H
(O)H was produced via similar photoinduced isomerization

reaction 6. Reactions 5 and 6 were predicted to be exothermic . .
by about 27.6 and 29.0 kcal/mol, respectively, at the CCSD- EF(;STa(O)OH rr}olefcules canhbe regarded ]:ashbelng formed via
(T)/B3LYP/6-31H-+G*/SDD level. ydrogen transfer from methane to one of the oxygen atoms.

The CHNb(O)H and CHTa(O)H molecules can be regarded Although these isomerization reactions are exothermic, the

. . tions require activation energy, and the formations of CH
as being formed via hydrogen transfer from methane to the metal'ac .
center. Another possible reaction channel is hydrogen transfer'\‘b(o)OH and CHTa(O)OH are photochemical processes.

to the O atom to form CENbOH and CHTaOH. Previous
theoretical calculations imply that transition metal monoxides

According to the CCSD(T)/B3LYP/6-311+G**/SDD cal-
culations, the CBNb(O)OH and CHTa(O)OH molecules are
26.7 and 31.8 kcal/mol lower in energy than theN®(CH,)
and QTa(CH,;) complexes, respectively. The @kb(O)OH and

Conclusions

such as PdO can insert into the-8 bond of methane to form The reactions of transition metal monoxides (NbO and TaO)
CH3PdOH with an energy barrier of 24.5 kcal/mf{é1A recent and dioxides (Nb@and TaQ) with methane molecules have
study in our laboratory showed that the OMn(gtdnd OFe- been investigated using matrix isolation infrared absorption

(CH4) complexes underwent photochemical rearrangement to spectroscopy. The metal oxide molecules were prepared by
the CHMnOH and CHFeOH molecules upon ultraviolet pulsed laser evaporation of bulk ps or TaOs targets. The
irradiation? No evidence was found for the formation of ¢H reaction intermediates and products were identified on the basis
NbOH and CHTaOH in the present experiments. The calcula- of isotopic substitution experiments withCH, and CD, as well

tion results showed that the GM(O)H (M = Nb, Ta) molecule as theoretical calculations. In solid argon, the niobium monoxide
is more stable than the GMOH isomer. The CkHENbOH molecules reacted with methane to form the ONb{Gidmplex,
molecule was predicted to have*A” ground state, which is  which was predicted to hav@s, symmetry with the metal atom
22.2 kcal/mol higher in energy than tR& ground state Ckt coordinated to three hydrogen atoms of the methane molecule.
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The ONb(CH) complex rearranged to the more stable €H
Nb(O)H isomer upon 300 nn¥ A < 580 nm irradiation. The
analogous OTa(Chl complex was not observed, but the £H
Ta(O)H molecule was produced upon UV irradiation. The

niobium and tantalum dioxide molecules reacted with methane

to form the QNb(CH,) and QTa(CH,) complexes, which were
predicted to have 8A' ground state withCs symmetry. The
binding energies for Nb©and TaQ are larger than those for
the corresponding monoxides. The metal dioxideethane

Wang et al.

(10) Hwang, D. Y.; Mebel, A. MJ. Phys. Chem. 2002 106, 12072.

(11) Xu, X.; Faglioni, F.; Goddard, W. A., IIJ. Phys. Chem. 2002
106 7171.

(12) Wang, G. J.; Chen, M. H.; Zhou, M. B. Phys. Chem. 2004
108 11273.

(13) (a) Chen, M. H.; Wang, X. F.; Zhang, L. N.; Yu, M.; Qin, Q. Z.
Chem. Phys1999 242 81. (b) Zhou, M. F.; Zhang, L. N.; Shao, L. M;
Wang, W. N.; Fan, K. N.; Qin, Q. ZJ. Phys. Chem. 2001, 105 10747.
(c) Zhou, M. F.; Zhang, L. N.; Qin, Q. ZJ. Phys. Chem. 2001, 105
6407.

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

complexes underwent photochemical rearrangement to the moré¥: A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

stable CHNb(O)OH and CHTa(O)OH isomers upon ultraviolet
irradiation.

Acknowledgment. We gratefully acknowledge financial
support from NSFC (20125311 and 20203005) and the NK-
BRSF of China.

References and Notes

(1) (a) Schrder, D.; Fiedler, A.; Hrusak, J.; Schwarz, HAm. Chem.
Soc 1992 114, 1215. (b) Ryan, M. F.; Fiedler, A.; Schaer, D.; Schwarz,
H. J. Am. Chem. Socl995 117, 2033. (c) Ryan, M. F.; Fiedler, A,;
Schraler, D.; Schwarz, HOrganometallics1994 13, 4072. (d) Schider,
D.; Schwarz, HAngew. Chemlnt. Ed. 1995 34, 1973.

(2) Schraler, D.; Schwarz, HAngew. Chemint. Ed. Engl.199Q 29,
1433.

(3) (a) Clemmer, D. E.; Aristov, N.; Armentrout, P. B.Phys. Chem
1993 97, 544. (b) Chen, Y. M.; Clemmer, D. E.; Armentrout, P.BAm.
Chem. Soc1994 116, 7815.

(4) Aguirre, F.; Husband, J.; Thompson, C. J.; Stringer, K. L.; Metz,
R. B.J. Chem. Phys2002 116, 4071.

(5) (a) Yoshizawa, K.; Shiota, Y.; Yamabe, Them—Eur. J. 1997,

3, 1160. (b) Yoshizawa, K.; Shiota, Y.; Yamabe, J.Am. Chem. Soc.
1998 120 564. (c) Shiota, Y.; Yoshizawa, KI. Am. Chem. So200Q
122 12317.

(6) Yoshizawa, K.; Shiota, Y.; Yamabe, Drganometallics1998 17,
2825.

(7) Broclawik, E.; Yamauchi, R.; Enduo, A.; Kubo, M.; Miyamoto,
A. J. Chem. Phys1996 104, 4098.

(8) Broclawik, E.; Yamauchi, R.; Enduo, A.; Kubo, M.; Miyamoto,
A. Int. J. Quantum Chemnl997 61, 673.

(9) Hwang, D. Y.; Mebel, A. M.Chem. Phys. Let2002 365 140.

N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
revision B.05; Gaussian, Inc.: Pittsburgh, PA, 2003.

(15) (a) Becke, A. DJ. Chem Phys 1993 98, 5648. (b) Lee, C.; Yang,
E.; Parr, R. GPhys Rev. B 1988 37, 785.

(16) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.

(17) (a) McLean, A. D.; Chandler, G. 3. Chem. Physl98Q 72, 5639.
(b) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys
1980 72, 650.

(18) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; Preus§ hiéor.
Chim. Acta 199Q 77, 123.

(19) Pople, J. A.; Gordon, M. H.; Raghavachari JKXChem. Physl1987,
87, 5968.

(20) Zhou, M. F.; Andrews, LJ. Phys. Chem. A998 102 8251.

(21) Green, D. W.; Korfmacher, W.; Gruen, D. MChem. Physl973
58, 404.

(22) Weltner, W., Jr.; McLeod, D., Jd. Chem. Physl1965 42, 882.

(23) Brom, J. M., Jr.; Durham, C. H., Jr.; Weltner, W., Jr.Chem.
Phys 1974 61, 970.

(24) Zhou, M. F.; Dong, J.; Zhang, L. N.; Qin, Q. Z.Am. Chem. Soc
2001, 123 135.



