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Abstract: The oxidation of propylene preadsorbed on the Pt(111) surface has been characterized in oxygen
pressures up to 0.02 Torr using fluorescence yield near-edge spectroscopy (FYNES) and temperature-
programmed fluorescence yield near-edge spectroscopy (TP-FYNES) above the carbon K edge. During oxidation
of adsorbed propylene, a stable intermediate was observed and characterized using these soft X-ray methods.
A general in situ method for determining the stoichiometry of carbon-containing reaction intermediate species
has been developed and demonstrated for the first time. Total carbon concentration measured during temperature-
programmed reaction studies clearly indicates a reaction intermediate is formed in the 300 K temperature
range with a surface concentration of 0.65L0'° carbon atoms/cf By comparing the intensity of the-cH

o* resonance at the magic angle with the intensity in the carbon continuum, the stoichiometry of this intermediate
can be determined unambiguously. Based on calibration with molecular propylgre @d propylidyne

(CsHs), the intermediate has agHs stoichiometry for oxygen pressures up to 0.02 Torr. A set of normal and
glancing angle FYNES spectra above the carbon K edge was used to characterize the bonding and structure
of this intermediate. Spectra of known coverages of adsorbed propylene and propylidyne served as standards.
The spectra of d& propylene, propylidyne, and the intermediate were curve fit as a group with consistent
energies and widths of all primary features. Based on this procedure, the intermediate is &,1;&athylvinyl.

The stoichiometry and temperature stability range of the 1-methylvinyl intermediate formed in oxygen pressures
up to 0.02 Torr is identical with the stoichiometry and stability of the same intermediate formed during oxidation

of preadsorbed propylene by excess coadsorbed atomic oxygen.

Introduction surface proceeds via as intermediate with removal of the
vinyl hydrogen based on TPRS studies in UM\Studies of

for the calorimetric sensing of hydrocarbons and for the removal propylene o>_<|dat|on with coadsorbed OXygen on a I.Dt foil and
100 A Pt films supported on sapphire also indicate that

of unburned hydrocarbon from exhaust streams. Despite theoxydehydrogenation preceded skeletal oxidatforsimilar

importance of deep hydrocarbon oxidation, the molecular tial dehvd i It btained duri
mechanisms of deep oxidation processes on metal surfaces hayatduential oxydehydrogenation results were obtained during

not previously been explored in higher oxygen pressures andstudies of cyclopropane oxidation on the Pt(111) surfatksing

are just beginning to emerge in UHA/ a combination of HREELS, TPD, and isotope studies, Madix
C; oxidation studies on Pt single crystals, foils, and thin films €t &l- have recently conducted mechanistic studies ofi;;(l:kene

have been reported previously, including studies of the oxidation oxidation with coadsorbed oxygen on the Pd(100) surféce.

of ethylene and acetylene by coadsorbed atomic oxygen to formSequ_ential oxidation_ is also obsgrved on the Pd surface where
water and carbon dioxide’~13 The oxidation process on these € Vinyl hydrogen is removed in the first step followed by

materials proceeds via sequential oxydehydrogenation followed Skeélétal oxidation and removal of methyl hydrogens. They

by oxidation of dehydrogenated surface species. Studieg of C Propose that the acidity of the vinyl hydrogen becomes larger
oxidation mechanisms have recently been reported on Pt singleth@n that of the methy! hydrogen because of adsorption induced
crystals, foils, and thin film$*15 Recently we found that changes in the vinyl €H bond strength. A tris propyl species

propylene oxidation by coadsorbed oxygen on the Pt(111) with a stoichiometry of @Hs was proposed as the intermediate
for reaction of coadsorbed oxygen and propylene on the Pd

Catalytic oxidation of simple hydrocarbons is used extensively

; University of Michigan. surface. TPRS propylene oxidation studies on Rh(111) indicate
National Institute of Standards and Technology. . o . A
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in deep oxidatiorf. A recent study of catalytic alkane deep
oxidation on Ni, Pd, and Pt foils indicates that Pt is the most
active surface for alkane oxidation, with the-& bond strength

of the alkane dictating reactivity trendS.hese studies clearly

indicate that surface properties and reactant properties both play?

major roles in controlling oxidation reactions.
The bonding and orientation of propylene to the Pt(111)
surface has been studied using NEXAESpectra for ethylene

Gabelnick et al.

admitted to the background through leak valves. Flow was maintained
throughout reactivity studies using a throttled turbo pump. Oxygen
pressures were measured with a capacitance manometer.

Spectra at the U7A beamline were taken at 1B@150um slits,
iving an overall resolution of 0.4 eV. All spectra of adsorbed species
were divided by a clean spectrum, taken on the same ring fill, to ensure
reproducibility. The kinetic experiments were performed with 450
450um slits which results in a resolution of 1.2 eV and an intensity of
10000 cts/s for a CO monolayer with the window in. Data were

and ethylidyne on the Pt(111) surface are also available in the averaged owea 4 sinterval, which resulted in a signal-to-noise ratio

literature!® Both propylene and ethylene bond to the Pt(111)
surface in a dis configuration. The &C bond is parallel to

of about 4/1 for a CO saturated monolayer. The heating rate was 0.5
deg K/s during temperature-programmed experiments. This combination

the surface in these adsorbed species as indicated by the relativef experimental considerations limits the temperature resolution for the

intensities of ther* and C=C o* resonances in normal and
glancing incidence. For ethylidyne, the& resonance resulting
from the carbon p orbitals which bond to the surface confirm
the perpendicular orientation of the-C bond to the surface.
The larges* C—C resonance observed at glancing incidence is
also consistent with the known perpendicular orientation of
ethylidyne. Thes* C—C peak location in ethylidyne at 295.3
eV indicates a shortened-C bond?&1°

Experimental Section

TP-FYNES and FYNES experiments were conducted on the U7A
beamline at the National Synchrotron Light Source (NSLS) located at
Brookhaven National Laboratory using a fluorescence yield detector
optimized for carbon fluorescené&The U7A beamline was recently
converted into the toroidal-mirror spherical grating monochromator type
similar to the spherical grating monochromator at U4B, described in
detail elsewheré The major difference between the U7A setup and

temperature-programmed experiments to approximatel$ K. Re-
peated experiments indicate the experiments have thermal transitions
that are reproducible to 2 K. CO TP-FYNES desorption spectra were
used to confirm the performance of this system and reproduce published
results. Absolute carbon coverage was determined by comparing the
carbon continuum levels observed during TP-FYNES and experiments
with a CO monolayer. Since the absolute carbon coverage for a CO
monolayer in known to be 0.9 10'° molecules/cr it is possible to
determine absolute surface carbon concentration for any carbon
containing adsorbed spec®&€ O monolayer fluorescence yield at 330
eV was checked regularly to ensure repeatability and consistency of
experiments.

TP-FYNES experiments and preparation of surface species were
conducted in the following manner. After the crystal was cleaned and
cooled to 100 K, a monolayer of propylene was dosed. When the surface
carbon concentration reached the saturation level, the leak valve was
closed. Oxygen was introduced through a leak valve, the lon Gauge
was turned off, and the ultimate pressure was achieved by a combination
of throttling the gate valve on the turbo pump and controlling the leak

the U4B Setup is a reduced acceptance in the horizontal fan from 15 tOVaive while monitoring the pressure wita 1 Torr Capacitance

10 mrad; however, since U7A only uses one mirror, the flux for the
two beamlines is essentially the safie.
The U7A beamline surface science endstation is a bilevel experi-

manometer. Throttling the turbo pump resulted in a flowing system
with 10% flow. During TP-FYNES experiments, the crystal was heated
at 0.5 deg K/s to 600 K while monitoring carbon fluorescence averaged

mental chamber dedicated to the investigation of complex surface over a 4 geriod. For intermediate preparation, the heating was stopped

intermediates important in cataly$&sThe upper chamber (where these

at the appropriate temperature, oxygen was removed (if present), the

experiments were conducted) consists of two smaller chambers window was removed, the sample was cooled, and spectra were taken.

separated by a window valve equipped with a 2000 A Al window,
which is approximately 20% transparent at 330 eV. The chamber

TPRS experiments were performed at the University of Michigan
in an ultrahigh vacuum chamber equipped with turbomolecular, ion,

upstream of the window is the lo chamber, used to determine incident and TSP pumps which combined to give a base pressurexofd 10

beam current. The chamber is turbo pumped with two sets of adjustableTorr.1 The system was equipped with a quadrupole mass spectrometer
beam defining apertures used to reduce scattered light. Downstreamfor TPRS and Auger electron spectroscopy (AES) to verify surface

of the apertures is a Au grid lo for determination of incident beam

cleanliness. Details of this experimental system and TPRS methods

current. The chamber is equipped with a Au evaporator to reduce any are available in the literature. All TPRS experiments were conducted

contributions from contaminants on the lo grid. Downstream from the
Au grid lo is the 2000 A Al window. The window remains out for

with a 5 deg K/s heating rate.

vacuum experiments and is inserted when experiments are conductedRegylts and Discussion

in pressures of reactants. Downstream of the Al window is another Au
grid lo, followed by a clear path to the sample.

The oxidation of propylene with both coadsorbed excess

The Pt(111) crystal was mounted on Ta wire supports on the end of oxygen and excess propylene is shown in the left and right

a 6 ft liquid nitrogen cooled re-entrant manipulator. Temperature was
measured with a 0.01 mm chromellumel (type K) thermocouple spot
welded to the back of the crystal and controlled with a RHK temperature
controller. For all TP-FYNES experiments, a linear heating rate of 0.5
deg K/s was used. The crystal was cleaned by initidlidn sputtering
followed by annealing to 1000 K. During experimental runs, the sample
was cleaned by annealing the crystal to 600 K in 0.002 Torr of oxygen
for 1 min, followed by a 20 s anneal at 1000 K. Reactive gases were

(17) Cassuto, A.; Mane, M.; Tourillon, G.; Parent, P.; JupilleSurf.
Sci. 1993 287/288 460.

(18) Horsley, J. A.; Stohr, J.; Koestner, R.JJ.Chem. Phys1985 83,
3146.

(19) Koestner, R. J.; Stohr, J.; Gland, J. L.; Horsley, JCAem. Phys.
Lett. 1984 105, 332.

(20) Fischer, D. A.; Colbert, J.; Gland, J. Rev. Sci. Instrum1989 60
(7), 1596.

(21) Chen, C. TNucl. Instrum. Method4987 A256 595.

(22) Personal Communication, Steven Hulbert, National Synchrotron
Light Source, Brookhaven National Lab.

(23) http://www.nsls.bnl.gov/Intro/Newslet/Jul96/UVBeam.html.

panels of Figure 1, respectively. These results were discussed
previously* and are included for comparison with the in situ
results discussed here. In excess oxygen complete propylene-
ds combustion is observed as indicated in the left panel of Figure
1 (5 deg K/s heating rate). For excess oxygen, the only desorbing
species ar®,, DO, and @, confirming complete combustion.
Propyleneds was used to reduce sensitivity to background water
contamination. In excess propylene, molecular propylene de-
sorption and incomplete oxidation are observed along with the
complete oxidation as indicated in the right panel of Figure 1.
Note that propylene desorbs molecularly in a peak that begins
near 230 K and extends up to 285 K.

Experiments conducted at U7A utilized a 0.5 deg K/s heating
rate, therefore we can estimate the expected desorption tem-
perature shifts between the TPD experiments and the TP-FYNES

(24) Norton, P. R.; Davies, J. A.; Jackman, T.Furf. Sci.1982 122,
L593.
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Figure 1. TPRS of coadsorbed propylede and oxygen in conditions of excess oxygen and excess propglieshiowing formation of €Ds
intermediate (left panel) and desorption of propyleleat 270 K (right panel).

experiments using a 1st order Redhead method to facilitate direct 1.2x10" —

comparison with the next figurs.For the start of propylene - 000050 O

desorption the shift is estimated to be 16 K. The propylene . 0'002 torr O 2

desorption peak starting at 230 K for a heating rate of 5 deg Lo |7 0'02 torr 022
. :

K/s would decrease to 214 K for a heating rate of 0.5 deg K/s.
With excess oxygen (left panel of Figure 1) the oxygen
desorption trace contains two peaks attributed to desorption of
molecular oxygen below 200 K and atomic oxygen recombina-
tion and desorption above 800 K. The desorption of excess
oxygen confirms that excess oxygen is present through the
reaction temperature range on the surface. Water is the only

desorbing species containing hydrogen. Th&® Qlesorption
trace has two features at 285 and 340 K. Based on careful peak
fitting and integrating, the first peak at 285 K represents the
loss of one deuterium from the propylene reactdn€O,
desorption coincides with the second water desorption trace
beginning at 320 K and continues to 470 K. Propylene deep
oxidation on the Pt(111) surface begins with oxydehydrogena- T ] I T
tion at 285 K before skeletal oxidation proceeds at 320 K and 200 300 400 500 600
above. Temperature (K)

In S'Fu studies of oxidation of preadso_rbed propylene mono- Figure 2. TP-FYNES of propylene in thre®, pressures at 330 eV.
layers in three pressures of oxygen ranging from 0.0005 t0 0.02 agter propylene desorption at 220 K, a stable carbon concentration is
Torr are shown in Figure 2. During these reaction experiments opserved in the 275320 K range, followed by a decrease at 350 K
the concentration of carbon-containing species was measurectaused by skeletal oxidation.
by monitoring the fluorescence intensity at 330 eV in the carbon
continuum. This measurement provides a quantitative measurecoverage of 0.90x 10 carbon atoms/cfhor 0.30 x 10
of total concentration of carbon on the surface. Calibration of Propylene molecules/cnThe carbon concentration remains

this signal was based on the well-known saturated CO mono- constant until 215 K where a sharp drop in the surface carbon
layer concentration as indicated in the Experimental Section. concentration is observed independent of oxygen pressure. This
Propylene was preadsorbed on the clean Pt(111) surface at 100Nitial drop is caused by the desorption of molecular propylene

K, oxygen was introduced, and the sample was heated at 0.52S Seen in propylene desorptipn in the right panel of Figure 1.
deg K/s while the carbon continuum fluorescence was moni- 1"€ temperature of desorption agrees with the estimated

tored. A saturated propylene monolayer results in a carbon Propylene desorption temperature of 214 K at 0.5 deg K/s and
is independent of oxygen pressure as expected. Desorption of

(25) Redhead, P. AVacuum1962 203. propylene is complete by 250 K at a 0.5 deg K/s heating rate.

Carbon Coverage (atoms / sz)
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Table 1. FYNES Peak Positions (eV)

LPropylene +0.002 torr O,/ P(111) a* C—-Ho* C=Co*
—— C-H resonance (magic £) propylene
— C continuum glancing 2840 287.8 2914 296.6 310
normal 283.8 288.0 291.8 296.0 307
propylene/Ag(11¢f 285.0 288.4 293.0 299
propylidyne
glancing 284.0 287.8 291.0 2948 309
C;H; Intermediate normal 284.2 287.8  290.8 2948 313
intermediate
A glancing 283.8 287.8 291 295.8 313

normal 2840 287.8 291 296.4 311

measure of the number of-@H bonds. Both the €H ¢* and
carbon continuum TP-FYNES remain constant from 100 to near
220 K, both signals decrease from 220 to 260 K, both remain
constant from 285 to 310 K, and a second decrease is observed
from 310 to 430 K. However, quantitative comparison clearly
shows that the initial decrease for the-B o* resonance
intensity is larger than the decrease in the carbon continuum
intensity. Determination of €H stoichiometry is made by

T T I T T dividing the two resonances. With the initial stoichiometry

20 3°°Tempmmre 32)0 500 600 known at 150 K (GHe), this division will indicate any changes

Figure 3. TP-FYNES of propylene in 0.002 Torr of oxygen taken at n thaf[.SIOIthIEmetry. Inset in Flgur(ﬁbS Isdthe r.atlot:; E?e
the C-H o* resonance and carbon continuum, indicating the formation Nte€nSities of the two resonances, calibrated against
of a stable GHs intermediate at 285 K (inset). sto!ch!ometry for p_ropylene (_5H6) the reactant. The €H _
stoichiometry remains 4Es until 260 K, where a decrease in
The dominance of propylene desorption in this transition is the refative intensity of the €H o* is observed. After the
further supported by stoichiometric determinations discussed décrease ends at 285 K, a stabigiestoichiometry is observed.
later in this paper. With further increases in temperature, the The drop inH stoichiometry corresponds with water formation
surface carbon concentration remains constant at Q.31 (compare Figure 1). _
carbon atoms/cAfor nearly 50 deg. With temperature increases I YNES. The fitted FYNES spectra of propylene, propylidyne,
above 300 K the surface carbon concentration decreases untifnd the oxidation intermediate are shown in Figure$4The
all the carbon has been removed. The initiation temperature for @nlyses of the propylene and propylidyne spectra are included
the second drop depends on oxygen pressure with larger oxygen this paper to assist in the identification of the oxu_jatlon
pressures resulting in more rapid carbon removal. For an c)Xygenmtermedlate. The spectra of thes.e three related species were
pressure of 0.0005 Torr, the rapid decrease begins near 325 Kiaken on the same ring fill, reducing effects from changes in
and is complete by 450 K (Figure 2, right trace). For a higher background scattered light, with fluorescence yield normalized
oxygen pressure of 0.02 Torr the carbon decrease begins neaf® "ng current using the gold grid lo as described in the
305 and ends near 400 K (Figure 2, left trace). This second Experimental Section. Spectra were taken at two incident angles,

decrease in carbon concentration occurs in the temperature rang@®” (normal) to the surface and 3@glancing) to the surface
associated with skeletal oxidation. for each of the species. All spectra are divided by a clean

spectrum taken during the same fill, thus removing the detector
function from the spectra and minimizing the effect of scattered
light in the spectra. The spectra were normalized to the carbon
continuum and were fitted as a group, using common peak fitting
parameters including placement and width. The carbon edge
function was placed at the energy of the XPS maximum of C1s
of propylene on Pt(111) of 285.0 eV plus the work function of
Pt(111) with an adsorbed layer of propylene of 4.4%éViglding
a placement of 289.4 eV. Spectra were fitted after subtraction
Pf the carbon step edge using a combination of Gaussian and
asymmetric Gaussian functions. The functional form of the step
edge, location of the step edge, determination of resonance
angle, and FYNES peak fitting in general is described in
considerable detail by Outka and Stohr in refs 26 and 28. The
location of all the peaks is reported in Table 1.
Propylene.Spectra of a monolayer propylene on the Pt(111)
surface taken at normal and glancing incidence are shown in

Fluorescence Yield (arbitrary units)

C,H, stoichiometry

A

In addition to measuring carbon concentration, fluorescence
yield can be used to measure the concentration of specific
structural aspects of adsorbed molecules which have well-
resolved resonances. For dipole transitions in a fixed reference
frame, the intensity of molecular resonances is independent of
orientation of the molecule at the “magic angle” o35 The
intensity of the C-H ¢* resonance at the magic angle was
determined during a series of TP-FYNES experiments so that
the stoichiometry of adsorbed species could be determined for
a range of temperatures and oxygen pressures. The intensity o
the C-H o* at 287.8 eV and 55 together with the carbon
continuum intensity at 330 eV is shown in Figure 3 for 1 ML
of preadsorbed propylene which is undergoing oxidation in
0.002 Torr ofO,. The TP-FYNES of the €H o* resonance
was taken at the magic angle so that thetCo* concentration
could be determined accurately and calibrated by referring to

the adsorbed propylene reactant. As shown later in Figurés 4 Figure 4. This saturated monolayer contains 0<900% carbon

the C~H o*resonance is quite intense for these hydrogen-rich atoms/crd. The assignments of the resonances are based on
Cs surface species and appears at 287.8 eV for all three Spec'eﬁiterature assignments, propylene on Ag(13®hylene on Pt.

In addition, the G-H o* is well separated from other resonances 18
and is well below the carbon edge so its intensity is a good (111)% and propylene on Pt(111].The resonances observed

(27) Gland, J. L.; Somorjai, G. AAdv. Colloid Interface Scil976 5,
(26) Stohr, INEXAFS Spectroscopgpringer-Verlag: New York, 1992. 205.
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Figure 4. Normal and glancing spectra of propylene indicating adi-  Fi9uré 5. Normal and glancing spectra of propylidyne. 1 ML of
adsorption nearly parallel to the surface. Spectra of 1 ML of propylene ProPylene was heated to 330 K in a vacuum and cooled to 150 K.
were taken at 100 K.
integration. Analysis of the €H o* resonance supports a di-
in Figure 4 have been assigned as the following: 284 eV is o, near parallel configuration for adsorbed propylene. Assuming
C=C x *; 288.0 eV is C-H o*; 293.8 eV is C-C ¢*; and parallel adsorption in a di-configuration, the olefinic hydrogens
296.0 eV is &C ¢*. The resonance above 310 eV was not are oriented 30from the surface plane. Projection of the free
assigned but is thought to be a multiple scattering peak and hagotating methyl group (also 3@rom the surface plane) indicates
been observed in NEXAFS spectra for several adsorbed speciedhe average position of the-GH bond in the methyl group is
including propylene on Ag(11¢f Recent experiments confirm ~ 36” from the surface normal. Assuming equal contributions from
that this resonance is not-P€ bonding, due to its existence in ~ all C—H bonds in the adsorbed propylene, the averageiC
multilayer spectra of propyne on Pt(12%)The published bond is 33 from the surface normal. Analysis of the-El o*
geometry for adsorbed propylene on Pt(111) is a dibnfig- resonances gives an average of 8m the surface normal.
uration adsorbed parallel to the surface as determined by #ELS The agreement between these numbers lends strong support to
and previous NEXAFS studiééNo uncertainty was given for @ nearly parallel adsorbed configuration. Although the calcula-
the orientation of propylene in the previous NEXAFS study. In tion involves the averaging over 6 hydrogens, the actual
this study (Figure 4), the presence of a very smaH@Csx* in calculation is fairly accurate, for the-GH ¢ * resonance occurs
the normal incidence spectrum and a strongerCCa* before the step edge and therefore is independent of the fit of
resonance in the glancing incidence spectrum indicates propy-the atomic edge jump.
lene is adsorbed nearly parallel to the surface. Calculations based The FYNES spectrum of propylene on Pt(111) is very similar
on the degree of polarization of the incident light indicate the to the published spectrum with a few minor differences. Our
C=C x* resonance is oriented 1@rom the surface normal and spectrum indicates a smait resonance in normal incidence,
therefore propylene is adsorbed at & &fAgle to the surface. A whereas the published spectrum does not. This small resonance
strong G=C ¢* resonance in the normal spectrum and a very gave the orientation of the GIC2 bond on Pt(111) to be 10
weak to nonexistent resonance in the glancing spectrum alsoto the surface, instead of parallel to the surface. This difference
indicates propylene adsorbs nearly parallel to the surface (exactnay be a result of limited signal-to-noise ratio in the previous
calculations cannot be done due to the uncertainty in the steppublished spectra. Our spectra also include the addition of two
function). Analysis of the normal and glancing incidence new peaks, the €C o* resonance at 291.4 eV and the 310 eV
propylene spectra confirms previously reported results, with multiple scattering resonance. Both new resonances appear to
propylene adsorbed nearly parallel to the surface in a di- be present in the published propylene spectra; however, they
configuration. are difficult to identify due to the signal-to-noise ratio.
The C-H o* resonance can also be used to help determine  Propylidyne. The orientation and bonding of propylidyne has
adsorbate orientation due to its large intensity and location below also been verified on the Pt(111) surface, with the-C2 bond
the carbon edge. Below the carbon edge the uncertainty in edgeperpendicular to the surfaééThe concentration of the propy-
height and width is removed as variables in the peak fit and lidyne monolayer is 0.55x 10% carbon atoms/cf The
resonances in the spectra (Figure 5) have been assigned based

(28) Outka, D. A.; Stohr, 1. Chem. Phys1988 88 (6), 3539.

(29) Solomon, J. L.; Madix, R. J.: Stohr, J. Chem. Phys199Q 93, on the previous propylene assignments and the NEXAFS
8379. assignments of ethylidyne on Pt(118)The resonances are
(30) Gabelnick, A. M.; Burnett D. J.; Fischer, D. A.; Gland J. L. To be
submitted for publication. (32) Koestner, R. J.; Van Hove, M. A.; Somorjai, G. A.Phys. Chem.

(31) Avery, N. R.; Sheppard, Neroc. R. Soc. London A986 405 1. 1983 87, 203.
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assigned as follows: As with ethylidyne, the 284 eV resonance 12
involves the C1 p-orbitals triple bonded to the surface; like Tri-G I-methyl vinyl / PY111)]
propylene, 287.8 eV is €H o*; the two peaks at 290.8 and

294.0 eV are the two €C o* resonances, the lower energy

resonance (most apparent in the normal spectra) being the C2 10
C30* resonance and the higher energy resonance (most apparent
in the glancing spectra) being the €C2 o* resonance. Again,

the 310 eV peak is multiple scattering resonance described for
propylene above. The orientation of propylidyne on the surface
was analyzed using glancing and normal spectra.

Using the p-orbital resonance at 284 eV, the orientation of
the orbital is estimated to be nearly parallel to the surfac& (10
Similar to ethylidyne, the C1C2 o* resonance at 294.8 is much
larger at glancing incidence than at normal incidence. The
analysis of these two resonances indicates-aC2bond nearly
perpendicular to the surface, similar to ethylidyne. ThetCo
* resonance intensity has been used to confirm possible
orientation. With a perpendicular €2 bond, the two
hydrogens and methyl group on C2 bond 29rbm the surface
plane. Projection of the average orientation of the methyl group
yields an average of 39rom the surface plane for the average
C—H bond. Averaging with the other two hydrogens gives an
overall C-H orientation of 3% from the surface normal for
propylidyne oriented normal to the surface. Analysis of theHC

Fluorescence Yield (arbitrary units)

o* resonance data shown in Figure 5 gives an average ] | | | I I |
orientation of 28 from the surface normal for the-€H bonds. 270 280 290 300 310 320 330
This good agreement lends support to a near perpendicular Energy (eV)

orientation of the C+C2 bond. Using other resonances t0 Figure 6. Normal and glancing spectra of the oxidation intermediate,
determine orientation is difficult for propylidyne due to possible 1-methylvinyl. 1 ML of propylene was heated in 0.002 Torr of oxygen
overlap and the effect of step height on the overall area of to 275 K.
resonances. The orientational information in the propylidyne
spectra supports the current understanding of propylidyne propylidyne are the same, comparison of the spectra clearly
orientation on the Pt(111) surface. indicates that the oxidation intermediate is not propylidyne. The
The FYNES spectrum of propylidyne compares nicely to the next three paragraphs discuss the specifics ofsthand o*
published spectrum of ethylidyne, with the major spectral resonances.
differences attributed to propylidyne’s additional methyl group.  The resonance at 284 eV could be the result afbitals in
Similarities can been seen in the resonances associated withthe dio bonding of propylene, or the orbitals of a multiply
C—Pt bonding at 284 eV and the €EC2 o* resonance at 294.0  bound carbon. The angular dependence of the resonance
eV. The additional methyl group can be seen in the largeHC intensity indicates the orbital is nearly parallel to the surface,
o* resonance in both normal and glancing incidence and the whereas ther* from adsorbed propylene was nearly perpen-
highly angular dependent-&C o* resonance at 291.0 eV as dicular to the surface plane. The orientation of the resonance at
compared to the published ethylidyne spectrum. 284 eV suggests that the intermediate contains a carbon with

Propylene Oxidation Intermediate. The propylene derived ~ Multiple bonds to the surface.
intermediate was prepared by heating a saturated layer of The C-H ¢* resonance at 289.8 eV has a large dependence
propylene containing 0.9 10' carbon atoms/ciin the upon incidence angle. Analysis indicates the averagél ©*
presence of 0.002 Torr of oxygen to 275 K. This resulted in resonance is 20from the surface plane, much closer to the
the formation of an intermediate containing 0.68.0' carbon surface plane than either propylene or propylidyne. The rotation
atoms/crd. The oxygen was removed and the spectrum were of the methyl group away from the surface, due to loss of the
taken at 275 K. The spectrum of the propylene oxidation vinyl hydrogen, would reorientate the three methyl hydrogens
intermediate is similar in many ways to the spectrum of adsorbed closer to the surface plane and account for this feature.
propylene. The normal and glancing spectra (Figure 6) contain The C-C ¢* resonance near 296 eV contains orientational
five resonances that have been assigned based upon thénformation as well. The €C ¢* resonance at glancing is much
assignments for propylene and propylidyne: 284 eV is the larger than that for propylene, indicating that on dehydrogenation
carbon p-orbital bonded to the surface as in propylidyne, or the the average €C bond moves toward the surface normal. In
T* resonance seen in propylene; 289.8 eV isHb*; 290.8 combination with the change in the average K orientation,
eV is C-Co*; 295.8 is another €Co*; and 310 eV is the the reorientation of the €C bonds appears to be caused
multiple scattering resonance. These spectroscopic similaritiesprimarily by rotation of the methyl group away from the surface
are the result of similarities in the basic molecular framework plane on dehydrogenation.
of these G species. These results indicate that adsorbed 1-methylvinyl is the

The intensity differences discussed below clearly indicate that dominant intermediate for propylene oxidation on the Pt(111)
the bonding with the surface is different for these three species.surface over a wide range of pressures. For coadsorbed oxygen,
The stoichiometry of the intermediate was determined to be a similar intermediate was proposed for propylene oxidation
C3Hs by TP-FYNES as shown in Figure 3 and discussed above. on Pt(1113* and Pd(100¥. The 1-methylvinyl intermediate
Even though the stoichiometries of the intermediate and formed on the Pt(111) surface is formed by oxidative removal
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C,H, and H,0 methyl group. Multiple bonding of C2 to the surface and the

. St e, Vi i upturned methyl group is indicated by the, C—H o*, and
\ T T SR C—-Co*resonances.
t(111) | Mechanism. The combination of TP-FYNES, FYNES, and
TPRS led us to the mechanism shown in Figure 7. Coadsorbed
150K 275K propylene and atomic oxygen are on the surface at 150 K. Upon
heating to 275 K, both propylene and water desorb, resulting
in formation of the 1-methylvinyl intermediate coadsorbed with
atomic oxygen. By 350 K skeletal oxidation has begun, with
dehydrogenated (hydrogen poor) hydrocarbon components
€O, and H,0 remaining on the surface, to be fully oxidized away by 450 K.
The mechanism shown in Figure 7 is stable for a very wide
range of conditions. From UHV with coadsorbed oxygen to 0.02

7 Q 0 O A ? Torr of oxygen, the oxidation of propylene proceeds through
the 1-methylvinyl intermediate after the removal of the vinyl
H L “ hydiogen

450K 350K Conclusi
Figure 7. Cartoon representing oxidation pathway of propylene in onclusions

excess oxygen. The oxidation of propylene on the Pt(111) surface was studied
and characterized over a wide range of oxygen pressures, from
of the vinyl hydrogen from adsorbed propylene, replaced with coadsorbed oxygen in UHV to 0.02 Torr of oxygen in the gas
a surface bond. The C1 in this species has one surface bondphase. A stable oxidation intermediate was observed for
and the C2 has two surface bonds rotating the methyl group propylene oxidation and characterized using both TP-FYNES
toward the surface normal. Since the-&d2 bond is expected  and FYNES. Comparison of the-@H ¢* resonance at magic
to remain essentially parallel to the surface, the two hydrogens angle and C continuum determined the stoichiometry of the
on C1 remain at 30to the surface normal (as for propylene). CgHs intermediate. Comparison of the FYNES spectra of
The average projection of the free rotating and upturned methyl propylene, propylidyne, and the intermediate indicated that the
hydrogens is 19(from 36’ in propylene). Therefore the average intermediate is an adsorbed 1-methylvinyl species adsorbed
hydrogen in the proposed intermediate would be expected tonearly parallel to the surface. In both UHV and 0.02 Torr of
have a bond angle of 230 the surface plane, with the FYNES  oxygen, oxydehydrogenation of adsorbed propylene occurs prior
data indicating the average—E1 bond angle to be 20 This to skeletal oxidation creating this intermediate. Further oxidation
agreement between the proposed structure and théd C  of the intermediate temperatures above 320 K depends on
experimental data provides clear support for the proposedoxygen pressure and coverage.
bonding of 1-methylvinyl.

In summary, the combination of the stoichiometric and
spectroscopic techniques cIearIy indicates a 1-methylvmyl support was provided by DOE grant number DE-FGO2-
intermediate formed over a wide range of pressure during 91ER1490
oxidation of propylene. This is an interesting species where C2 )
is doubly bound to the surface causing a reorientation of the JA992865M
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