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Oxidation of alkanes, especially methane, to form essential
chemical starting materials comprises a central problem in
heterogeneous catalysis. Oxides of molybdenum are specifically
known to oxidize methane to formaldehyde;however, there
is considerable deb&t&®’ over whether terminal (M&O) or
bridging oxygen atoms are the active species. Herein we report
studies on the addition of gas-phase methyl raditalsxygen
on Mo(110) and the microscopic reverse, methyl radical
evolution from methoxy derived from metharfd® Analysis
of both these pathways indicates that methoxy formation on
oxidized Mo(110) doesot directly involve terminal Me=O
sites.

All experiments were performed in a stainless steel ultrahigh
vacuum chamber, described previouslyThe protocols for
temperature programmed reaction experiments and crystal
cleaning have also been reporf@d!* Electron energy loss
spectra were acquired with an LK-2000 spectrometer, using a
primary beam energy of 3 eV and specular detection.
Azomethane was synthesized according to the protocol of
Renaud and Leitdh and subsequently pyrolyzed 16H; and
N2_16,17

Three distinct oxygen overlayers were prepared under dif-
ferent conditiond® The quasi-threefold site on Mo(110) is
selectively populated by atomic oxygen when the surface is
exposed to @(~1 x 1072 Torr)!® at ~100 K and subsequently
heated to 500 K. Alternatively, exposure{1 x 1072 Torr)
at 1200 K for 5 min followed by cooling to 350 K in the oxygen
atmosphere populates quasi-threefold and terminal surface site
(Mo=0) and deposits subsurface oxygen. If the crystal is
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Figure 1. Electron energy loss spectra, recorded at a crystal temperature
of ~100 K, of (a) the quasi-threefold oxygen overlayer; (b) the overlayer
in (a) after exposure to methyl radicals and subsequent annealing to
500 K; (c) the overlayer in (a) after exposure to methanol and
subsequent annealing to 500 K; (d) the overlayer in (a) after exposure
to methyl radicals and subsequent annealing to 700 K. Typical resolution

was ~60 cntl,

cooledwithout O, present after the 1200 K exposure, there is
quasi-threefold and subsurface oxygen taiterminal oxygen.
Terminal and subsurface oxygen are readily identified by their
electron energy loss signatures near 1000 and 735%cm
respectivelytd

Gas-phase methyl radicals react readily with oxygen bound
in the quasi-threefold sites, based on electron energy loss data
(Figure l1a,b). The oxygen overlayer exhibits characteristic
losses forv(Mo—0) and 6(Mo—0O) at 605 and 398 cm,

gespectively (Figure 1a). The small shoulder at 524 tis

attributed tov(Mo—0) of oxygen in long-bridge sites, which
are populated at lower coveragésThe spectrum obtained after
exposing this surface to gaseous methyl radicals and subse-
quently heating to 500 K clearly corresponds to adsorbed
methoxy, based on its correspondence to the reference spectrum
obtained following methanol adsorption and heating to 500 K
(Figure 1c). The loss at 967 crhin Figure 1b is attributed to
v(CO) of methoxy, as confirmed by the shift to 937 ¢rmvhen
*CHjs reacts with art®O overlayer (data not shown); tméC0)
energy predicted using the harmonic oscillator approximation
is 941 cnT1.2° The features at 1450 and 2981 chare assigned
to 0(CHz) andv(CH) modes of methoxy* Minor peak shifts
for methoxy formed from*CHz; addition versus methanol
dissociation are attributed to a lower surface coverage of
methoxy fronrCHjz; addition. As expected, th€CO) frequency
increases as a function of methoxy coverage due to enhanced
dipole—dipole interactions. The feature at 1978 ¢hin the
methanol spectrum (Figure 1c) is attributed to the overtone of
v(CO) from methoxy??

Spectroscopic identification of methoxy formation from
methyl radical addition to quasi-threefold oxygen is confirmed
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with their respective harmonic oscillator predictions.
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Figure 2. Temperature programmed reaction data foe = 15 1
(*CHs) evolved from (a) methanol adsorbed on the quasi-threefold Energy (cm™')
oxygen overlayer and (b) methyl radicals added to the quasi-threefold Figure 3. Electron energy loss data of (a) the highly-oxidized Mo-
oxygen overlayef® The adsorption temperature was 320 K; (110) surfacewithout Mo=0 species and (b) the surface in (a) after
however, the surface exposed to methyl radicals was heated to 500 Kexposure to methanol and subsequent annealing to 700 K, i.e., after
prior to temperature programmed reaction to minimize background methyl radical evolution. In both cases, the oxygen overlayer was
from methane evolved below 600 K in (b). The heating rate was prepared with'®0,, to increase the energy difference between
5-7Ks (Mo,%0,) (arising from subsurface oxygéf)at 745 cm?! and

v(Mo=1%Q) at~980-1000 cnT’. Resolution was 5960 cnt?,

by temperature programmed reaction experiments (Figure Zb)-methoxy on clean and oxygen-covered Mo(130)Therefore,

Specifically, gaseous methyl radicals are evolved-625 K, addition to Me=0O would most likely require migration of the

which is characteristic of methanol decomposition via a methoxy methoxy or would lead to unstable binding.

intermediate on more highly-oxidized Mo(110)?#* and is Although methoxy forms readily on Mo(110), methyl does

shown in this work to occur as well for methanol reaction on 6t add to oxygen in fourfold sites on Mo(100); instead, metal

the quasi-threefold oxygen overlayer (Figure 2a). alkyl bonds are formed, leading to eventual hydrocarbon
_Addition of methyl radicals to oxygen in the quasi-threefold 5quctionz8 These results indicate a strong structural sensitiv-

sites indicates that terminal oxygen met required for this iy of this reaction. Electronic structure calculations are planned

process. To further probe for a special role of#0 species 5 evaluate structural effects on these two surfaces. Further
in methyl oxidation chemistry, vibrational characteristics of the gt dies are also underway to determine the possible role of
microscopic reversemethoxy decomposition to methyl and  \15=0 species in the stabilization of methoxy species formed
gdsorbed oxygenwere s'quled. Importarjtly, when methoxy by methyl radical addition.
is formed via methyl addition to the quasi-threefold overlayer,
no Mo=0 species are detected in electron energy loss spectra  Acknowledgment. We gratefully acknowledge the support of this
obtained after methyl radical evolution at 625 K (Figure 1d). work by the U.S. Department of Energy, Office of Basic Energy
The same result is obtained after decomposition of methoxy Sciences, Grant No. DE-FG02-84-ER13289.
formed via methanol adsorption.
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add.ltlon to oxidized Mo(ll.o). comes from comparison of met.hyl (25) Schaff, O.; Hess, G.; Fritzsche, V.; Fernandez, V.; Schindler, K.-
radical and methanol reactivity on highly-oxidized Mo(110) with 1 -“Thegbald, A.: Hofmann, P.: Bradshaw, A. M.: Davis, R.: Woodruff,
and without Me=O. Methoxy is formed by methyl radical D. (P.§urf.d3ci.1995 331-333 201—2((1)6H |
iti i i 26) Lindner, T.; Somers, J.; Bradshaw, A. M.; Kilcoyne, A. L. D,;
addition to oxygen in elther case, based on the appearance o(Noodruﬁ’ D P S, S0 1088 303 333352,
characteristic methoxy vibrational losses and the observation ™ 57) shilier, P.; Anderson, A. Bl Phys. Cher991, 95, 1396-1399.
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Importantly, there is no evidence that-© bond scission in 19&9) Chen, D. A Friend, C. M. Unpublished results
methOXy . d_epOSItS MeO species. S_pecmcally, \_Nhen the (30) Quee’ney, K. T, Friénd, C. M. Unpublished results.
highly-oxidized overlayer without terminal oxygen is exposed (31) Liu, H.-F.; Liu, R.-S.; Liew, K. Y.; Johnson, R. E.; Lunsford, J. H.
to either methanol or methyl radicals to form methoxy, and J. Am. Chem. Sod984 106, 41.17—4121. .
subsequently heated to 700 K (past the temperature of methyISO(C?fZ)SDé'ng;"% 363Ma”'r’ W.; Wang, J.-X.; Lunsford, J. 8i.Am. Chem.
radical evolution), no M&O species are left behind, as (33) Driscoll, D. J.; Lunsford, J. HJ. Phys. Chem1985 89, 4415~
illustrated by the lack of any(Mo=0) peaks after reaction of 44%34” ford. 3. H. Privat ot
i i unsiora, J. A. Private communication.
methanol _on thls.qverlayer (Figure 3) . (35) In temperature programmed reaction experiments reported herein,
The facile addition of methyl radicals to oxygen bound in intensity innve = 16 amu is observed in the same peak asnfe= 15
quasi-threefold sites on Mo(110) is consistent with the tendency amu signal frontCHs. Previous work has shown unequivocally that this

i i i inati i m/e = 16 amu signal is due to reaction of evolvé&Hs; with background
of methoxy to bind in high coordination sites on other metal H rather than to evolution of CHfrom Mo(110)%1° However, since we

surfape%“ 26_and supports a semiempirical (ASED-MO) cal-  \yere unable to reduce the background hydrogen in the chamber used in
culation which predicts a quasi-threefold binding site for these studies to low enough levels to eliminate this recombination, we have
assumed that thev/e = 16 arises from surface reaction to producesCH
(23) Methyl radical evolution seems to be sensitive to the overall degree and subsequently subtracted the appropriate amountef= 15 (corre-
of Mo oxidation, since noCHjs is observed to evolve from methoxy on  sponding to the 16:15 ratio from an authentic Zddmple) from our raw
Mo0s.3* Since larger amounts of subsurface oxygen may be generated ondata. This results in zenw'e = 16 signal and an artificially lovm/e = 15
Mo(110) by greater exposures of & 1200 K, it is possible that eventually ~ signal which can only arise fromCHs. In other words, this subtraction
increased oxidation of Mo(110) will shut down this pathway as well. Studies represents a rigorous proof that in these studies the anomalously low 16:15
are underway to address this point. ratio observed in the 625 K peak arises fromfe = 15 amu orCHs.




