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The oxidation of 2-propyl iodide on oxygen-covered Ni(100) sur-
faces has been studied with temperature-programmed desorption
(TPD), X-ray photoelectron spectroscopy (XPS), and ion-scattering
spectroscopy (ISS). It was found that the product distribution is
strongly dependent on oxygen preexposure, with partial oxidation
being favored at low oxygen coverages and total oxidation domi-
nating on thin oxide films. XP I 3d core-level spectra indicate that
the adsorption of 2-propyl iodide below 100 K is molecular, and ISS
data strongly suggest preferential bonding to Ni sites, Annealing the
2-propyl iodide adsorbed on O/Ni(100) surfaces between 120 to
200 K generates 2-propyl groups on the nickel sites via disso-
ciation of the C-l bond, the same as on the clean surface. For
submonolayer oxygen coverages the 2-propyl groups then follow
one of two reaction pathways: they either undergo hydrogenation—
dehydrogenation on the nickel sites to form propane, propene, and
hydrogen, or, in the case of those formed near the oxygen sites,
migrate and react to form 2-propoxide groups. The 2-propoxide
moieties are stable on the surface up to ~325 K, at which point
some undergo B-hydride elimination to yield acetone. The fact that
the rate of desorption of acetone from the reaction of 2-propyl io-
dide with oxygen is reaction limited is supported by the observa-
tion that the desorption of molecular acetone from Ni(100) occurs
below 300 K. Also, other TPD experiments indicate that propene
does not react to yield acetone on O/Ni(100) surfaces, and that the
peak shapes and temperatures for acetone desorption from the re-
action of 2-propyl iodide and 2-propanol on O/Ni(100) are nearly
identical, suggesting that they form from a common intermediate,
2-propoxide. (© 1997 Academic Press

1. INTRODUCTION

The partial oxidation of alkanes isan important industrial
process for the manufacturing of oxygenated hydrocarbons
such as alcohols, aldehydes, and ketones, which in turn are
the precursors for the synthesis of higher-molecular-weight
hydrocarbons. A variety of metal- and metal oxide-based
catalysts can be used to oxidize saturated hydrocarbons, but
the challenge to successfully producing oxygenated prod-
ucts is in stopping the reaction before total oxidation occurs

1 To whom correspondence should be addressed.

(1): while the partial oxidation of hydrocarbons is thermo-
dynamically feasible, complete oxidation to carbon dioxide
and water is far more energetically favorable, so high yields
for partial oxidation products can only be achieved by con-
trolling the kinetics of both pathways. Much research in
both the catalytic and the surface science communities has
been aimed at determining the conditions which favor par-
tial over total oxidation, i.e., at finding ways to selectively
control the reaction products (2).

It is generally accepted that the initial rate-limiting step
in the partial oxidation of alkanes is the initial activation
of a C—H bond to generate alkyl species on the catalyst
surface (3, 4). Alkanes have a very low sticking coefficient,
and therefore require the high temperature and pressure
conditions used in industrial catalytic processes for their
activation. Since these conditions are difficult (if not impos-
sible) to emulate under the ultrahigh vacuum environment
(UHV) normally used in surface science studies, the C—H
activation step needs to be bypassed in order to reach rea-
sonable coverages of alkyl species on metal surfacesin those
cases. One approach to achieve thisis via the adsorption and
decomposition of the corresponding alkyl iodides, because
the C-1 bonds can be readily activated to yield significant
concentrations of the desired alkyl surface species (5-7). A
variety of alkyl moieties can be produced on surfaces this
way, the selection being limited only by the availability of
the corresponding alkyl iodide precursors.

In terms of the surface chemistry of alkyl groups on ox-
ides, both Solymosi et al. (8, 9) and Friend and co-workers
(10, 11, 12) have recently addressed the interaction of hy-
drocarbon moieties with oxygen on transition metal single
crystal surfaces. On Rh(111) it was found that methyl rad-
icals, whether generated by gas-phase azomethane decom-
position or by thermal activation of chemisorbed methyl
iodide, react with adsorbed oxygen to produce a methoxy
intermediate (10). However, that methoxy species de-
hydrogenates nonselectively to hydrogen, CO, CO,, and
H,O rather than converting to methanol or undergoing a
B-hydride elimination step to yield formaldehyde. In con-
trast, methylene, generated by thermally decomposing di-
iodomethane, adds to oxygen on the Rh(111) surface to
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produce formaldehyde, which, according to temperature-
programmed desorption (TPD) data, forms with complete
retention of the C—H bonds (8, 10, 11). Moreover, results
from additional experiments where the order of dosing
molecular oxygen and hydrocarbon moieties onto the sur-
face was varied indicated that oxygen does not insert be-
tween the C—Rh bond (13).

In the study by Bol and Friend that has the most specific
implications to ours, the question of how to control the se-
lectivity between partial and total oxidation was probed via
the reaction of ethyl and 2-propyl iodide with varying cover-
ages of adsorbed oxygen on Rh(111) (12). It was found that
at low to intermediate oxygen coverages the predominant
products are hydrogen, CO, CO, the mixture of the alkane
and alkene expected from g-hydride and reductive elimi-
nations of the alkyl respectively, and surface atomic carbon.
At oxygen coverages above 0.3 ML, however, the amounts
of propane, CO, CO,, and atomic carbon produced decrease
to nearly zero while alkene production increases, and the
partial oxidation products, acetaldehyde and acetone for
ethyl and propyl iodide, respectively, start to be formed.
Finally, on oxygen-saturated surfaces (which corresponds
to an oxygen coverage of 0.5 ML), the only products de-
tected in TPD are H;O, propene, and either the aldehyde
or the ketone. This behavior where the selectivity toward
partial oxidation products is enhanced at high oxygen cov-
erages appears to be unique to rhodium, because on other
metal surfaces high oxygen coverages typically favor to-
tal combustion to CO; and H,O (1). The other significant
result from this study is that the C—I bond in the alkyl io-
dide used as the precursor to alkyl species remains intact
up to the reaction temperature, so that its dissociation is
the rate-determining step for the hydrocarbon oxidation;
upon its formation, the alkyl surface species reacts rapidly
to form either an olefin (via 8-hydride elimination) or the
aldehyde/ketone (by addition to oxygen).

In the present study, the reaction of 2-propyl iodide with
oxygen was investigated on Ni(100). A variety of products
were observed to desorb from the O/Ni(100) system, and
the selectivity among them was found to depend strongly
on the coverage of oxygen. For low oxygen coverages ace-
tone is produced in addition to hydrogen, propane, and
propene, but at oxygen surface concentrations close to
monolayer saturation (0.5 ML) neither acetone nor hydro-
gen is detected, and the amounts of propane and propene
produced from the iodide are substantially reduced. Un-
like the O/Rh(111) system, however, high oxygen exposures
lead to oxidation of the surface, at which point no hydro-
carbons desorb at all; only the products associated with
total oxidation, namely, CO, CO,, and H,O are observed.
It was also determined that the C—I bond-scission occurs
in a temperature range similar to that on the clean metal,
between 120 and 180 K, suggesting that 2-propyl fragments
are created on the surface at low temperatures, and that
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the presence of adsorbed oxygen does not alter the Kinetics
of that dissociation step. These results are again quite dif-
ferent from those from the O/Rh(111) system. We propose
that on Ni(100) the conversion to 2-propyl iodide involves
the formation of a 2-propoxide species which then yields
acetone via a rate-limiting -hydride elimination step.

2. EXPERIMENTAL DETAILS

All experiments were performed in a stainless-steel ul-
trahigh vacuum chamber pumped to a base pressure below
| x 107° Torr and equipped to do TPD, X-ray photoelec-
tron spectroscopy (XPS), and ion-scattering spectroscopy
(1SS) (14, 15). TPD spectra were obtained by simultane-
ously monitoring the mass spectrometer signal of up to 15
masses with an interfaced computer while heating the sam-
ple at a rate of 10 K/s. The reported TPD correspond to
the raw data for the indicated masses except for the cases
of the propene and propane spectra, where the contribu-
tion of molecular 2-propyl iodide to the total signal for 40
and 44 amu, the main masses monitored for the desorp-
tion of the olefin and alkane, respectively, was removed by
subtracting the 170 amu TPD trace after scaling according
to the cracking pattern of the iodide. Also, the low- and
high-temperature peaks in the 44 amu trace were identi-
fied as originating from propane and CO,, respectively, by
comparing with the signals for 27, 28, 29, and 43 amu (the
main peaks in the cracking pattern of propane). All the
TPD signals are reported in arbitrary units, but the intensi-
ties are referred to the same standard given as a scale bar in
the top corner of each figure, and were calibrated against
those from hydrogen and carbon monoxide in order to de-
termine the coverages of each of the products that desorb
from the surface. XPS data were taken by using an Al an-
ode and a hemispherical electron energy analyzer with an
overall energy resolution of about 1.2 eV full width at half
maximum. The binding energy scale was calibrated against
the Pt 4f7;; and Cu 2ps; core levels (15).

ISS data were obtained using the same hemispherical en-
ergy analyzer as for XPS, but with the voltage biases re-
versed to detect ions rather than electrons, and a scattering
geometry such that the angle between the ion source and
the analyzer was 115°. A 1-2 ©A 500 eV He' ion beam was
focused to a spot size of about 2 mm diameter on the crys-
tal, and the kinetic energy of the scattered ions was moni-
tored with an interfaced computer. Only peaks for O and
Ni were detected with our arrangement and beam condi-
tions, because the signal for iodine was too weak to be seen
above the noise; additional experiments with 1 keV Net
ions were also performed to follow the surface concentra-
tion of the iodine atoms. Control experiments on an oxygen-
covered Ni(100) surface, prepared by dosing 3.0 L of O, at
300 K, showed that sputtering by the 500 eV He' beam
was insignificant, as judged by the fact that no detectable
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change in either O or Ni signals was observed after up to
5 min of continuous exposure to the ion beam; for com-
parison, the data acquisition time for a single 1SS scan was
approximately 2 min. Because of the potential problems
with the quantitative use of ISS, several methods were em-
ployed here to calibrate the ISS signal. First, all of the IS
spectra on the oxygen-covered surfaces were normalized to
the 3.0 L O,/Ni(100) case (prepared at 300 K) in order to
permit the direct comparison of the individual sets of data.
Second, independent D, TPD titration experiments (16, 17)
confirmed that the ISS Ni signal correlated well with the
coverage of empty sites on the surface: a comparison of
the results from both TPD and ISS titration experiments
showed that both methods result in roughly the same per-
centage of empty Ni sites after 2-propy! iodide adsorption.
Finally, other ISS experiments reported in a separate study
(18) led to the conclusion that work function changes due
to the various adsorbates (which ultimately affect the neu-
tralization probabilities of the outgoing ions) are negligible
in this system and do not influence the quantitative analysis
of the data reported here in any significant fashion.

The nickel (100) single crystal was cut, oriented, and pol-
ished using standard procedures, and mounted on a ma-
nipulator by spot-welding it to tantalum support wires in
contact with a liquid nitrogen reservoir. With this arrange-
ment, the Nisample could be resistively heated to 1200 K by
passing current through the heating leads and Ta wires, and
cooled rapidly back to 90 K. The surface temperature was
monitored by a chromel-alumel thermocouple spot-welded
to the edge of the crystal. Surface cleaning was done by cy-
cles of Ar* ion bombardment and annealing to 1200 K as
well as oxygen treatments (to remove atomic carbon) until
no impurities were detected by XPS or ISS. The 2-propyl
iodide was obtained from Alfa Products (98%o purity), pro-
tected from light, and subjected to several freeze—pump-
thaw cycles before use; its purity was routinely checked
by mass spectrometry. Compressed oxygen (99.999%), ar-
gon (99.999%), and hydrogen (99.999%) gases were ob-
tained from Matheson and used as supplied. All gas expo-
sures were done by backfilling of the vacuum chamber via
leak valves, and are reported in Langmuirs (1 L=1 x 1078
Torr - s), not corrected for the differences in ionization ef-
ficiency of the ionization gauge.

For the studies on the reaction of 2-propyl iodide with
O/Ni(100), the surface was prepared as follows: (i) differ-
ent amounts of molecular oxygen were dosed on the sur-
face at 300 K, a temperature at which oxygen dissociates;
(i) the sample was cooled below 100 K; (iii) the 2-propyl
iodide was then dosed. A constant 4.0 L exposure of the io-
dide was used for the TPD studies as a function of oxygen
coverage; (iv) for the XPS and ISS annealing studies, the
sample was then heated rapidly to the indicated tempera-
ture, at a rate of nearly 10 K/s in order to reproduce the
surface conditions that exist during the TPD experiments,
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and immediately allowed to cool to below 100 K to freeze
the relevant intermediates.

3. RESULTS

Before discussing in detail the chemistry of 2-propyl io-
dide on oxygen-covered nickel surfaces, a few words need
to be said about how a Ni(100) surface is oxidized by ex-
posure to molecular oxygen. Previous studies (19-21) have
shown that at an adsorption temperature of 300 K, which is
the temperature at which O, was dosed in our experiments,
molecular oxygen adsorbs with a reasonably high sticking
coefficient (at least in the initial stages of the uptake), and
readily dissociates to form atomic oxygen on the surface.
Atomic oxygen on Ni(100) forms two ordered phases, a
p(2 x 2) and a c(2 x 2) structure, which form sequentially
as the 0 is increased. Then, sometime before the c¢(2 x 2)
layer is fully formed, the sticking coefficient decreases sig-
nificantly, and a nickel oxide thin film starts to formaround a
few nucleation sites. This oxide formation continues slowly
during O, exposures of up to a few hundred Langmuirs,
until the different oxide domains coalesce and a uniform
NiO film 3-4 ML thick is formed, and further oxidation
then proceeds at a much slower rate. XPS was used here
to quantify the oxygen coverage obtained in our work. It
was found that the first ordered phase, the p(2 x 2) struc-
ture that corresponds to an ideal coverage of about 0.25 ML
(22), saturates at ~1.8 L. The actual coverage at this stage
of dosing was estimated in our system to be 0.27 +0.03 ML
by referencing the O 1s XPS signal to a saturated CO layer.
Then, between 3.0 and 10.0 L, the ¢(2 x 2) phase develops
and reaches a coverage of approximately 0.30 to 0.43 ML of
oxygen on the surface. Regardless of the exact exposure at
which the ¢(2 x 2) phase saturates in our studies, exposures
of 40.0 L or more were sufficient to oxidize the Ni surface
and to build up one to two layers of NiO. Exposures be-
tween 10.0 and 40.0 L were determined to be sufficient to
cover much of the metal sites but not to initiate oxidation
below the first layer: features associated with NiO in the
Ni 2p core-level XP spectra were absent at those exposures.

3.1. Thermal Desorption

The reaction of 2-propyl iodide with oxygen on Ni(100)
was first characterized as a function of oxygen coverage
by TPD. A variety of species were found to desorb from
this surface, namely hydrogen, water, carbon monoxide,
propene, propane, carbon dioxide, acetone, and the original
hydrocarbon molecule. The distribution of reaction prod-
ucts was found to be strongly dependent on 6, as shown in
Fig. 1, which summarizes the changes in the TPD profiles
for each of the desorbing species with oxygen predose. For
each of the panels, Figs. 1a through 1g, the oxygen preexpo-
sure was varied while the 2-propyl iodide postdose was kept
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Hydrogen (a), water (b), carbon monoxide (c), propene (d), propane and CO; (e), acetone (f), and 2-propyl iodide (g) temperature-

programmed desorption (TPD) spectra from 4.0 L of 2-C3H-I adsorbed at 90 K on Ni(100) surfaces predosed with various amounts of oxygen at 300 K.

constant at a value of 4.0 L; the spectra shown in the bottom
trace of each panel is for 4.0 L of 2-propyl iodide adsorbed
clean Ni(100) and agree well with previous work done in
our lab (23). Inthe case of hydrogen (Fig. 1a), the main TPD
peak from the alkyl iodide dosed on the clean surface is cen-
tered at 350 K but shows shoulders at higher (460 K) and
lower (~300 K) temperatures. The hydrogen which desorbs
below 400 K is most likely due to recombination of atomic
hydrogen generated from low-temperature dehydrogena-
tion reactions (recombination of surface atomic hydrogen
occursaround 350 K), while that above 400 K probably orig-
inates from the dehydrogenation of the C,,Hy species which
are stable to high temperatures, and its kinetics is thus reac-
tion limited. Figure 1a shows that significant changes occur
in the hydrogen desorption profiles upon preadsorption of
oxygen on the surface, even for O, preexposures as small as
0.5 L. The amount of desorbing hydrogen in these spectra
decreases monotonically with increasing oxygen coverage,
and the shape of the H; desorption profiles changes to one
with two distinct peaks, the first centered at 250 K, and an-
other broader one at ~400 K. The amount of hydrogen that
desorbs from both states remains fairly constant up to the
3.0 L oxygen dose, but after a 5.0 L exposure the area of the
low-temperature state remains unchanged while that of the
high temperature state is reduced, and after a 10.0 L oxygen
exposure the signal intensity of both H, desorption states
are significantly decreased, the 400 K state being barely de-
tectable. Almost no H; desorption is observed for oxygen
exposures above 10.0 L; recall that most (if not all) of the Ni
sites are covered by oxygen after exposures above 10.0 L.
Figure 1b shows the TPD spectra for water. These desorp-
tion profiles show that little or no water is formed from the
reaction of 2-propyl iodide with oxygen after low exposures
of the latter, of about 3.0 L or less. For 5.0 and 10.0 L O,

exposures a small amount of water desorption is detected
as two broad peaks between 200 and 450 K, a temperature
range typically associated with either disproportionation of
adsorbed hydroxyls or recombination of atomic hydrogen
and oxygen (the latter of which generally occurs at higher
temperatures and which is likely to be the reaction seen
here because of the presence of the atomic species on the
surface at low temperatures) (24). Finally, the conversion
of 2-propyl iodide with oxygen after preexposures greater
than 10.0 L yields a significant water desorption peak at
about 590 K which grows in intensity and shifts to slightly
higher temperatures when the oxygen predose is increased
from 20.0 to 80.0 L. This latter peak must again be associ-
ated with the recombination of atomic oxygen with atomic
hydrogen, but in this case the hydrogen may originate from
the decomposition of the C,,Hy species that survive after
heating to high temperatures. Comparing the hydrogen and
water TPD spectra for oxygen exposures between 20.0 and
80.0 L, it is evident that all of the hydrogen produced from
the decomposition of the hydrocarbon fragments is con-
sumed in the formation of water. Also, the beginning of the
growth of the high-temperature water peak coincides with
the oxygen exposures needed to cover all of the Ni sites
and to lead to the disappearance of the signal from the H,
TPD. Lastly, the water yield increases further as the surface
becomes oxidized.

Figure 1c, which shows the carbon monoxide TPD pro-
files, displays a high-temperature desorption peak at about
600 K for all oxygen exposures studied most likely associ-
ated with the recombination of atomic carbon and oxygen.
For the clean surface (0.0 L O,), CO desorption is detected
at 400 K because of adsorption of CO from the background
(25), but there is also a small (0.01 ML) high-tempera-
ture peak around 580 K which may come from either
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CO dissociation on defects (26) or oxygen contamination.
The amount of high-temperature (600 K) CO that desorbs
from the surface amounts to 0.027 ML for the 0.5 L O, case;
the carbon required for the production of CO in this case
originates from the total decomposition of 2-propyl iodide.
The CO peak intensity then gradually decreases for oxygen
exposures between 1.0 t0 10.0 L (to yield a6¢o 0f 0.012 ML
for the 10.0 L O, preexposure), perhaps because of a de-
crease in the amount of 2-propyl iodide that decomposes on
the surface in this 6o range. Indeed, the spectra for 2-propyl
iodide indicates that little if any molecular desorption oc-
curs after a 0.5 L oxygen preexposure, but significant and
increasing amounts are detected at ~200 K for O, doses
above 1.0 L (see below). Finally, the intensity of the 600 K
CO desorption peak increases again for oxygen exposures
between 20.0 and 80.0 L, to 0.023 and 0.038 ML, respec-
tively. Once more, the increase in the CO signal intensity
occurs after the oxygen exposures associated with the sat-
uration of Ni sites and the formation of surface oxide.

Moving to the TPD traces for propene and propane in
Figs. 1d and 1le, respectively, the spectra associated with
no coadsorbed oxygen are again consistent with those from
previously reported work (23), but they change significantly
upon adsorption of oxygen. Focusing on the propene spec-
tra, the total yield increases (from 0.05 to about 0.08 ML)
in the presence of small amounts of oxygen on the surface,
namely for oxygen preexposures between 0.5and 2.0 L, per-
haps because the preadsorbed oxygen inhibits the nonselec-
tive dehydrogenation of the propyl fragment. In addition,
there is only one main desorption peak at about 225 K and
a low-temperature shoulder in the propene traces for oxy-
gen preexposures between 0.5 and 2.0 L, whereas two peaks
are seen in the case of the clean surface. As the oxygen ex-
posure is increased between 3.0 and 10.0 L, the amount of
propene produced decreases further, but both the main des-
orption peak and its low-temperature shoulder persist (at
225 and 160 K, respectively). For the 20.0 and 40.0 L trace,
two peaks are observed after the deconvolution procedure
to remove the contribution from molecular desorption, one
at low temperature and a second at about 250 K, but the
total amount that desorbs is less than 0.02 ML.

The spectra in Fig. 1e show that the amount of propane
that desorbs from the 0.5 L oxygen-precovered surface
initially increases relative to the clean surface, and that
the peak shape changes significantly and shifts from about
115 K to around 225 K. As the oxygen coverage is increased
between 1.0 and 5.0 L, the amount of propane that desorbs
decreases, and the peak becomes one narrow feature cen-
tered at 230 K. The observation of propane desorption at
temperatures above those of propene suggests that the pro-
duction of the former is rate-limited by the generation of
hydrogen from a low-temperature (below 200 K) g-hydride
elimination reaction that yields the latter. For oxygen ex-
posures greater than 10.0 L nearly no propane is observed,
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and the chemistry on the surface changes such that total
oxidation to carbon dioxide is favored. From the spectra in
Fig. 1le, CO, desorption is observed at 605 K for a 20.0 L oxy-
gen preexposure, the sighal growing as the oxygen coverage
is increased from 20.0 to 80.0 L in a fashion similar to that
seen for the production of CO and H,O on the NiO film.

The TPD of acetone as a function of 6 for the reaction of
4.0 L of 2-propyl iodide with oxygen is shown in Fig. 1f. This
figure only displays the signal for 58 amu, but the identity
of acetone was checked by also following the signals for 15
and 43 amu; the shapes of the traces for those masses were
similar, and their relative intensities were 1.15:2.69: 1, the
same within experimental error to those in the cracking
pattern of acetone (for which our instrument gives ratios
of 1.13:2.63: 1). The first thing to notice from Fig. 1f is that
the scale used in this case is a factor of 10 higher than in the
other panels, indicating that the amount of acetone detected
in these TPD experiments is small compared to that of the
other species, although it is important to keep in mind that
the scaling factors were not corrected for the differences in
mass spectrometer sensitivities. Acetone formation starts
after oxygen exposures as low as 0.5 L, and its yield in-
creases when the oxygen exposure is doubled to 1.0 L but
then appears to remain fairly constant up to about a 3.0 L
oxygen dose. In this range of oxygen exposures the shape
of the traces appears invariant, although perhaps there is
a slight broadening at the higher exposures, and the peak
maximum remains constant at ~360 K. After a5.0 L oxygen
dose the peak broadens and shifts to higher temperature,
and as the oxygen exposure is increased further to 10.0 L
(at which point the metallic Ni sites become completely
covered) almost no acetone is detected anymore.

Figure 1g shows the traces for the molecular desorption
of 2-propyl iodide. Since the reaction of 4.0 L of 2-propyl
iodide dosed on the clean surface (0.0 L of oxygen) results
in total decomposition of the molecular species, no des-
orption of 2-propyl iodide is observed in that case. Upon
preexposure to oxygen, however, some molecular 2-propyl
iodide desorption is detected. For the 0.5 L O/Ni(100) sur-
face two distinct molecular desorption states are observed
at 175 and 225 K, the former centered at the same temper-
ature as that seen for clean Ni(100) after larger exposures
(23). The peak at 225 K, on the other hand, is some 50 K
higher in temperature compared to molecular desorption
from the clean surface, indicating that some of the adsorbed
species are stabilized by the oxygen dosed on the surface.
The two initial features coalesce into one peak centered
at 200 K as the oxygen predose is increased further, and
the overall intensity of the molecular desorption signal in-
creases because of the lack of the necessary free Ni sites
to dissociate the C—I bond. The maximum desorption rate
temperature remains relatively constant at about 200 K as
the oxygen precoverage is increased from 2.0 to 20.0 L,
although the peak shape changes from being basically
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symmetric (2.0 L) to developing a significant shoulder on
the high-temperature side (around 220 K at 20.0 L), and
after the 40.0 and 80.0 L oxygen predoses the main peak
becomes centered at 230 K, a much higher temperature
than that for the molecular desorption from the clean sur-
face. Since oxygen preexposures above 30.0 L are sufficient
to oxidize the near-surface region, the latter result suggests
that the oxide somewhat stabilizes molecular adsorption of
2-propyl iodide.

Figure 2 compiles the TPD desorption yields for the reac-
tion of 4.0 L of 2-propy! iodide with oxygen on Ni(100) sur-
face as a function of oxygen predose. The relative coverages
of the various species were calculated by calibration against
hydrogen and carbon monoxide TPD experiments on the
clean Ni(100) surface, where the saturation coverages are
known to be 1.0 ML (hydrogen atoms) and 0.66 ML, respec-
tively (27). The contribution of background adsorption to
the CO and H, TPD data was eliminated by subtracting the
signals from control experiments with a 0.0 L dose of the
alkyl iodide; the corrections turned out to be quite small
(<5%), especially for the oxygen-covered surfaces. The
coverage of acetone was determined by calibrating the des-
orption of acetone from the clean surface, which is known to
be dissociative at low exposures, against the CO desorption
standard, and by assuming a constant sticking coefficient for
all exposures. Determination of the coverages of propene,
propane, and 2-propyl iodide was based on mass balance ar-
guments for hydrogen and carbon and on the relative sensi-
tivities of those species in the mass spectrometer. The mass
balance calculations from the TPD data agreed quite well
with the XPS data for the 3.0 L preexposure case: the TPD

Hydrogen, propene, propane, acetone, and 2-propyl iodide TPD yields as a function of oxygen preexposure, in absolute terms (a), and

results yielded a value of 48% for the amount of 2-propyl
iodide that reacts on that oxygen-covered surface, while the
number from the | 3ds;, XPS measurements was 50% in-
stead (see next section). Figure 2 consists of two panels, the
one on the left which displays the absolute desorption yields
as determined by the mass balance calculations described
above, and the one on the right which compiles the relative
yields of the products normalized to the amount of 2-propyl
iodide that reacted for each oxygen predose. It is clear from
the data that the total yield of each of the products except
acetone decreases as the oxygen coverage increases, but this
is mostly because the amount of 2-propyl iodide that reacts
decreases, as shown by the increase in yield for molecular
2-propyl iodide desorption; the normalized data in the right
panel do change less abruptly with 65. Also, although the
amount of 2-propyl iodide that reacts decreases as the oxy-
gen coverage increases, from 100% on the clean surface to
about 25% on a surface precovered with 10.0 L of oxygen,
the conversion of the iodide into propene, propane, and,
for the lower preexposures of oxygen, acetone, is quite effi-
cient; there is very little (5%) total decomposition to hydro-
gen and surface carbon. The significant decrease in hydro-
gen and hydrocarbon product formation that is observed
as the oxygen preexposure is increased from 10.0 to 20.0 L
correlates with the change in selectivity in the chemistry on
the surface from partial to total oxidation.

Figure 3 compares the TPD data for the reaction of 3.0 L
of oxygen (approximately 0.30 ML) with varying amounts
of 2-propyl iodide on Ni(100). A 0.5 L exposure of 2-propyl
iodide (left panel) leads to the sole desorption of hydro-
gen, propene, and a small amount of propane, and results
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FIG.3. TPD spectra from 0.5 (left). 2.0 (center), and 4.0 L (right) of 2-propyl iodide adsorbed on Ni(100) at 90 K after pretreatment at 300 K with

a fixed 3.0 L oxygen dose.

in TPD traces quite similar to those obtained from the same
2-C3Hy7l exposure on the clean surface. The 28 amu trace
in the left panel (labeled carbon monoxide in the figure)
exhibits three desorption features at 215, 340 and 600 K,
the latter two due to CO desorption after adsorption from
the background and recombination of atomic surface car-
bon and oxygen, respectively, but that at 215 K originating
from cracking of propane; the signal below 150 K is due to
experimental artifacts. Upon increasing the 2-propyl iodide
exposure to 2.0 L, however, significant propane desorption
is also detected, and, more interesting, the onset of acetone
formation is seen as a small peak around 350 K in the corre-
sponding desorption spectrum. Moreover, the shape of the
hydrogen and CO profiles change considerably between
this case and the lower dose spectra, indicating that some
chemistry associated with the oxygen on the surface starts to
become evident. The molecular desorption data provided
at the top of each panel of Fig. 3 show that monolayer sat-
uration of 2-propyl iodide on this surface occurs between
2.0 and 4.0 L. The data in the right panel corresponds to
the 3.0 L O, + 4.0 L 2-propyl iodide case presented in Fig. 1
and was already discussed above.

3.2. XPS Data

The TPD experiments described above were comple-
mented by XPS studies. Figure 4 shows | 3d XPS data
for 4.0 L of 2-propyl iodide dosed on Ni(100) surfaces,
clean and preexposed with 3.0 L of oxygen. The | 3d spec-
trum obtained at 100 K for 4.0 L of 2-propyl iodide on

the oxygen-covered surface has an | 3ds;; peak centered
around 620.0 eV binding energy, a value identical to that
for 2-propyl iodide adsorbed on the clean surface, also at
100 K (12, 22, 28). The fact that the binding energies are the
same in both cases (and that they correspond to that of alkyl
iodide condensed layers) (5, 17, 29, 30) indicates that the
C-I1 bond remains intact at this temperature and that the
adsorption is molecular on both the clean and the oxygen-
precovered surfaces. Upon heating the oxygen-precovered
surface to 150 K, however, the | 3d XPS peaks shift by
0.3 eV to lower binding energies, a change that has been
previously shown to be indicative of C—I bond dissociation
(23, 28) (see also the spectrum for 2-propyl iodide annealed
to 160 K on the clean surface shown in the bottom portion
of Fig. 4). Annealing to 200 K causes even more changes
in the 1 3d core region: the peaks shift to the lower binding
energies characteristic of atomic iodine on the surface (to
619.5 eV in the case of the | 3ds/, peak), and their intensity
decrease due to desorption of the unreacted alkyl iodide
(a fact consistent with the TPD spectra presented earlier).
The gradual change in binding energy of the 1 3d core levels
as the surface is annealed was observed previously for 2-
propyl iodide decomposition on the clean surface (23). The
inset in Fig. 4 highlights the similarity of the | 3ds,, bind-
ing energy shifts as a function of annealing temperature on
the clean and oxygen-predosed surfaces (with O, preexpo-
sures of 3.0 and 40.0 L, which correspond to a chemisorbed
oxygen monolayer and an oxide, respectively). Similar XPS
results were obtained for the reaction of 2.0 L of 2-propyl
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FIG. 4. 1 3d X-ray photoelectron (XPS) annealing spectra for 4.0 L

of 2-propyl iodide adsorbed on clean and oxygen-precovered (0.3 ML)
Ni(100) surfaces. The inset shows the change in the binding energy of the
1 3ds/, core level as a function of temperature on various oxygen-predosed
surfaces.

iodide with 3.0 L of oxygen, a situation where TPD results
indicate that all the iodide decomposes on the surface. Fi-
nally, from an analysis of the peak areas for the surface
predosed with 3.0 L Oy, it is estimated that about 50% of
the 2-propyl iodide adsorbed at 100 K actually decomposes
on the surface.

The TPD spectra (and the ISS data presented in the next
section) lead to the inference that an oxygenated (or alkox-
ide) intermediate forms at fairly low temperatures on O/Ni
surfaces dosed with 2-propyl iodide, probably at or below
200 K. As explained in more detail under Discussion, we
propose this intermediate to be 2-propoxide. To test this
hypothesis, C 1s core level spectra were first obtained for
various relevant species on the Ni(100) surface, namely,
for condensed 2-propyl iodide, for chemisorbed acetone,
and for a 2-propoxide intermediate formed by heating ad-
sorbed 2-propanol on clean and oxygen-predosed nickel
surfaces to 200 K (Fig. 5). Regarding the latter cases, it is
known that the O—H bond in 2-propanol dissociates below
250 K on most metal surfaces: for example, the tempera-
tures reported for O—H bond cleavage on O/Rh(111) (31),
clean Mo(110) (32), and Pd(110) (33) are below 230, 200,
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and 210 K, respectively. Referring to Fig. 5, only one sym-
metric peak at about 284.3 eV is seen for the condensed
2-propyl iodide; this value is typical of saturated hydro-
carbons. For the chemisorbed acetone, which was dosed at
150 K to prevent multilayer adsorption, two peaks are ob-
served at 284.0 and 287.1 eV, the latter probably associated
with the carbonyl group of the molecule. Finally, two peaks
are also observed in the 2-propanol spectra, at about 284.4
and 285.7 eV, due to the methyl carbons and the secondary
carbon bound to the oxygen atom, respectively.

Figure 6 compiles the C (left panel) and O (right panel)
1s XPS data obtained after first sequentially dosing 3.0 L O,
and 4.0 L 2-C3HI on a clean Ni(100) surface at 300 and 100
K, respectively, and then annealing to the indicated tem-
peratures. Focusing first on the C 1s spectra given in the
left panel, one symmetric peak centered at 284.3 eV is ob-
served in the spectrum for the surface freshly prepared at
100 K, the same as in the case of the condensed 2-propyl
iodide layer presented in Fig. 5. The intensity of that peak
decreases upon annealing to 150 K, presumably because of
the desorption of some molecular 2-propyl iodide, and the
main peak shifts slightly to 284.1 eV and develops a small
shoulder at about 285.8 eV. Annealing to 170 K causes the

C 1s XPS for Various
Hydrocarbons Adsorbed on Ni(100)

£
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T4 = 100 K
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FIG.5. C 1s XPS data for various hydrocarbon species adsorbed on
Ni(100). Note that two peaks are observed in the spectra for both acetone
and 2-propanol; the higher binding energy peak in those cases is associated
with the carbon atom bound directly to the oxygen atom.
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FIG.6. C (left) and O (right) 1s XPS annealing data for 3.0 L O, + 4.0 L 2-propyl iodide coadsorbed on Ni(100). As the surface is heated to high
temperatures, changes occur in the C 1s spectra that suggest the formation of a 2-propoxide intermediate.

main peak to shiftagain to lower binding energy, to 283.7 eV,
and makes the shoulder at higher binding energy more ob-
vious. The shift of the main C 1s peak to lower binding
energy is identified here as being due to the conversion of
2-propyl iodide to adsorbed 2-propyl moieties on the sur-
face, and the appearance of the new feature (shoulder) at
higher binding energy to the formation of a new species.
Annealing to 200 K causes an additional decrease in signal
intensity, this time due to the desorption of some propene,
propane, and most of the unreacted 2-propyl iodide, and
the peak at 285.3 eV is now very pronounced and com-
prises about 30% of the total signal. Annealing further to
either 250 (not shown) or 300 K, well beyond the desorption
temperature of propane and propene but prior to the de-
tection of the acetone in TPD, results in a spectrum where
two distinct features are still seen at 283.4 and 285.3 eV. By
400 K, all of the acetone that is produced in this system has
desorbed, and the C 1s spectrum shows that the peak about
285 eV has disappeared and that only a feature at 283.0 eV
remains, indicative of a surface C,Hy species. Heating to
700 K results in the removal of most of the surface carbon,
presumably via its recombination with surface oxygen to
CO (see TPD results).

The O 1s XPS data presented in the right panel of Fig. 6
show that changes in 8o also occur in this coadsorption sys-
tem as the sample temperature is increased. Unfortunately,
these spectra are not as useful in species identification, be-
cause the signal due to chemisorbed oxygen is always much
greater than that for the 2-propoxide, and because there is

not a significant difference in O 1s binding energy between
adsorbed oxygen and 2-propoxide. It has been reported
that the O 1s binding energy for alkoxide intermediates
can range between 530.5 and 531.9 eV depending upon
the adsorbate-metal system under consideration (31); for
2-propanol on Ni(100), a case that was investigated here
as part of the study of the alkyl 4+ oxygen system, it was
found that annealing to 200 K causes O—H bond dissoci-
ation to form a 2-propoxide species with an O 1s binding
energy of 531.2 eV. The lower trace in the right panel of
Fig. 6 corresponds to 3.0 L of O,+ 40 L 2-C3H;Il annealed
to 170 K, which is a temperature sufficiently high to cause
C-1 bond dissociation and potentially form some propox-
ide species on the surface. Two peaks are observed at 529.7
and 531.5 eV in that spectrum, the same as in all the other
annealing spectra. The O 1s peak at lower binding energy is
associated with the chemisorbed atomic oxygen predosed
on the surface. On the other hand, while it is tempting to
assign the 531.5 eV peak to a propoxide species, the invari-
ance of its intensity as a function of annealing temperature
makes it unlikely for this feature to be due to the alkox-
ide: annealing between 300 and 400 K should have resulted
in the loss of the 531.5 eV peak due to the desorption of
acetone, as observed in the C 1s spectra in the left panel.
A broad O 1s peak has been reported previously for O,
adsorbed on Ni(100) (34), suggesting that the high binding
energy peak in our data may also be associated with the
predosed oxygen or, more likely, it may indicate the for-
mation of OH groups on these surfaces. As shown in the
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200 and 300 K annealing spectra, there are no changes in
the signal or peak position when compared either to each
other or to the bottom trace in the panel. This is not un-
expected, because no oxygenated products desorb below
300 K. Annealing the surface 400 K causes a small decrease
in the signal due to removal of some (about 0.05 ML) of the
surface oxygen upon the desorption of acetone that occurs
at about 350 K. The decrease in XPS signal is even more
pronounced when the surface is annealed to 700 K, where
carbon and oxygen are removed as CO. The possibility that
some oxygen dissolves into the bulk at this temperature
cannot be excluded either, and in fact it is likely to occur
because the 0.2 ML decrease in 8o at 700 K cannot be at-
tributed solely to CO desorption (since the CO TPD vyield
is only approximately 0.02 ML).

In contrast with the case described above, where the O 1s
binding energy stays constant at 529.7 eV throughout the
annealing sequence, on NiO the signal for the O 1score level
shifts by 0.5 eV and decreases significantly in size after the
removal of CO, CO,, and H,O associated with heating the
2-propyl iodide-dosed oxide surface to 700 K. Specifically,
6o changes by 0.8 ML after the desorption of the total oxi-
dation products, but again, this change is far too large to be
accounted by the desorption yields of these products alone,
because those total about 0.1 ML, and must be therefore
related at least in part with dissolution of some oxygen into
the bulk. Substantial decreases in XPS intensity accompa-
nied by an apparent shift to higher binding energies have
also been observed during annealing of NiO films prepared
by oxidizing Ni(100) in the presence of an Art beam, where
those changes were associated with thermally induced re-
structuring of the film and with segregation of oxygen into
the bulk (35).

3.3. 1SS Data

Finally, the nature of the adsorption sites for the original
2-propyl iodide as well as for any intermediates that may
form during its thermal conversion on the O/Ni(100) sur-
faces were probed by ISS. A first set of experiments were
performed as a function of 2-propyl iodide exposure for
given fixed oxygen coverages in order to probe the loca-
tion of the binding sites for the iodide—either Ni or O sites.
Figure 7 shows the 2-propyl iodide coverage-dependent ISS
data obtained for a fixed 3.0 L preexposure to oxygen. The
top trace, labelled 0.0 L, corresponds to the oxygen-dosed
surface before any 2-propyl iodide adsorption, and is the
spectrum to which all other traces are compared and nor-
malized. The peaks at ~245 and 410 eV Kkinetic energies
correspond to O and Ni, respectively, as calculated by us-
ing standard elastic collision theory and by taking into ac-
count the geometry of our system (36). Upon exposures of
that surface to small amounts of 2-C3HlI, the Ni signal de-
creases, while the O signal remains almost constant. Specifi-
cally, over 80% of the Ni peak disappears upon a1.0 L alkyl
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FIG. 7. lon scattering (ISS) spectra as a function of 2-propyl iodide
exposure on O/Ni(100) surfaces prepared by preadsorption of 3.0 L of O,
at 300 K. The inset shows the ISS peak areas normalized to the signal of
the Ni and O peaks for the surface with 0.0 L 2-C3Hjl.

iodide exposure, but the oxygen peak still retains over 60%
of its initial intensity at that point. Nevertheless, most of
the oxygen signal is lost after a 2.0 L 2-C3H7I dose, and no
Ni or O peaks are seen after a 4.0 L exposure. The cover-
age dependence of the ISS signals is better illustrated in the
inset, in which plots of the normalized Ni and O ISS peak
intensities are displayed versus the alkyl iodide exposure.
Figure 7 shows the selective titration of the nickel sites for
low 2-propyl iodide exposures, which means that the alkyl
iodide binds to nickel sites preferentially. It is important to
note that the exposure at which the oxygen signal starts to
be significantly attenuated, around 2.0 L of 2-propy! iodide,
is the same required to detect any acetone by TPD.

A second set of ISS experiments was performed as a
function of annealing temperature for a fixed oxygen cov-
erage (a 3.0 L dose) and varying 2-propyl iodide exposures.
Figure 8 shows the data for 0.5, 2.0, and 4.0 L iodide expo-
sures. The main frame in each panel of Fig. 8 shows how the
Ni and O signals evolve as the sample is heated above the
adsorption temperature of 2-propyl iodide (100 K), while
the inset shows the corresponding Ni and O normalized
peak intensities versus temperature. From the insets it can
be seen that in all cases the Ni signal increases continu-
ously as the sample is heated to successively higher temper-
atures because of the desorption of the various products
from the surface. For example, the rapid Ni signal increase
between 200 and 400 K is due to the desorption of hydrogen,
propane, and propene, and the further growth in intensity
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FIG. 8.

ISS annealing data for 0.5 (left), 2.0 (center), and 4.0 L (right) of 2-propyl iodide adsorbed below 100 K on Ni(100) predosed with 3.0 L

O, at 300 K. The top dotted trace in each panel corresponds to the original O/Ni(100) surface prepared at 300 K before propyl iodide dosing and is
the data to which all the annealing spectra are normalized. The insets in each of the panels contains the normalized ISS peak areas for Ni and O as a

function of annealing temperature.

between 400 to 700 K is attributed to the desorption of CO
at ~600 K. The behavior of the O signal, on the other hand,
is more complex and difficult to explain. In the case of the
0.5 L 2-C3H7I dose, the O peak intensity remains constant
between 100 to 150 K, increases as the sample is annealed
to 220 K, remains constant again between 220 to 300 K, and
decreases to its final value around 400 K. Using the TPD
data provided in Fig. 3 it can be speculated that the changes
at 220 K are associated with the desorption of propene, but
since this propene most likely desorbs from the nickel, not
oxygen, sites, the change in ISS intensities must be due to
changes in the local electronic potential induced by the ad-
sorbates. Although this result points to the limitations of
using ISS for quantitative analysis, the problem is not seri-
ous in this case, because the signal intensity never changes
by more than 20% upon changes in coverages in the sys-
tems studied here. Note that the O ISS signal does remain
constant between 220 and 300 K, where the Ni signal in-
creases because of the desorption of molecular hydrogen;
those molecules originate from and therefore free metallic
sites. The small decrease in O signal above 400 K is associ-
ated with the desorption of CO from the surface, which is
due to recombination of atomic carbon and oxygen at high
temperature.

The other two panels of Fig. 8 display results from similar
annealing experiments with 2.0 and 4.0 L of 2-propyl iodide
on Ni(100) predosed with 3.0 L of oxygen, and show again
that the Nisignal increases as the surface isannealed to tem-
peratures above 100 K while the O signals vary in a more
complex manner. The changes in O signal between 150 and

250 K are easily correlated to the desorption of propene and
propane, which occurs around 225 K, but there is another
interesting variation in the O signal intensity between 300
and 400 K, where the only oxygen-containing species that
desorbs is acetone. In this vein, it is also worth comparing
the normalized O signal intensity above 200 K for the 0.5
and 4.0 L cases. For the 0.5 L case in the left panel, the O sig-
nal intensity remains fairly high in that temperature range
(at about 75% of the original value), indicating that only a
small fraction of the oxygen is removed as CO. In contrast,
the signal associated with the 4.0 L spectrum never increases
above 50% the value seen with the O/Ni(100) surface prior
to dosing with the alkyl iodide. This is presumably due to
two effects, a physical blocking of the O atoms and the re-
moval of O from the surface. Between 200 and 400 K the
predominant species on the surface is 2-propoxide, which
blocks some of the initial O ISS signal, but above 300 K
the conversion of the alkoxide to acetone removes oxy-
gen from the surface, and well above 400 K much of the
oxygen is removed from the surface either as CO or via
dissolution into the bulk (as shown in the O 1s XPS data).
All of the ISS data suggest that a significant fraction of the
2-propyl iodide reacts to form an oxygenated intermediate
on the surface, and that this intermediate is highly stable un-
til the temperatures where acetone desorption is detected
by TPD.

3.4. Additional Reference Data

Further evidence for the idea of a 2-propoxide interme-
diate is provided by the acetone TPD spectra obtained from



376

Acetone TPD from Ni(100)
Dosed with Different Compounds

T s = 100K

58 amu

3.0 L acetone

183 K
3.0L O, +1.5L acetone

3.0L O,+0.5L CyH,

Partial Pressure / arb. units

3.0L O, + 2.0 L 2-C,H,0H

355 K

1o 30L 0,+4.0L 2-C4H,l

800

T T T

200 400 600
Temperature / K

FIG.9. Acetone TPD spectra from acetone, propene, 2-propanol,
and 2-propyl iodide adsorbed on clean and oxygen-precovered Ni(100).
Note that although the amount of acetone formed from the reaction of
2-propanol with oxygen is significantly larger than when 2-propyl iodide
is used, both traces display similar kinetics.

the variety of adsorption systems shown in Fig. 9. First, note
that the thermal activation of 4.0 L of acetone adsorbed on
Ni(100) leads to three desorption features at 137, 170, and
275 K, of which the latter two are broad and associated
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with desorption from molecular states on the surface while
the former is identified with desorption from a condensed
multilayer. The acetone TPD trace seen from 2-propanol
adsorbed on oxygen-covered Ni(100), on the other hand,
resembles somewhat that from the reaction of 2-propyl io-
dide with O/Ni(100), even though an additional sharper
and more intense 320 K peak is seen on top of the broad
feature around 355 K; the similar TPD peak shapes suggest
that the formation of acetone in both those systems involves
a common intermediate. In addition, the high temperature
for acetone detection indicates that its formation is reaction
limited, since the desorption of molecular acetone occurs at
much lower temperatures, as discussed above. No acetone
production is observed in the case of propene coadsorbed
with 3.0 L of oxygen on Ni(100).

Finally, Fig. 10 compiles the TPD results for the reac-
tion of 5.0 L of CD3CHICD3; on a 3.0 L O,-predosed nickel
surface. Figures 10a through 10d correspond to hydrogen,
acetone, propane, and propene desorption spectra, respec-
tively. The most important result from these experiments is
that the reaction of the deuterium-labelled iodide with oxy-
gen yields only the fully deuterated (dg) acetone (64 amu),
not acetone-ds (63 amu, see Fig. 10b). In addition, no fully
deuterated propane (52 amu) or propene (48 amu) are ob-
served either, only C3DgH, (50 amu), C3D;H (51 amu),
and C3DsH (47 amu) are detected in these experiments,
the products expected from g-hydride and reductive elim-
inations from this specific D-substitution of the parent
molecule. The final interesting result from this set of data
is that hydrogen desorbs mostly as HD (3 amu) and D,
(4 amu), and that the relative amounts that desorbs at 250
and 400 K differs significantly for each of those species
(Fig. 10a). In particular, the 250 K peak is almost ex-
clusively composed of D, and must be the result of the

* 3.0L O, + 4.0 L CD,CHICD,/Ni(100) TPD
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FIG. 10. Hydrogen (a), acetone (b), propane (c), and propene (d) TPD spectra from 3.0 L of O, + 5.0 L of CD3;CHICD3 on Ni(100).
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low-temperature dehydrogenation of 2-propyl species to
form propene-ds. The 400 K peak, on the other hand, is
primarily composed of HD, in which the H atoms must re-
sult from B-hydride elimination of 2-propoxide (or other 2-
propyl species) on the surface. The desorption of significant
amounts of D, also suggests that some of the 2-propoxide
undergoes nonselective dehydrogenation reactions, since
the only source of D atoms are the methyl groups of the
hydrocarbon surface species (now in the y position).

4. DISCUSSION

The combined TPD, XPS, and ISS data presented here
can be used to elucidate the changes in the thermal chem-
istry of 2-propyl iodide on Ni(100) upon predosing the sur-
face with various amounts of oxygen. In particular, some
ideas can be put forward in reference to the mechanism
for the formation of acetone at low oxygen coverages.
First, it was found that the adsorption of 2-propyl iodide
is molecular at 100 K regardless of the initial oxygen cov-
erage. This is clearly demonstrated by the I 3d XPS data
for 2-propyl iodide adsorbed on both clean and oxygen-
precovered Ni(100) surfaces. Specifically, the | 3ds/, bind-
ing energies for 2-propyl iodide adsorbed below 100 K are
identical for all the oxygen-covered surfaces studied here
and have the same value as those from condensed multilay-
ers of 2-propyl iodide on clean nickel. This indicates that
the C-I bond in the monolayer cases is intact at that tem-
perature, and that therefore the presence of oxygen on the
surface does not induce a low-temperature dissociation of
the alkyl iodide.

ISS titration experiments show that 2-propyl iodide ad-
sorbs preferentially on the Ni sites at low 6. This is con-
sistent with the TPD experiments, which indicate that the
main hydrocarbon species that desorb upon thermal activa-
tion of the adsorbed 2-C3H-I are propene and propane, the
products of a chemistry associated with the nickel metal.
Nevertheless, the oxygen atoms present on the surface do
still modify the adsorption energy of the 2-propyl iodide and
also affect the probability for its decomposition. It appears
that the adsorbed oxygen stabilizes the molecular species,
inducing a shift in the desorption temperature of the 2-
propyl iodide by about 25 to 50 K toward higher values
while increasing the yield of molecular desorption mono-
tonically (Fig. 2).

Heating the O, + 2-C3H-l dosed surfaces between 120
and 180 K induces the dissociation of the C—~I bond, as de-
termined by the |1 3d XPS annealing data. We propose that
this bond-activation step occurs on the Ni sites. Evidence
in support of this assumption includes the fact that Ni is the
preferred adsorption site, that the temperature range for
the C-I bond-cleavage on the oxygen-covered surfaces is
the same as that on the clean surface, and that as the number
of nickel sites decreases with increasing 6o, the amount of
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2-propyl iodide that dissociates decreases. We also assume
that the major species that form at low temperatures upon
the breaking of the C—I bond are 2-propyl fragments ad-
sorbed on the nickel, even though the C 1s data suggest
that a small fraction of these propyl groups may react di-
rectly to form 2-propoxide. The subsequent thermal chem-
istry of the resulting 2-propyl species on the oxygen-treated
Ni(100) surface follows three distinct pathways depending
on the nature of the oxygenated surface. Onthe one end, the
clean nickel behaves in the same way as many other metals,
that is, it promotes both g-hydride and reductive elimina-
tion steps to yield propene and propane, respectively (7).
At the other extreme, NiO films as thin as 1-2 ML thick
passivate the metal and induce total oxidation to CO, CO,,
and H,O. Itis at the intermediate coverages obtained after
doses of less than 10.0 L of O, where the most interesting
chemistry is seen, because a small amount of partial oxida-
tion to acetone is detected.

The main decomposition pathways for 2-propyl moieties
on Ni(100) in the low 6 regime are still the g-hydride and
reductive eliminations to propene and propane promoted
by the metal, since the combined yield for both products
amount to about 85% of the initial chemisorbed propyl
groups. The formation of a small amount of acetone is nev-
ertheless worth discussing, because it proves the viability
of promoting partial oxidation reactions on oxide surfaces
under the right conditions. The total amount of acetone
that desorbs from this system amounts to approximately
5% of the initial 2-propyl species adsorbed on the surface,
but this may represent only a lower limit for the proba-
bility of that reaction, because some of the acetone can
decompose on the surface immediately upon formation.
Separate TPD studies where a fixed amount of acetone
was dosed at elevated sample temperatures indicate that
indeed there is a strong propensity for acetone to decom-
pose to H, and CO rather than to desorb at these high
temperatures (above 300 K). In addition, it is clear from
the ISS and TPD data presented here that the formation
of acetone requires a special arrangement of the 2-propyl
and oxygen species coadsorbed on the nickel surface. The
coverage-dependence TPD studies for the formation of ace-
tone indicate that partial oxidation is only seen on surfaces
where the combined coverage of both species is close to
saturation, suggesting that for acetone to be produced, the
alkyl groups need to be adjacent to oxygen atoms. We pro-
pose that alkyl groups from upon thermal activation of the
alkyl iodide on the nickel sites, and that while most react on
the metal to yield propane and propene, those adsorbed on
sites adjacent to oxygen atoms follow an alternative route
that leads to the formation of a 2-propoxide intermediate
on the surface.

Several pieces of data confirm the low-temperature for-
mation of this 2-propoxide intermediate on the surface and
its further conversion to acetone at higher temperature viaa
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rate-limiting g-hydride elimination step. The most straight-
forward evidence for this comes from the XPS datain Fig. 6,
which shows that the C 1s binding energy changes as the
2-propyl iodide is converted sequentially to 2-propyl frag-
ments, 2-propoxide, and surface carbon as the annealing
temperature is raised. At temperatures below 300 K two
peaks are observed in the C 1s XPS traces at approximately
283.4 and 285 eV. By analogy with the spectra presented in
Fig. 5, we assign the peak at 283.4 eV to the methyl carbons
of either a surface propyl moiety, a 2-propoxide species, or
molecular 2-propyl iodide, and the higher binding energy
peak to asecondary carbon in close interaction with an oxy-
gen atom. The similarity of the spectra in this temperature
range to those for 2-propanol in Fig. 5 leads to the con-
clusion that a 2-propoxide species is generated at or below
170 K, and that such a species survives to between 300 and
400 K. The XPS signal intensity ratio for the primary-to-
secondary carbons in the 170 K spectrum is 4.5: 1, not the
2:1 expected for 2-propoxide groups (31), but that can be
easily explained by the fact that the conversion of the io-
dide to 2-propoxide is not complete; only a fraction of the
alkyl iodide that reacts on this surface (a maximum of 50%o)
actually forms the alkoxide species. The ratio of the 283.7
to 285 eV peaks becomes closer to the ideal value of 2: 1 at
200 K, since almost all of the iodide that can react decom-
poses by this temperature, and most of the other products
formed by the parallel reactions of 2-propyl groups on the
metal, namely propane and propene, desorb.

Other data also support the proposal of a 2-propoxide
intermediate in the production of acetone: (i) The ISS sig-
nal for oxygen in the experiments with saturation alkyl
iodide coverages never returns to the initial value before
2-propyl iodide dosing, indicating that even after desorp-
tion of 2-propyl iodide, propane, and propene, some of the
atomic oxygen is still covered by other species, and there-
fore invisible by helium scattering; (ii) the thermal desorp-
tion of acetone from the 2-propyl iodide + O system re-
sembles that from 2-propanol + O; since it is well known
that alcohols form alkoxide groups at low temperatures
on most metals (31, 33), it is logical to conclude that the
chemistry seen in the 2-propyl iodide + O system is that
of 2-propoxide species; (iii) it is clear that the detection of
acetone in the TPD experiments reported here (whether
it involves the reaction of 2-propanol or 2-propyl iodide
with oxygen) is reaction limited, because acetone molecu-
lar desorption takes place at much lower temperature; (iv)
the oxidation of propene as the source of acetone in this case
can be ruled out by the absence of any acetone formation
from propylene coadsorbed with oxygen on clean Ni(100)
(Fig. 9); (v) the only acetone isotopomer that forms in TPD
experiments with the isotopically labeled CD3CHICDs is
the fully deuterated molecule, indicating that its formation
is the result of a B-hydride elimination step; and (vi) the de-
composition of alkoxide groups via a g-hydride elimination
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step to the corresponding aldehyde or ketone is well known
both in organometallic systems and on metal surfaces (31,
33).

The picture that emerges from the previous discussion is
one where a limited amount of propoxide groups are pro-
duced on the surface at the same time 2-propyl species are
formed from 2-propyl iodide on the nickel metal sites. The
2-propoxide species are believed to form at low tempera-
tures, soon after the C—I bond is cleaved, as long as the alkyl
halide molecule is adsorbed next to an oxygen atom. It is
not clear, however, if this occurs by a concerted reaction
between 2-propyl iodide and oxygen on the surface, or if
it is the result of two separate steps, a C—l bond scission
to propyl surface species followed by a migratory insertion
of oxygen atoms into the nickel-isopropyl bond. In either
case, the 2-propoxide must be formed by 200 K, because at
that temperature the remainder of the alkyl moieties con-
vert to either propene or propane on the metal, and the
unreacted alkyl iodide desorbs molecularly. The alkoxide
species then survives until temperatures around 350 K, at
which point they undergo a g-hydride elimination to yield
acetone. Finally, most of this acetone desorbs immediately
after being produced, but some must decompose instead,
because that is what is seen at high temperatures for ace-
tone on clean nickel, and because the C 1s XPS data in
Fig. 6 show that some carbonaceous species is left on the
surface after annealing to 400 K (although the identity of
those hydrocarbon moieties is not known).

Some additional comments are warranted regarding
the formation of acetone from 2-propoxide species on
O/Ni(100). First, when starting from 2-propanol, 2-prop-
oxide possibly forms by the abstraction of the hydroxyl
proton from the alcohol via the reaction

2-propanol/Ni(100) + O/Ni(100) —
2-propoxide/Ni(100) + HO/Ni(100),

and Fig. 9 shows that the conversion to acetone in this case is
much more efficient than if one starts with the alkyl iodide.
However, if water is coadsorbed during the oxidation of the
nickel surface, the acetone production yield from 2-propyl
iodide nearly doubles, and the TPD trace becomes almost
identical to that observed for the reaction of 2-propanol
with O, (data not shown). We are currently working to de-
termine the reason for this effect, but at this time we believe
that the hydroxyl layer that results from the coadsorption
of water and oxygen on the nickel surface resembles more
closely the system that is generated when one starts with
2-propanol.

Next, we compare the results reported here with the
work of Friend and co-workers (12) for the reactions of
ethyl and 2-propyl iodides on O/Rh(111). They found that
the production of total combustion products first increases
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with oxygen predoses but is then inhibited at high oxygen
coverages, and that a reverse trend is followed by the 8-
hydride and reductive elimination steps that yield ethylene
or propene and ethane or propane, respectively. Selective
oxidation to aldehydes or ketones is also seen at high oxy-
gen coverages, with yields of up to 40%; the alkyl iodides
were shown to remain intact until the temperatures at which
the olefin and the aldehyde/ketone are formed. In contrast,
the results reported here show that for the case of 2-propyl
iodide over Ni(100) complete oxidation of the hydrocarbon
is observed only at high oxygen coverages (on NiO films),
the same as on real Ni catalysts. Also, the yields for propane
and propene decrease monotonically with 6, in contrast to
the Rh(111) case. Finally, partial oxidation over the Ni(100)
surface occurs via the early formation of a 2-propoxide sur-
face species, which appears below 200 K but remains on
the surface until undergoing g-hydride elimination to form
acetone at around 350 K. We believe that the same alkoxide
intermediate may also undergo nonselective dehydrogena-
tion between 300 to 400 K, thus accounting for the relatively
low yield of the ketone in the Ni system.

One other difference was identified here between the Ni
and Rh systems, that is, the fact that not only ketones but
also aldehydes may desorb from the surface of the latter de-
pending on the nature of the original alkyl iodide species.
In the Ni case, on the other hand, no aldehyde product
desorbs from surfaces dosed with primary iodides. We do
believe that the partial oxidation mechanism described in
this paper for Ni(100) is general for primary and secondary
iodides, so that it is likely for primary alkoxide species to
form on the surface as well, but that either the alkoxides
or their corresponding aldehydes are very reactive and de-
compose on the surface right after being formed, before
desorbing. Alkoxide precursors to aldehydes have indeed
been found to be more reactive than those leading to ke-
tones on Pd(100) (33); here it was found that the primary
alkoxides produced by alcohol dehydrogenation decom-
pose completely to CO and H; on clean surfaces, but that
the reaction pathway could be altered in the presence of
oxygen such that aldehyde desorption was enhanced (37).
Work is currently under way in our laboratory to test the
general nature of the partial oxidation mechanism for alkyl
iodides on oxygen-covered Ni(100).

At this time it is useful to compare our results to those
obtained in catalytic reactions on supported Ni catalysts.
Nickel-supported catalysts are excellent materials for the
partial oxidation of methane to carbon monoxide and hy-
drogen (3). However, it has been established that the nickel
must be in its reduced form (Ni° in order for it to effec-
tively catalyze this reaction, because NiO (Ni*?) favors total
oxidation to CO; and H,O instead (38). Specifically, it has
been suggested that the NiC sites are responsible for the ini-
tial activation of CHg, and that not only must there be the
proper balance between Ni® and Oags on the surface (39),
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but that the lability of the adsorbed oxygen atoms on the
Ni or NiO catalyst surface controls the reaction pathway as
well: on reduced Ni the O,y are tightly bound and do not
catalyze CO oxidation, but on NiO they readily oxidize CO
to CO; (40). On the other hand, neither Ni nor NiO cata-
lysts are particularly useful for the direct partial oxidation
of longer-chain alkanes because they have the propensity to
promote nonselective dehydrogenation reactions which ul-
timately lead to total oxidation of the hydrocarbon (41, 42).
Nevertheless, NiO catalysts doped with alkali metals are
very good catalysts for the oxidative coupling of methane
to ethylene (and ethane), because the presence of the alkali
metal suppresses the total oxidation channel (2, 43). Stud-
ies conducted on typical coupling catalysts indicate that the
lattice oxygen is responsible for the C—H bond activation
necessary for oxidative coupling, but that adsorbed oxygen
leads to total oxidation of the hydrocarbon (44).

Using the information available in the literature, Kung
(45) has proposed that the mechanism for the oxidation
of alkanes to either alkenes (oxidative dehydrogenation)
or oxygenates (partial or total oxidation) involves com-
peting parallel reaction pathways, the selectivity of which
depends strongly on reaction conditions such as tempera-
ture and oxygen pressure. It is believed that the first step
for either pathway is the activation of a C—H bond in the
alkane, which is presumed to be rate-limiting, and which
leads to the formation of an alkyl unstable intermediate.
At high reaction temperatures this alkyl radical desorbs
and then reacts in the gas phase to yield olefins and/or
alkanes. At lower catalyst operating temperatures, on the
other hand, the alkyl species do not desorb but react on
the surface instead, to form either alkenes (via g-hydride
elimination) or alkoxides (via reaction with oxygen). The
alkoxide then undergoes surface partial oxidation to yield
products such as aldehydes, ketones, or alcohols, or total ox-
idation to COxand H,O. A series of studies by Solymosi and
co-workers on the partial oxidation of ethane to acetalde-
hyde and ethylene over vanadia (46) and molybdena (47)
catalysts provide excellent examples of some of the aspects
of the mechanism described above. Those reports propose
that a hydrogen from ethane is initially abstracted by the
O~ species associated with V5 or Mo™® sites, yielding an
ethyl radical which subsequently reacts with lattice oxygen
to form a surface ethoxide. Once the surface ethoxide is
formed, a second hydrogen abstraction from either the g
or the y positions results in the production of acetaldehyde
or ethylene, respectively.

Other literature examples have also shown that the re-
action intermediates as well a the role of lattice versus
adsorbed oxygen in these systems may vary with chang-
ing catalyst preparation procedures. For example, a recent
study has proved that BPO4-based catalysts mixed with var-
ious metal oxides, including those of Ni, Mg, Ca, Zn and
Co, display varying activities and selectivities for the direct
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partial oxidation of ethane to acetaldehyde and ethylene
(48). The NiO-BPO,4 mixed catalyst in particular has a high
selectivity for acetaldehyde production, but its overall ac-
tivity is quite low, and the total oxidation pathway consti-
tutes a major channel in this system. Basic metal oxides
such as CaO, CoO, and ZnO are in fact much better overall
catalysts, because although they display slightly lower se-
lectivities toward acetaldehyde, they possess a much higher
activity, and their selectivity for total oxidation is signifi-
cantly lower (about 5% versus 15% on NiO). The authors
of this work suggested that the initial step in the mechanism
for the conversion of ethane involves the activation of the
C-H bond on a lattice oxygen site in the BPO, portion of
the catalyst to form adsorbed C;Hs species bound to the B
atom, and that the more basic oxides promote this initial ac-
tivation step because they increase the basicity of the lattice
oxygens. The overall reaction scheme presumably involves
the rapid insertion of O, into the B—C,Hs bond and the sub-
sequent formation of either acetaldehyde or ethylene by -
or y-hydride elimination, respectively, from the resulting
adsorbed ethyl peroxide intermediate.

In this paper it has been shown that the product distri-
bution from the reaction of 2-propyl fragments with oxy-
gen on Ni(100) depends strongly on the coverage of latter
species on the surface, the same as on Ni-based supported
catalysts. Low 6o coverages, where Ni® and Ogqs coexist,
favor the direct partial oxidation of the 2-propyl species to
acetone, but propene formation is also observed; in light
of the results reported for both single crystals and sup-
ported catalysts, the latter is expected on any metal that
catalyzes g-hydride elimination. At the other extreme, high
6o coverages lead to the total oxidation of the hydrocarbon
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fragment to CO, and H,O. While we do not have enough
data to put forth a detailed mechanism for the total oxi-
dation of 2-propyl species on NiO/Ni(100), the reports on
the supported catalysts suggest that the oxide layer cat-
alyzesa 8-hydride elimination step to produce C3Hy species
with x < 7, and that those species ultimately dehydrogenate
completely to surface carbon and then become oxidized to
CO.. As with the various supported Ni catalysts described
previously, it was shown here that a balance between the
availability of metallic Ni sites and a proper 6o is required
to partially oxidize 2-propyl iodide to acetone. Specifically,
a sufficient number of free Ni sites are necessary to acti-
vate the C-I bond, a requirement similar to that for the
initial C—H bond activation, and to promote the g-hydride
elimination step that yields propene at low temperature
and acetone above 300 K. Indeed, after oxygen exposures
sufficient to saturate the Ni sites but not to oxidize the sur-
face (approximately 10.0 L O,), it was observed that both
C-I bond dissociation and g-hydride elimination reactions
are almost completely suppressed. Finally, 2-propyl iodide
is totally oxidized on the nickel oxide films studied in our
experiments, the same as in the case of methane oxida-
tion on NiO catalysts when the Ni is in its 42 oxidation
state. While there certainly are limitations in comparing the
results from real catalysts to those obtained in UHV, our
work has highlighted some of the same general trends ob-
served for supported Ni catalysts, and moreover, our data
fit nicely into the framework of the proposed mechanism
for the partial oxidation of alkanes, where the formation
of olefins and oxygenated hydrocarbons are the result
of competing reactions that start from a common alkyl
intermediate.
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SCHEME 1. Proposed reaction mechanism for the partial oxidation of 2-propyl iodide to acetone on Ni(100) surfaces precovered with less than 0.35

ML of atomic oxygen.
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5. CONCLUSIONS

The TPD, ISS, and XPS study presented above for
2-propy! iodide on oxygen-treated Ni(100) surfaces has
shown that all hydrogenation—-dehydrogenation and par-
tial and total oxidation reactions are available to 2-propyl
groups when coadsorbed with atomic oxygen on that nickel
surface. The mechanisms proposed for the hydrogenation—
dehydrogenation and partial oxidation pathways are sum-
marized in Scheme 1. The 2-propyl iodide adsorbs molecu-
larly at 100 K, preferentially on the metal sites, but the C-1
bond dissociates around 150 K (some unreacted 2-propyl
iodide desorbs below 200 K) and yields mostly 2-propyl
groups bonded to Ni atoms and a smaller amount of 2-
propoxide species. Propane and propene are then produced
around 225 K via g-hydride and reductive elimination steps
on the metal sites, respectively, while a small amount of
acetone is also produced above 300 K at saturation cov-
erages. Several pieces of evidence support the idea of a
low-temperature propoxide intermediate formation when
the propyl and oxygen reactants are close to each other on
the surface, and of acetone being produced via 8-hydride
elimination from those intermediates at higher tempera-
tures. Independent experiments were used to prove that
the 2-propoxide groups resulting from 2-propanol decom-
position on Ni(100) convert to acetone with kinetics similar
to that seen for 2-propyl iodide, and the absence of any ox-
idation of propene was shown as well. These experiments
demonstrate the viability for designing selective partial ox-
idation processes by optimizing both the active sites during
the preparation of the catalyst and the relative coverage of
the relevant species during the catalytic reaction.
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