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Abstract

The reaction of methanol on the nearly stoichiometri€r,O3 (101 2) surface gives a spectrum of products includ-
ing CH4, CH,0, CO, CQ and H. These products are all generated in a 200 K temperature range (600-800 K) in thermal
desorption through a reaction pathway involving methoxide, dioxymethylene and formate surface intermediates. The inter-
conversion between oxygenated surface intermediates involves the reversible reaction of methoxide to dioxymethylene
via dehydrogenation and nucleophilic attack of surface lattice oxygen. Formate intermediates are subsequently formed by the
dehydrogenation of dioxymethylene. Isotopic labeling studies indicate that the precursor to the formaldehyde reaction product
is a dioxymethylene intermediate rather than methoxide. The oxygen-terminated surface is completely unreactive, indicating
a structure (or composition) sensitive reaction of methanol on tha @) 8urface. Terminal chromyl oxygen acts as a cation
site blocker and eliminates the surface cation—anion site pairs necessary for the dissociation and reaction of methanol.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction such a process are thought generally to involve a sur-

face cation—anion site pair with the proton bound to an
Studies of the reaction chemistry of hydrocarbon o0xygen anion and the conjugate base anion, methoxide

oxygenates like alcohols, aldehydes and carboxylic (CH3O™), bound to a neighboring cation sitg,2].

acids can enhance our understanding of the surface Cr203 is considered an acidic oxid@,4], but is

chemistry of hydrocarbon oxidation processes. These known to catalyze or promote a variety of reactions

molecules can provide routes to the formation and including alcohol dehydration and dehydrogenation,

subsequent study of oxygenated surface intermediatesmethanol synthesis, 4D, exchange, double bond

without the associated requirement of oxygen inser-
tion and C—O bond formation that is necessary for
their formation directly from hydrocarbons. For the

adsorption of methanol on oxide surfaces, one typ-
ically expects heterolytic dissociative adsorption via
O-H bond breaking and loss of the acidic proton from
this weak Brgnsted acid. The site requirements for
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migration in olefins, ethylene polymerization, oxida-
tive dehydrogenation of alkanes, and hydrocarbon
combustion[5-16]. IR investigations of methanol
adsorption at room temperature on,Og powders
demonstrate that methoxide is formed by dissociative
adsorption of methandtL7-19] while adsorption at
elevated temperatures (200—4@) leads to the for-
mation of formate intermediat¢20]. The differences

in the IR studies suggest a reaction pathway involving
the thermal conversion of methoxide to formate on
Crp0O3 as proposed by Tamaru and coworkg2@].
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The (101 2) surface has the lowest energy of any normal to the surface contains five atomic layers ar-
low-index surface of GO3 [21], and is the predom-  ranged agO, Cr, O, Cr, Q. The topmost atomic layer
inant plane exposed on microcrystalline;Og pow- of the ideal surface is composed entirely of oxygen
ders[22]. Hence, of all the low-index faces of £Ds, anions. At the ideal (102) surface, all & anions
the (101 2) is the single crystal surface most likely to in the top atomic layer are three-coordinate with a
mimic the behavior of GiOs powders. This reportis  pyramidal local coordination, and the Ercations in
focused on understanding the surface intermediates,the second atomic layer are five-coordinate. Both ions
reaction pathways, and products for the reaction of have one degree of coordinate unsaturation relative to
methanol or-Cr,03 (101 2) single crystal surfaces.  their bulk counterpartf24]. The coordinately unsat-
By comparison of the thermal desorption reaction urated cations at the ideal surface are all subject to an
data for methanol and other;xygenates, a case equivalent local coordination environment. All ions
is made for the participation of dioxymethylene as a below the top two atomic layers are fully coordinated.
surface reaction intermediate connecting the chem- A nearly stoichiometric surface can be prepared by
istry of methoxide and formate intermediates in the Ar™ ion-bombardment and annealing in vacuum at
reaction of methanol. 900K [23].

In addition to the nearly stoichiometric surface,
_ the surface can be prepared with the cations capped
2. a-Cry03(1012) with terminal chromyl oxygen (GO). This oxygen-
_ terminated surface is prepared by ®xposures on

The CpO3 (1012) surface has been characterized g nearly stoichiometric surface until nearly all sur-
in previous worl{23]. A ball model representation of  face cations are capped with terminal oxydges].
the ideal, stoichiometric surface is shown Fflg 1 The oxygen-terminated surface exposes both three-

The surface has a rectangular (almost square) period-coordinate &~ anions and terminal chromyl oxygen
icity with a ratio of sides otz/b = 0.94. The surface  (Cr=0) [23].

is nonpolar, and one full stoichiometric repeating unit
3. Experimental

The reaction of methanol over stoichiometric and
oxygen-terminated (1) CrO3 (101 2) surfaces was
investigated using thermal desorption spectroscopy
(TDS), Auger electron spectroscopy (AES), and
low-energy electron diffraction (LEED). Experiments
were conducted in an ion-pumped UHV chamber,
equipped with a Physical Electronics Model 15-155
single-pass CMA for AES, an Inficon Quadrex 200
mass spectrometer for TDS and a set of Vacuum Gen-
erators 3-grid reverse view LEED optics. The base
operating pressure for this study was1.0~1° Torr.

A broad-beam ion gun was used for sample cleaning.

The crystal was oriented to withir? df the (1 01 2)
surface using Laue backreflection and polished to a
Fig. 1. Ball model representation of theCr,O3 (101 2) surface. final mirror finish with 0.25.m diamond paste. The
The top view shows the (1D2) surface parallel to the plane of sample was mechanically clamped onto a tantalum
the page. A surface unit cell is drawn to show the periodicity. stage that was fastened to pdooled copper electri-

The bottom illustration shows a side view of one stoichiometric | duct AT K th | ttached
repeating layer. The smaller black spheres represent the chromium Cal conductors. ype ermocouple was atlache

cations, and the oxygen anions are represented by the larger graythrough a hole in the stage to the back of the sin-
spheres. gle crystal using Aremco #569 ceramic cement. This

[0221]
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arrangement allowed direct measurement of the sam-4. Results
ple temperature.

Fisher Scientific 99.9% C#DH, Sigma Aldrich 4.1. Reaction of methanol on nearly stoichiometric
95% CH;80H, Cambridge Isotope Laboratory, Inc. CrO3 (101 2)
99% 3CD30D and Aldrich 95% paraformaldehyde
were used for this study. Methanol was degassed by 4.1.1. CHOH (and**CDs;0D) thermal desorption
three freeze—pump-thaw cycles before use. Formalde- The reaction of methanol with the nearly stoi-
hyde was obtained by thermal decomposition of chiometric CsO3 (101 2) surface has been studied
paraformaldehyde following vacuum degassing of the with thermal desorption spectroscopy. Al @nd G
powder. Gas exposures were performed by back-filling hydrocarbons and oxygenates were checked for as
the chamber through a variable leak valve. For thermal reaction products. Formaldehyde, carbon monoxide,
desorption experiments, the sample was exposed tocarbon dioxide, methane, and dihydrogen are the
the dosed gas at 93K and heated to 850 K using a lin- only observable products. Water is not observed as a
ear temperature ramp of 2.5K/s. The mass spectrom-reaction product, but was generally checked at lower
eter was equipped with a glass skimmer to minimize sensitivity than the other products because of a higher
the sampling of desorption products from the sample background signal for water in the chamber. Hence,
mounting hardware. All reported doses have been cor- some production of water cannot be completely ruled
rected for ion gauge sensitivif25,26]* Multiple m/z out. We note, however, that the almost complete ab-
fragments were monitored simultaneously during the sence of water during the interaction of methanol with
thermal desorption experiments. All desorption traces Cr,O3 powders has also been reporfé8]. Coupling
have been corrected for overlapping cracking patterns, products such as dimethyl ether, ethane, ethylene,
and intensities have been adjusted using experimen-and acetylene were also checked for but not detected.
tally determined mass spectrometer sensitivity factors. Deuterium and>C-labeled methanol{CDs0D) was
In the studies with CH8OH, two products with the  used to distinguish unambiguously betweerh@dro-
same molecular weight,’80 and CH1%0, are iden-  carbon coupling products (GRCH, and CH—CHg)
tified. To track these productsyz 29 (a major frag- and G oxygenates (CO and CG®) which have
ment for unlabeled formaldehyde) was used to follow overlapping mass spectrometer cracking patterns for
CH,1%0, while m/z 30 (along with corrections due the unlabeled methanol reactant. Only the results for
to overlapping fragments from GO and higher unlabeled methanol (G3®OH) are shown.
molecular weight products) was used to follo#fO. Fig. 2shows methanol desorption traces as a func-

A nearly stoichiometric (Ix 1) surface was pre- tion of CH3OH exposure on the nearly stoichiomet-
pared by ion-bombardment and annealing to 900K. ric surface. At lower coverages (exposure8.1L),
Preparation of the oxygen-terminated surfd@8] methanol desorbs from the surface in a broad fea-
includes an additional step of exposure to oxygen at ture over the temperature range of 450-700K. The
a partial pressure of 1:310~"kPa using a nozzle intensity of this peak increases at 470K and broad-
doser [27],2 while cycling the sample temperature ens to lower temperature for exposures greater than
from 193 to 353K three times. Following prepara- 0.3L. The 470K feature for C§#DH desorption is
tion, low-energy electron diffraction (LEED) was independent of coverage, suggestive of a first or-
used to check the surface periodicity, and AES was der kinetic process. Assuming a pre-exponential of
used to check for surface cleanliness prior to thermal 1013s™! and applying the Redhead analy§28]
desorption experiments. gives an apparent first order activation energy of des-

orption of 29.5 kcal/mol for the 470K feature. At the

1 The ion gauge sensitivity factor for methanol was taken as higher coverages, the features above 470K appears
1.8 for methanol as pd@5]. The ion gauge sensitivity factor for  as a long tail to higher temperatures that extends out
CH,0 was estimated as 1.6 using the correlation by S. George 15 700K from the main desorption features around

reported in[26]. . L . .
2 The reported local pressure above the sample has been cor- 450K. Noticeable within the hlgh temperature tail

rected from the chamber background pressure by a doser enhance{fOr €xposures greater than 0.5L) is a shoulder at
ment factor of 10 that was estimated (7). ~650K.
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Fig. 2. Methanol thermal desorption spectra for varying exposures
on the nearly stoichiometric @03 (101 2) surface.

A lower temperature feature extending from 210 to
290K is also apparent iRig. 2 for exposures greater
than 0.5 L. The temperature for this desorption feature
is coverage dependent, and is likely associated with
molecularly adsorbed methanol given the low desorp-
tion temperature. For exposures of 0.83 L and greater,
a multilayer desorption feature appears at 155K that
does not saturate with increasing exposure. The ap-
pearance of this feature provides an indication of a
near monolayer coverage.

Products from the reaction of GBH with the
nearly stoichiometric surface are shownFiy. 3 for
a 0.83 L dose corresponding to a monolayer coverage.
The top panel compares the desorption traces of the
products and methanol, while the bottom panel shows
the high temperature products on an expanded scale
The CHO desorption signal appears-a90 K and is
the broadest of all the desorption traces in the bottom
panel inFig. 3. Normalization of all the product peak
heights (not shown) demonstrates that the leading (low
temperature) edge of the formaldehyde desorption
signal tracks the leading edge of the £#ksorption
signal which has the lowest desorption temperature
of all the products: 680K. Similarly, the G des-
orption trace tracks the trailing (high temperature)
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Fig. 3. Thermal desorption spectra from a near monolayer coverage
of methanol on the nearly stoichiometric Qs (101 2) surface.

The top panel illustrates the relationship between the methanol and
product desorption traces. The bottom panel gives an expanded
view of the temperature range associated with product formation
and desorption. The traces have been offset for clarity.

which all the other product desorption features are
observed. The temperatures of the desorption features
for CH,O, CHs, CO, and CQ were all found to

be independent of surface coverage, indicating first
order rate-limiting step(s). Assuming a normal first
order pre-exponential of 18s1, application of the
Redhead equatioj28] gives a range of apparent first
order activation energies of 43.1-44.4kcal/mol for

edge of the remainder of the products that appear atthe reaction products.

slightly higher temperatures: 695K for CO anad,H
and 700K for CQ. The formaldehyde trace defines a
desorption “envelope”, a range of temperatures within

The desorption spectra ifrig. 3 for a mono-
layer coverage of methanol give approximately 60%
conversion of adsorbed methanol to products. Of
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the carbon-containing products, selectivity to CO is
the highest (45%), followed by CH(25%), CHO
(22%), and CQ (8%). Material balances based on
the integrated desorption traces fail to account for all
the oxygen {£15% unaccounted for) and hydrogen
(~25at.% unaccounted for) in the reaction system
given the stoichiometry of a methanol reactant, and
may indicate some small amount of undetected wa-
ter or some discrepancy in the ion gauge sensitivity
factors used to generate our experimental mass spec-
trometer sensitivity factors. Additionally, while de- C0"0 (x 10)
oxygenation of the methanol (as indicated by methane
formation) and surface oxidation might provide an
explanation for some part of the unaccounted for oxy- Temperature (K)

gen, post reaction AE_S analysis shows no m_crease n Fig. 4. Thermal desorption spectra for oxygenated products origi-
the surface O/Cr ratio after many consecutive ther- . inq from the reaction ot#0-labeled methanol (CK*OH) on
mal desorption runs. However, due to the overlap the nearly stoichiometric 05 (101 2) surface. The traces have
between O and Cr Auger featurg3], AES does not  been offset for clarity.

provide a particularly sensitive measure of small vari-

ations in the amount surface oxygen. Similarly, only

trace amounts of surface carbor5% of a mono- 4.2. Reaction of other Coxygenates on nearly

layer) are observed by post reaction AES analysis stoichiometric CsOz (101 2)

following many consecutive thermal desorption runs.

Given the lack of closure for the material balance, = The observation of lattice oxygen participation in
it is important to note thaho significant variation the surface reaction pathway for methanol over@r

in the apparent conversion or product distribution is (101 2) prompted an investigation of the reaction of
observed after many consecutive thermal desorption formaldehyde and formic acid with the nearly stoichio-
runs for monolayer coverages of methanol on the sto- metric surface. Relevant thermal desorption results for
ichiometric surfaceThe lack of variation in reactivity =~ formaldehyde are given below in addition to a brief
suggests no major changes in surface stoichiometry description of relevant findings for formic acid.

occur as a result of the methanol thermal desorption

c*o

5

CHO

cH.®o

Desorption Rate (a.u.)

T — T T T —T —T T T —
500 550 600 650 700 750 800 850

runs. 4.2.1. CHO thermal desorption
The reaction of CHO yields a multitude of prod-
4.1.2. CHBOH thermal desorption ucts: CHO, CHsOH, CHs;, CO, CQ, HCOOH,

Thermal desorption experiments were also con- CyHy, and H [29]. Products similar to those ob-
ducted with*®0-labeled methanol as a test of the pos- served from the reaction of methanol are shown in
sibility of oxygen exchange with the surfadeig. 4 Fig. 5for an 0.5 L formaldehyde dose. Formaldehyde
shows the desorption traces of oxygenated productsdesorption occurs in two temperature ranges: at 690
observed for a 0.4L dose (approximately one-half and 470K. The low temperature feature is associated
monolayer coverage) of G#OH on a freshly pre-  with chemisorbed formaldehyde and polyoxymethy-
pared, nearly stoichiometric &3 (101 2) surface. lene (paraformaldehyde) oligomef89], and is not
Desorption traces for CO, 80, CH,0, CH;!80, relevant to the present discussion. The high temper-
and CG380 are shown. Equal amounts of @8l and ature CHO desorption (690K) coincides with the
CH,180, as well as equal amounts of CO antfQ, desorption temperature of GB produced by the re-
are produced. The appearance of unlabeled CO andaction of methanol. Similar to the observations for the
CHO indicates exchange with lattice oxygen since reaction of methanol, product GHs observed at a
the sample surface is the only source'6® when lower temperature (655 K) than that for formaldehyde
dosing CHI80H. desorption. The product methane desorption signal
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Fig. 5. Thermal desorption traces of carbon-containing products
originating from the reaction of formaldehyde (@®) on the
nearly stoichiometric GOz (101 2) surface. The traces have been
offset for clarity.

appears in coincidence with methanol at 655K, a

temperature which corresponds closely to the shoul-
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Fig. 6. Methanol thermal desorption_ spectra for varying exposures
on the oxygen-terminated @bz (101 2) surface.

ature of these products from the reaction of methanol
and formaldehyde.

4.3. Reaction of methanol on O-terminated

der in the high temperature methanol desorption tail Cr203 (1012)

observed inFigs. 2 and 3for the adsorption and
reaction of methanol.
Desorption of CO and C® occurs at slightly

higher temperatures than the formaldehyde signal,

700 and 705K, respectively, similar to observations
that were made for the production of CO and £0O
from methanol inFig. 3. In addition to products ob-
served in common with the reaction of methanol, a
trace formic acid (HCOOH) signal is also observed
from the reaction of formaldehyde, coincident with
the production of C@at 705K.
For just the desorbing molecules shownHig. 5

Fig. 6 shows a series of methanol thermal
desorption traces for different exposures on the
oxygen-terminated GO (101 2) surface. Methanol
is the only species observed in thermal desorption.
Other products checked for but not detected include:
CH,0, CO, CQ, CHy, H20, Hy, HCOOH, and
CH30CHs. The methanol desorption trace appears
as a single sharp feature at 475K for exposures up
to about 0.4 L. This desorption peak is independent
of coverage, indicating a first order desorption pro-
cess with an apparent first order activation energy

that are also observed as products from the reactionof 30.1 kcal/mol[28]. For the 0.56 L exposure, two

of methanol, the relative yield of CO is the highest
(53%), followed by CQ (25%), CHO (12%), and
CHs (10%).

4.2.2. HCOOH thermal desorption

Thermal desorption of formic acid (not shown) from
the nearly stoichiometric (1D2) surface yields CO,
COy, Hy and HCOOH as the primary products at
700K [29]. In addition, a trace of CD product is

other features are observed: a shoulder at 420K and
a peak at 215K. There is no evidence of the higher
temperature chemistry observed on the stoichiometric
surface. For doses in excess of 0.7L (not shown), a
multilayer desorption feature is observed near 150 K.

5. Discussion

also observed in the same temperature range. The des- In the reaction of methanol with metal oxides, one
orption temperatures of these species from the reactiontypically expects the reaction chemistry to be initiated

of formic acid coincides with the desorption temper-

by the formation of methoxide surface intermediates
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resulting from the dissociative adsorption of methanol. trinsic to the adsorbed methanol, and the second a
These expectations hold for chromia powders where surface lattice oxygen anion. The symmetry of this
dissociation of methanol to methoxides has been dioxygenated intermediate is suggested by the equal
observed by IR17-19] In our thermal desorption re-  amounts of labeled'#0) and unlabeled!f0O) prod-
sults for the reaction of methanol with the nearly sto- ucts of formaldehyde and carbon monoxide, which
ichiometric surface, product evolution occurs within implies an essentially equal probability of cleaving
a temperature range of 600-800 K. Formaldehyde, a either C—O bond. The two most likely surface inter-
typical reaction product g8-hydride elimination from mediates are formate (HCOQO) and dioxymethylene
methoxide, appears over this entire temperature range.(H2COO). In either case, the formation of such an
In addition, CHOH (~650K) and CH (680K) are intermediate from a surface methoxide involves nu-
observed in the lower temperature portion of the des- cleophilic attack of surface lattice oxygen on the car-
orption envelope mapped out by formaldehyde. The bon center of methoxide. Such processes have been
hydrogenation of methoxide to methane has been documented previously for ZnO0Q01) [33] and
observed previously on Ti©(001) [30] and ZrQ ZrOz (110)[31] surfaces, where nucleophilic attack
(100)[31] surfaces during thermal desorption studies by surface lattice oxygen leads to surface formate and
of the reaction of methanol. Desorption of methanol dioxymethylene, respectively.

in this temperature range can also be attributed to a The local coordination geometry about the
reaction of methoxide with surface hydrogen, given chromium cations on the (1102) surface facilitates
that a stable molecular methanol adsorbate is highly this process of nucleophilic attack. On an initially
unlikely at such high temperatures in UHV. Also, clean, well-ordered stoichiometric surface, the incom-
since both of these reactions occur at temperaturesplete coordination octahedron of each cation contains
well above those for the recombination and desorption two coordinately unsaturated surface anions, repre-
of atomic hydrogen as H(285K [32]), the surface  sented by the outer atomic layer “zig-zag” rows of
hydrogen for these reactions must be produced by anions along the [02 1] direction inFig. 1 For nu-

the dehydrogenation of some surface intermediate(s). cleophilic attack on a methoxide, the cation binding
Two parallel reaction steps can describe the chem- the methoxide and the neighboring coordinately un-
istry of methoxide hydrogenation in this temperature saturated anion act as a site pair for the formation

range: of the bidentate surface intermediate. This process is
cH illustrated schematically ifrig. 7a.
3 The thermal desorption data for the reaction of
Ha +¢§  — CHyOH ption € A
(ads) (1) formaldehyde and formic acid on £z (101 2) can
be used to make a case for the occurrence of both
CH, dioxymethylene and formate intermediates in the re-
] —
Hia) ¥ Ofacs) CHag) + Otacs @) action of methanol. The similarity in the desorption

temperatures and reaction products from methanol
While the direct dehydrogenation of methoxide to and formaldehyde indicate that similar surface in-
formaldehyde is a reasonable reaction pathway to termediates are involved in the reaction pathways of
formaldehyde, the observation of oxygen exchange both molecules. The formaldehyde desorption profile
with the lattice in the CH'8OH thermal desorp- at 690 K observed following formaldehyde adsorption
tion experiments indicates a surface reaction route is similar to that seen for product formaldehyde from
to formaldehyde that includes an interaction with the reaction of methanol which involves a bidentate

lattice oxygen. In the thermal desorption studies
with 180-labeled methanol, equal amounts of £LH

and CH0 products are detected, as well as equal
amounts of CO and ¥0. These observations suggest
the participation of a symmetric, bidentate surface
intermediate with the carbon center bonded to the
surface through two O atoms—one tH® atom in-

surface intermediate. The similarities argue in favor of
a dioxymethylene surface intermediate as the primary
bidentate intermediate involved in the reaction of
methanol. Dioxymethylene species have been identi-
fied or implicated as surface intermediates on a number
of metal oxide surfaces, both as a result of formalde-
hyde adsorption[34—39] and methanol adsorption
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Fig. 7. lllustration of the proposed interaction of adsorbed species with cation—anion site pairs on the stoichiop@4r{d Gt 2) surface.

The site pair involves surface cations and coordinately unsaturated anions: (a) schematic representation of nucleophilic attack of surface
lattice oxygen on methoxide leading to the formation of a bidentate intermediate; (b) adsorption of formaldehyde at a site pair gives an
adsorbed species with the stoichiometry of dioxymethylene; (c) similar to the proposed adsorption process for formaldehyde, adsorption
of CO, at a site pair gives a bidentate surface carbofé2g

[31,40,41] Note that adsorption of formaldehyde at insertion steps is uncertain:
a cation—anion site pair yields an adsorbate with the

- . . CH, -H H _H
stoichiometry of dioxymethylene. Interaction of the ' 4+ Oy === X[
molecular oxygen of formaldehyde with a surface @ +Heaas) O Ofads) 3)
cation site and nucleophilic attack on the carbon center
by a neighboring coordinately unsaturated anion yields For the production of surface methoxide and its associ-
a dioxymethylene, as illustrated Fig. 7b. A similar ated hydrogenation products (methanol and methane),
adsorption process-{g. 7c) involving a cation—anion  a source of surface hydrogen is required. For this
site pair has been observed previously on this sur- process driven by formaldehyde adsorption alone, the
face where the adsorption of carbon dioxide yields source of hydrogen must be the dehydrogenation of
a bidentate surface carbondf®]. While carbonates  adsorbed formaldehyde or the dioxymethylene in-
are routinely reported for Cfadsorption on oxide termediate formed by formaldehyde adsorption at a
powders, the stoichiometric 8Dz (101 2) surface is, cation—anion site pair. Evidence that dioxymethylene
to our knowledge, the only well-ordered single crystal dehydrogenation must occur is also apparent on the
oxide surface yet reported to form carbonate species higher temperature side of the formaldehyde desorp-
that are stable above room temperature in UHV. tion envelope where CO, +Hand CQ desorption fea-

The common link between methanol and formalde- tures are observed near 700K from both the reaction
hyde through a dioxymethylene surface intermediate of methanol and formaldehyde. These three products
is also suggested by the production of methanol and are also formed in the same temperature range from
methane from the reaction of formaldehyde. Methanol the reaction of formic acid, a reactant well known to
and methane are produced simultaneously at 655K dissociate to formate species onpOg [20]. Coinci-
from the reaction of formaldehyde in thermal desorp- dent with these desorption features is a product signal
tion, which indicates that hydrogenation of formalde- for formic acid from both the reaction of formalde-
hyde to methoxide must occur. Given the common- hyde (a trace) and formic acid. These product signals
ality of these methoxide hydrogenation products and are a clear indication of the presence of a formate
formaldehyde desorption signals for both reactants surface intermediate. CO, GQand H are known
(formaldehyde and methanol), a reversible reaction decomposition products of formate on,Cg [20],
linking methoxide and dioxymethylene is implicated. and desorption of formic acid in the same tempera-
Whether the forward reaction occurs as a single con- ture range can be attributed to the hydrogenation of
certed step or separate dehydrogenation and oxygenformate by hydrogen liberated in the decomposition
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reaction. Note that the estimated first order activation formate[34—-37}

barrier of ~44.5 kcal/mol for CO, K and CQ pro- H
duction between 695 and 705K is very similar to the 5 H/‘C'H s, ¢ Lo
46 kcal/mol barrier to formate decomposition reported O Ogags) Oags) O Opgs) ®)

by Tamaru and coworkef20] for the decomposition

of formate to these same three products oaQgr Given the obvious route from methoxide to dioxymethy-
powders under vacuum. The reaction sequence inlene in the reaction of methanol, it is not clear from

this temperature range is readily explained by the our thermal desorption results that equal amounts of
dehydrogenation of dioxymethylene to a bidentate methoxide and formate are formed from dioxymethy-

formate, and formate decomposition to CO and,CO lene, even for the case of formaldehyde adsorption
Note also that the reaction of formic acid produces and reaction. However, the existence of a connection
a trace amount of formaldehyde, suggesting the re- between the different oxygenated intermediates is
verse pathway from formate to dioxymethylene is clear. Given the apparent first order kinetics associ-

also operable to a lesser extent: ated with the different products from the reaction of

H methanol, a kinetic description more related to inter-
H _H -H & mediate decomposition (dehydrogenation) and hydro-
o \O(ads) —>7H;;s) O""""\O(ads) @) gen transfer seems appropriate, much in the spirit of

earlier descriptionf37]. The observed reaction chem-
istry linking the oxygenated surface intermediates

g —> CO + Hgas)*+ Ogay involyed in the reaction of methanol over §toichi0-
0" "Oags) ) metric CpOgz (101 2) can then be described in terms
of a sequence of dehydrogenation and hydrogenation
H reactions (9) described by the combination of reac-

C — C02 + H(ads)

0" Otecy ©) tions (3) and (4) above. The differences in selectivity

between the reaction of methanol and the reaction of

In addition to the hydrogenation and dehydrogenation formaldehyde support this view. The selectivity for
of dioxymethylene, an additional thermal decomposi- the reaction of formaldehyde is shifted more towards
tion pathway is operable: a deoxygenation route (C—O dehydrogenation products, as might be expected for
bond cleavage) to yield gas phase formaldehyde—the & reactant containing less hydrogen than methanol:
reverse of the formaldehyde adsorption reaction. This -H H

L CH H__H -H ;
pathway is indicated clearly by the equal amounts 1 == —> G
of labeled and unlabeled formaldehyde produced %@* O +Hgay O Opay Ty O Ouss (g)
from 180-labeled methanol, and the similar desorp-
tion temperature following formaldehyde adsorption. Unfortunately, our thermal desorption results do not
Similar to the reaction chemistry observed by Dilara provide a clear indication of the activation barriers
and Vohs on Zr@ (110) [31], the precursor to O the interconversion of the three oxygenated inter-

forrn_akjehyde from the reaction of methanol onQCs mediates in the reaction of methanol on,Os. The
(1012) is a dioxymethylene intermediate rather than lowest temperature product, methane, evolves with a
methoxide: desorption peak temperature of 680 K, while the high-

est temperature product, GOfalls at 700 K. With
. === CHyO0q + Ogm only a 20K spread in the desqrption temperatures,
O Oads) ) the results suggest some varying population of all
three oxygenated intermediates over the 600—-800K
The link between dioxymethylene, methoxide and temperature range where product evolution occurs.
formate has been reported previously. For cases of While a rich reaction chemistry is observed for
dioxymethylene formation from C#O, this link is the interaction of methanol with the stoichiometric
described typically in terms of a Cannizzaro-type dis- Cr,Os (101 2) surface, the O-terminated surface is
proportionation of dioxymethylene to methoxide and completely unreactive with methanol. The extreme

H _H
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differences in reactivity indicate a clear structure or Division, Office of Basic Energy Sciences, Office
composition sensitivity in the reaction chemistry of of Science, US Department of Energy through grant
methanol over GiOs (101 2). The O-terminated sur- DE-FG02-97ER14751.

face exposes terminal chromyl () oxygen as well

as the three-coordinate oxygen anions available on
the stoichiometric surface for the dissociation and re-
action of methanol. However, the primary difference _
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