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Abstract: The reactions of 2-propen-1-ol (allyl alcohol) were studied on clean and O-covered Mo(110) to
understand the effect of resonance stabilization and the presence of surface oxygen on reaction selectivity.
Propene is the only gaseous hydrocarbon product evolved from allyl alcohol reaction on O-covered Mo(110).
Water and dihydrogen are also produced, along with a small amount of adsorbed carbon. We estimated,
using X-ray photoelectron spectroscopy, that approximately 70% of the 0.11 ML of 2-propen-1-ol that reacts
forms propene. In contrast, the dominant reaction pathway on the clean surface is nonselective
decomposition to adsorbed carbon and hydrogen, leading to a 23% selectivity for propene formation. On
both clean and O-covered Mo(110), X-ray photoelectron spectroscopy and infrared spectroscopy identify
allyloxy as the reaction intermediate yielding propene. These results are discussed in the context of propene
oxidation and periodic trends in reactivity.

Introduction 2-propen-1-ol adsorbs reversibly. Covering the Ag(110) surface
with oxygen activates the allyl alcohol molecule, which produces
dihydrogen, water, acrolein, and allyl alcohol. An allyloxy
intermediate is proposéd. The same intermediate is also
proposed for the reaction of allyl alcohol on Rh(12hpwever,
CO and H are produced rather than hydrocarbons. On clean
and O-covered Cu(118)he reaction of allyl alcohol is proposed
to proceed to various oxymetallocycles in addition to allyloxide.
Propanal, acroleim-propyl alcohol, hydrogen, propylene, and
water are all evolved. From these examples, it is clear that the
selectivity of the reaction of 2-propen-1-ol varies substantially
with the identity of the surface and with the presence or absence
of oxygen; specifically, the activity of the surface for-€&
activation. The GO bond is retained in all cases, with the
exception of propylene evolution from Cu(110).

The present study examines the reactions of allyl alcohol on
) ) ) clean and O-covered Mo(110). Allyloxy forms on both clean

The reaction of 2-propen-1-ol has been studied previously ;4 5_covered Mo(110) as reported for Ag, Cu, and Rh. The
on Ag(110)>" Rh(111} and Cu(110}. On clean Ag(110),  gyong Mo-O bond enthalpy provides a thermodynamic driving
force for C-O bond dissociation. Hence,<© dissociation
occurs, yielding propene on both clean and O-covered Mo(110).
The selectivity for propene evolution also depends on the
presence of oxygen. Oxygen on clean Mo(110) decreases the
amount of allyl alcohol that reacts, whereas it increases the
selectivity. This is in direct opposition to the trend of oxygen

The reactions of radicals on surfaces form the basis of a wide
range of hydrocarbon processing applications, most notably
polymer synthesisWithin this realm, allyl radicals have gained
special attention for their role in olefin oxidation on bismuth
molybdates, IE and metal oxide catalysts' In addition, the
allyl radical is thought to be a key species in the reduction of
NOy by propene over the GtZSM-5 catalys® In both partial
oxidation and propene-assisted reduction ofyNOs proposed
that allyl radical forms an allyloxy intermediate. 2-Propen-1-ol
or allyl alcohol (HC=CH—-CH,—OH) provides a path to the
potentially important allyloxy intermediate and a means for
evaluating its subsequent reaction. In addition, the allyl alcohol
molecule provides more general insight into reactivity trends
associated with bifunctionality and with resonance stabilized
radicals.
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activation observed for Ag(110). On Mo(110), oxygen inhibits
C—H dissociation and most likely also blocks adsorption sites
for the allyloxy. The critical influence oxygen exerts over
selectivity and G-H bond dissociation is discussed in the
context of other Mo-catalyzed reactions, especially olefin
oxidation.

Experimental Section

All experiments were performed in two stainless steel ultrahigh
vacuum chambers that have been described in detail elsewffiére.
Briefly, the first chamber has a base pressure8fx 1071° Torr, and
it is equipped with a UTI 100c mass spectrometer, low-energy electron
diffraction (LEED) optics, and an X-ray photoelectron spectrometer
(PHI ESCA 5300) consisting of a Mg anode X-ray source and a

hemispherical electron energy analyzer. The second chamber has a base

pressure of+1 x 1071° Torr and is equipped with a quadrupole mass
spectrometer (UTI model 100C), an Auger electron spectrometer, low-
energy electron diffraction optics (LEED), and is interfaced with a
Fourier transform infrared spectrometer (Thermo Nicolet Nexus 670).

The oxygen overlayer was prepared by directed dosing@ft @00
K followed by heating (@/dt ~ 10 K/s) to 500 K. This procedure yields
an approximate coverage of 0.67 ML and saturates high coordination
sites without inducing oxygen dissolution into the biflBetween each
experiment, the crystal was cleaned by oxidation at 1200 K followed
by rapid heating to~2300 K to remove residual oxygen. Cleanliness
was confirmed by Auger electron spectroscopy and low-energy electron
diffraction.

Allyl alcohol (Aldrich, 99+%) was purified by multiple freeze
pump-thaw cycles prior to use each day. Allyl alcohol was dosed via
directed dosing with the crystal positioned mm away from the doser.
The dose was controlled by varying the exposure time to a constant
flux of reagent as measured by a background pressure increase of 1
107° Torr.

Temperature-programmed reaction data were collected in multiplex
mode, recording the signal of between four and eight masses per run.
All experiments were performed with the crystal biased-80 V to
avoid electron-induced reaction from the mass spectrometer filament.
Temperature was measured with a W/Re (5%/26%) thermocouple.

Radiative heating was used to achieve the temperature ramp to 800 K

(average di/dt ~ 10 K/s). Electron bombardment heating was used to
reach temperatures above 800 K (averaffetdv 20 K/s). The filament
was briefly flashed prior to temperature-programmed reaction data
collection to avoid recording artifacts of filament outgassing.

Infrared spectra were obtained at a crystal temperaturel@0 K.
The moving mirror path length was set to all@ 4 cn1? resolution.

ARTICLES
2
7] C;H OH
[ -
2 A\ (miz=57)
g
2 CH,
§ (m/z = 42)
[
£ ____471/\—\___
<
g H,0
& (m/z=18)
0
H,
(miz=2)
—WW%

100 200_300 400 500 600 700
Temperature (K)

Figure 1. Temperature-programmed reaction spectra for a saturation

coverage of 2-propen-1-ol on O-covered Mo(110). The shaded area indicates

fragmentation of 2-propen-1-ol. The heating rate-I K/s over the range

of the data.

Table 1. Mass Spectra Fragmentation of Products of
2-propen-1-ol Reaction on Mo(110) (1 x 6)-O and Clean Mo(110)2

m/z 29 m/z 39 m/z 41 m/z 42
products @ < Osa) 0 82 100 65
products after subtraction 0 85 100 64
of fragments from
2-propen-1-ol molecular
peak @ < multilayer)
products of 2-propen-1-ol 0 85 100 61
on clean Mo(110)
2-propen-1-ol 100 48 8 3
propene 1 82 100 63
ethene 100 0 0 0
acetaldehyde 100 0 4 10
cyclopropane 0 78 100 100

a All fragmentation patterns obtained from multilayer or physisorbed
cracking data for authentic samples. All masses normalized to their highest
intensity mass of the listed group.

Molecular desorption of 2-propen-1-ol from O-covered
Mo(110) also occurs between 180 and 275 K. Sublimation of
2-propen-1-ol multilayers is observed between 135 and 180 K
(data not shown). The minimum exposure necessary for multi-
layer sublimation (1 min foAP = 1 x 107%° Torr) is defined
as saturation coverage. The yields of propene, water, and
dihydrogen production are all at a maximum at this coverage.

Five hundred scans were collected per experiment, and data were re- At saturation coverage of 2-propen-1-ol, propene (42 amu)

corded using a liquid nitrogen-cooled MCT-A semiconductor photo-
diode detector.

Results

Temperature-Programmed Reaction Studies on O-
Covered Mo(110).Propene, water, and dihydrogen are evolved
during the reaction of 2-propen-1-ol on O-covered Mo(110)
(Figure 1). A small amount of the 2-propen-1-ol also decom-
poses completely, leading to the formation of CO in a broad
peak centered at+1000 K (data not shown). Approximately
0.03 ML of CO is evolved after nonselective decomposition.
This value was calculated by comparison to temperature-
programmed reaction data for clean Mo(110) saturated with
methoxy which yields~0.35 ML of CO13.14

(10) Xu, X.; Friend, C. MJ. Am. Chem. S0d 991, 113 6779-6785.
(11) Weldon, M. K.; Friend, C. MSurf. Sci 1994 310, 95-102.

(12) Queeney, K. T.; Friend, C. M.. Phys. Chem. B00Q 104, 409-415.
(13) Chen, D. A;; Friend, C. MJ. Phys. Chem. B997, 101, 5712-5716.
(14) Queeney, K. T.; Friend, C. M. Chem. Phys1998 109 6067-6074.

is evolved in an unresolved set of features beginning at 275 K,
concurrent with the cessation of molecular desorption. Propene
evolution continues up to 500 K. Propene was identified as the
only hydrocarbon reaction product based on quantitative analysis
of a comprehensive mass search between 2 and 86 amu. The
mass spectrometer fragmentation pattern obtained for the product
was compared to those for authentic samples of propene, ethene,
cyclopropane, and acetaldehyde (Table 1). Oxygenate products
were generally ruled out on the basis of the absencerofza

29 peak characteristic of oxygen-containing hydrocarbons.
Cyclopropane was ruled out on the basis of the measured
product ratiowz 41:m/z 42 of ~100:50, which is very different
from the ratio measured for an authentic sample of cyclopropane,
~99:100 (data not shown). There was no evidence §@pecies
since no peaks between masses 70 and 86 were detected. There
was also no evidence of CO or,ld4 on the basis of the
intensities of 26, 27, and 28 amu, which were consistent with
hydrocarbon production.
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Table 2. Mass Spectra Fragmentation of Products of

2-propen-1-ol Reaction on OD-Covered 0.66 ML O on Mo(110) C3HOH
(ml/z = 57)
mz39  miz40  miz4l  mizd2 E‘ A
products of 2-propen-1-ol 86 29 100 63 I C.H
reaction on OD covered £ 3"
Mo(110)-(1x 6)-O corrected g /-—\\("“54_2)_
for fragmentation from I
allyl alcohol andd;-propené 8 H,
propené 82 33 100 63 2 (miz=2)
2
aThe ratio ofdy propene tad; propene was 58:42.Propene fragmenta- g
tion pattern obtained from multilayer cracking data for authentic sample. &
All masses normalized to their highest intensity mass of the listed group. @
©
=
The possibility of gaseous allyl radical evolution was -
definitively ruled out on the basis of the fact that deuterium is 100 200 300 400 500 600 700
incorporated into the hydrocarbon produced from the reaction Temperature (K)

of 2-propen-1o0l in the presence of OD on O-covered Mo(110). Figure 2. Temperature-programmed reaction spectra for a saturation

OD was formed by condensing,D on the O-covered surface cover?]ge of 2-pr?p§n-3-ol clean on Mo(110). The heating ratel® K/s

at 100 K and subsequent brief heating to 300 K. Infrared °Ve"the range of the data.

spectroscopy was used to determine that this procedure yielded . . e .

aFo)Isorbed Op[))/ (data not shown). In the presencl?a of OD th):a ratioof the mass spectrometric data identified propene as described
} o ) " for the O-covered surface (Table 1).

of 42:43 changes from-100:2 to~3:1, whereas the ratio of

42:44 remains 1:0. All masses between 39 and 44 amu were zr,ope”e |s”evol\i/<e.d L?] broad feaf\ture b;':\(/ve;.ﬂBO—A,ZSOTI;,
monitored in these experiments (Table 2). As such, it is clear and in a small peak in the range of 45850 K (Figure 2). The

. . . o 9
that propene incorporates a single deuterium when it is formed lower temperature feature accounts f694% of the propene

on the surface containing OD. Indeed, all intensity of the masses{?rlmed' R'lo'fatflly,ttr?eoonset of gmpine e\fI_Orl]utIOS IsI ntearly 100t
between 39 and 43 is accounted for by a mixturdebropene ower than for the fJ-covered surface. 1he absolute amoun

andd;-propene for reaction on the OD-covered surface (Table of propene evolved is roughly c'omparable on the clean and
2). If allyl radical were evolved, then there would be un- O-covered surfaces. Preadsorption of deuterium on Mo(110)

accounted for intensity in the/z 41 channel. Notably, to within prior to a saturation exposure of 2-propen-1-ol produces a mass

the error of our measurement, there is no extra intensity/m _Sh'ft associated with '”CorpF’"?‘“O” of a s_mgle deuterium atom
a1 in the product based on a similar analysis as performed for the

h v oth Latil d dihvd q O-covered surface (data not shown). In additiop, HD, and
The only other vo at_' € pro ucts are dihydrogen and water. D, are evolved. The observation that only one deuterium is
H, (2 amu) desorbs in a single peak from 450 to 600 K.

A ¥ ; 18 | b 500 and incorporated in the propene product suggests that there is no
SST)mP? amount of water (18 amu) evolves between and reversible G-H bond activation of the propene-producing

_ ) intermediate.

Temperature-Programmed Reaction Studies on Clean Dihydrogen formation occurs via two distinct processes, as
Mo(110). The reactions of 2-propen-1-ol on clean Mo(110) are gjgnified by peaks centered at 375 and 550 K (Figure 2). The
analogous to those on the O-covered surface; however, thegsg i peak is approximately twice as intense as the 375 peak,
selectivity for propene production is lower, and the overall \yhich is the reverse of the observed peak intensity ratio for H
reactivity is higher. Furthermore, no water is produced. On clean desorption from clean Mo(110) (data not shown). The additional
Mo(110), the predominant reaction pathway for 2-propen-1-0l jtensity of the second hydrogen peak in the reaction of
nonselective decomposition is signified by C_O desorption at 2-propen-1-ol on Mo(110) indicates that hydrogen from non-
~1000 K. The amount of CO evolved at high temperature ggjective decomposition contributes strongly to this pathway,
(~1000 K) is~0.17 ML, or~6 times more than the O-covered  hjle hydrogen recombination accounts for most of the intensity
surface, as calibrated against the CO evolution from a methoxy- of the first peak.
saturated surface:* X-ray Photoelectron Spectroscopy Studies on O-Covered

Propene, molecular alcohol, and; Hlso evolve during Mo(110). X-ray photoelectron spectroscopy data of 2-propen-
temperature-programmed reaction (Figure 2). As the amount 1.o| on O-covered Mo(110) at 100 K provides evidence for two
of 2-propen-1-ol exposed to the surface is increased, muItiIayersspeCies with intact €0 bonds assigned to 2-propen-1-ol and
sublime at 180 K (data not shown), with the minimum exposure 2-propenoxide (allyloxide). The O(1s) region was fit with
required for mUItilayer sublimation defined as saturation. features due to atomic oxygen (5309 and a broad sattelite at
Molecular 2-propen-1-ol (57 amu) desorption is concentrated 532 5) and two overlapping peaks at 533.0 and 533.8 eV (Figure
between 180 and 225 K. The cessation of most of the molecular3a, Table 3). The peaks at 533.0 and 533.8 eV are assigned to
alcohol desorption at 225 K is-50 K lower than on the  the oxygen of alkoxide and alcohol, respectively, via comparison
O-covered surface, and the amount of molecular alcohol evolvedtg reference dat¥ The large peak at 530.9 eV is due to the
is ~50% of the amount evolved from the O-covered surface. \o—0 species of the underlying oxygen layer, assigned via
No carbon-containing products other than propene and 2-propen-comparison to the spectrum of as-prepared oxygen overlayer

1-ol were detected in a comprehensive search of all massesyjith 0.67 ML of oxygen. The corresponding C(1s) data are also
between 2 and 80 amu during temperature-programmed reaction

of a saturation exposure of 2-propen-1-ol. Quantitative analysis (15) Serafin, J. G.; Friend, C. Msurf. Sci 1989 209, L163—L175.
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Figure 3. X-ray photoelectron data for 2-propen-1-ol on O-covered Figure 4. X-ray photoelectron data for 2-propen-1-ol on Mo(110). (a) C(1s)
Mo(110). (a) O (1s) and (b) X-ray photoelectron data for 2-propen-1-ol on and (b) O(1s) spectra measured after adsorption of a saturation coverage
O-covered Mo(110). (b) C (1s) spectra measured after adsorption of a adsorbed at 100 K: (i) as deposited; and heated to: (ii) 250 K, (iii) 300 K,
saturation coverage adsorbed at 100 K: (i) as deposited; and heated tojv) 400 K, and (v) 760 K. The heating rate used was 10 K/s. All spectra
(if) 300 K; (iii) 500 K; and (iv) 760 K. The heating rate used was 10 K/s.  were obtained after cooling t8100 K.

All spectra were obtained after cooling 16100 K.

- -1- - 0, ivi
Table 3. Peak Fits for O (1s) Region of X-ray Photoelectron 2-propen-1-ol on O-covered Mo(110) hag0% selectivity for

Spectroscopy Data for 2-propen-1-ol on O-covered Mo(110)ab propene formation. The amount of carbon from nonselective
100 K decomposition is less than the spectrometer detection limit of
binding energy (eV) 533.8 533.0 530.9 0.07 ML (Figure 3biii, iv)
area 24 3.2 9.9 X-ray Photoelectron Studies on Clean Mo(110)X-ray
assignment alcohol alkoxide M photoelectron spectroscopy data indicates that the majority of
o 300 K C—0 bonds of 2-propen-1-ol remain intact upon adsorption at
glrrétzng energy (eV) 232'9 1%32'9 100 K on clean Mo(110) on the basis of the preponderance of
assignment oc Mo—0O intensity above 286 eV in the C(1s) region (Figure 4). There is
500 K no detectable atomic oxygen at 100 K in the O(1s) region,
binding energy (eV) 530.9 indicating little if any C-O dissociation (Figure 4).
area 125 As the surface is heated from 250 to 400 K, there is clear
assignment Me O

evidence for C-O bond scission: a peak due to atomic oxygen

binding energy (6V) 5;?)09}( appears at 531 eV and intensity near 284 eV grows (Figure
area g enery 116 4a,b). Nevertheless, there are some intacObonds remaining
assignment Me-O after heating to 300 K, based on the persistence of peaks around

533 and 287 eV. After heating to 400 K, there is no evidence
for intact C-0O bonds in the X-ray photoelectron spectra (Figure
consistent with intact €0 bonds at 100 K, based on the 4a’Tti])é amount of oxygen deposited through 2-propen-1-ol
substantial intensity above 286 eV (Figure 3b). reaction on clean Mo(110) is estimated to-b@.22 ML, based

By 300 K, the high binding energy portion of the O(1s) peak on the integrated area of the O(1s) peak for atomic oxygen
(533.8 eV) disappears, suggesting that all intact alcohol desorbsmeasured after heating a saturation dose of 2-propen-1-ol to
or undergoes ©H bond cleavage. MeO from the oxygen 760 K. The integrated area of the atomic oxygen peakd§%
overlayer (530.9, 532.5 eV) and-® in the alkoxide (533.0  of that for the as-prepared oxygen overlayer with a coverage of
eV) remain visible in the O(1s) region. The intensity in the C(1s) 0.67 ML. Since temperature-programmed reaction data in-
region diminishes consistently with the observation of desorption dicate that no oxygenates leave the surface between 100 and
in temperature-programmed reaction. 760 K, the amount of 2-propen-1-ol that reacts on clean

The O(1s) data indicate that there are no intaetGCbonds Mo(110) is also~0.22 ML, or approximately double the amount
after heating 2-propen-1-ol on O-covered Mo(110) to 500 K. that reacts on the O-covered surface. Comparison of the area
Only the Mo—O peak at 530.9 eV and the associated shoulder of the C(1s) peak at 760 K to that of the C(1s) region of a
remain. Heating to 760 K does not significantly change the reference spectrum of 0.25 ML CO on Mo(110) yields an
binding energy of this feature; however, the formation of water estimate of the amount of carbon deposited from 2-propen-1-
between 500 and 550 K leads to a decrease in the integratedl reaction of~0.5 ML. Since each alcohol molecule undergoing
intensity of~7% (Figures 1 and 3a; Table 3). Comparison of complete decomposition yields three carbon atoms and one
the O(1s) peak from the 760 K spectrum to that of a reference oxygen atom, it follows that 0.17 ML of 2-propen-1-ol
spectrum for 0.66 ML of O on Mo(110) indicates that the decomposes nonselectively, i.e. there-i83% selectivity for
reaction deposits approximately 0.10 ML of oxygen. Since no propene formation.
oxygenates other than water leave the surface, 0.10 ML is Reflectance Absorbance Infrared Spectroscopy Studies on
approximately the amount of 2-propen-1-ol that reacts. Tem- O-Covered Mo(110).2-Propen-1-oxy (allyloxy) is identified
perature-programmed reaction data indicate that the amount ofas the predominant intermediate prior to the formation of
nonselective decomposition is 0.03 ML. Hence, the reaction of propene on the basis of reflectance absorbance infrared spectra

aArea in 10 ctseV/s.b Satellite peaks are not included.

J. AM. CHEM. SOC. = VOL. 125, NO. 43, 2003 13255
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Figure 6. Infrared spectra after adsorption of 2-propen-1ol on Mo(110) in
the regions between (a) 850700 cnt! and (b) 2808-3200 cnt (i)
multilayer coverage; (ii) saturation coverage at 100 K; and (iii) saturation
coverage heated to 300 K. All spectra ratioed to the surface heated to 760
K. The heating rate is the same as in temperature-programmed reaction.
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Energy (cm™)
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Energy (cm'1 )

Figure 5. Infrared spectra collected after adsorption of 2-propen-1ol on
O-covered Mo(110) for regions between (a) 8300 cnt! and (b) 2806
3750 cnt®: (i) as deposited at 100 K; and after heating to: (i) 300 K; and
(iii) 500 K. All spectra were obtained at100 K and are ratioed to data
obtained after heating to 760 K.

1000
Energy (cm'1)

Table 4. Vibrational Assignments of 2-propen-1-oxy on Clean and
O-Covered Mo(110)2 and Comparison to 73-Allyl from Allyl
Bromide on Cu(100)

No hydrocarbon intermediates are detected on the surface at
500 K using infrared spectroscopy. Th@—H) mode at 3553

0-covered clean -allyl on cm1is the only feature visible in the spectrum of allyl alcohol
vibrational mode Mo(110) Mo(110) Cu(100)* annealed to 500 K (Figure 5). This feature’s intensity decreases
po(CH) 995 - 995 as aresult of a decrease in the coverage stemming from reaction
¥(CCClym 968 968 968 to form propene and water. There is a 25 @énfrequency
CH. out-of-plane wag 947 945 948 decrease observed between 300 and 500 K.
CH; out of plane wag 930 933 937 .
»(C—0) 897 897 - Reflectance Absorbance Infrared Spectroscopy Studies on
Pu(CH2) - - 886 Clean Mo(110).Reflectance absorbance infrared spectroscopy
aData collected after heating to 300 K and then cooling to 100 K for of 2-propen-1-ol on clean M0(1.10) . prowdes_ evidence for
scant® 2-propenoxy as a common reaction intermediate for propene

formation on both the clean and O-covered surfaces. After
annealing to 300 K, the 897 crh 933, 945, and 968 cm
features, identified on the O-covered surface as 2-propenoxy
modes, are visible on the clean surface (Figure 6). Since X-ray
photoelectron spectroscopy suggests that there may be other
hydrocarbon species present on the clean surface at 300 K, there
may be contributions to these peaks due to other intermediates.
As expected, the(O—H) mode is also absent from the clean
surface spectrum, indicating that its formation requires surface
oxygen.

in conjunction with the conclusion that there are intact@
bonds on the surface up to 300 K. Features attributed to
2-propen-1-oxy at 931, 949, and 968 chare present in the
infrared spectrum obtained after heating to 300 K, past the
temperature of most molecular alcohol desorption products
(Figure 5, Table 4). These are the signature out-of-plane wagging
and C-C—C symmetric stretching modes of the allyl skeleton
as previously observed fge-allyl on Cu(110) (Table 4)6 The
peak at 897 cmt is assigned primarily to the(C—0O) of
2-propenoxy, although it is likely to couple to skeletal modes
on the basis of analysis of density functional theory calculations piscyssion
and gas-phase spectra for the related molecule, 3-buteA?1-ol. o
Furthermore, a similar peak with a stronC—0) component ~ Our re_sults mt_zhca_tte that allyl alcphol forms an allyloxy
has been identified using isotopic labeling for 2-buten-1-oxy Ntermediate beginning at 100 K which then decomposes by
on O-covered Mo(110% The »(C=C) at 1653 cm! and C—0 bond scission and-€H bond fqrmatlon to yield gas-phase
y(=C—H) at 3078 cml, expected for 2-propenoxy, are Propene above 200 K. The evolution of propene from allyloxy

observed at 100 K for the saturation coverage spectrum (FigurelS the reverse of propene oxidation; hence, our studies of the
5). After heating to 300 K, these features are no longer visible "€&ction of 2-propen-1-ol provide insight into this partial
above the noise. The lack ofC=C) is most likely due to low ~ ©Oxidation proces&>~2!

surface concentration, but it is also possible that the surface The partial oxidation of propene entails the loss of hydrogen
intermediate reorients so as to reduce the component of theby the olefin followed by formation of a €0 bond, the reverse
dynamic dipole perpendicular to the surface, thus decreasing®f the formation of propene from 2-propen-1-oxy. Whether the
the intensity. In addition to the 2-propenoxy modes, the 300 K reaction runs forward toward propene formation or in reverse

spectrum contains a feature at 3578 érassigned to/(O—H) toward oxygenate evolution, it is likely to proceed through the
of adsorbed hydroxyl. same allyloxy and transient allyl radical intermedigtesideed,
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the low temperature for €0 dissociation of allyloxy relative The temperature required for reaction also plays a strong role
to, for example, 1-propoxy~200 K versus 375 K-correlates in determining selectivity as seen by comparison of the reactions
with the difference in their respective homolytic-© bond of 2-propen-1-ol and 2-propen-thiol on Mo(110). For allyl
strengths and is therefore consistent with formation of a transientalcohol on clean Mo(110), the selectivity for propene formation
radical?® Homolytic bond dissociation in methoxy bound to is ~23%, less than half the selectivity observed for 2-propen-
O-covered Mo(110) has been directly observeBurther, the thiol on clean Mo(110%2 Both species initially react through
balance between the rates of-8, C=C, and C-O activation X—H (X = O or S) bond cleavage, yielding allyloxy from
determines the selectivity of the reaction in both directions. As 2-propen-1-ol and 2-propen-thiolate formation for the sulfur
in the reaction of 2-propen-1-ol studied herein, the selective analogue. The carbersulfur bond in 2-propenthiolate is weak
oxidation of propene requires a balance in terms of oxophilicity enough to allow substantial-<S bond activation by 120 K and
of the surface. On catalysts in which the lattice oxygen is weakly propene formation from 160 to 250 K. In contrast, the majority
bound and hence highly reactive, total oxidation is favored over of C—0O bonds of allyloxy remain intact at 120 K with some
partial oxidatior?! Partial oxidation occurs more readily on persisting on the surface up to 400 K leading to propene
catalysts in which the oxygen is more tightly bound and hence evolution, which continues through 550 K. The generally higher
less reactive toward €H and G=C activation?! However, if temperature of €0 versus C-S bond activation allows the
the surface binds oxygen too tightly, oxygenates are not likely allyloxy intermediate to persist on the surface to higher
to be evolved® In the industrial production of acrolein and temperatures than for the 2-propenthiolate intermediate. At these
acrylic acid from propene, water vapor is added to the reaction higher temperatures,-€H and C-C bond activation, to yield
mixture to improve selectivity® It is thought that the role of  nonselective decomposition products, effectively competes with
water is two-fold: it maintains a high oxidation state for the propene evolution.
catalyst, preventing the formation of strongly bound oxygenates, Finally, the rate of G-H bond formation after €0 bond
and it blocks active sites which would otherwise lead to total scission-the reverse of the first step in propene activation
oxidation to CQ.25 In addition, adsorbed OH from water may also affects the selectivity for propene formation from 2-propen-
prevent indiscriminant €H bond dissociation. 1-ol. After homolytic bond cleavage, hydrogen must be trans-
In our model studies and related work on single-crystal ferred from the surface or from adsorbed OH to the allyl radical
metals, we likewise observe the balance among the various typegor propene evolution to occur. The rate of hydrogen transfer
of bond activation as a determinant for reaction selectivity. depends on H availability (a function of hydrogen coverage and
Molybdenum metal is highly oxophilic and thus can readily diffusion rate) and also on the strength of bonding to the surface.
activate O-H and C-0O bonds, accounting for the high overall The need for carbonhydrogen bond formation decreases the
rate of reaction on clean Mo(110). However, clean Mo also selectivity for propene formation from 2-propen-1-ol below what
induces facile €H and C-C bond dissociation, which leads one would expect from its low €0 bond strength. In fact, the
to nonselective decomposition. The presence of surface oxygenselectivity for propene formation from 2-propen-1-ol on clean
on Mo(110) mitigates €H bond activation, resulting in greater  Mo(110) is lower than for 1-propanol and 2-propanol on clean
selectivity for propene formation and less nonselective decom- Mo(110)2>27 These results suggest that the presence of adsorbed
position on O-covered Mo(110). This is true even though the OH, possibly due to addition of water, would promote propene
Mo is still nearly zerovalent. In addition, the reactivity decreases, formation from allyloxy. The same reasoning indicates that
possibly due to a decrease in OH bond activation as a result ofadsorbed OH would inhibit propene dissociation.
site blocking by oxygen. In other words, the alkoxide competes
with oxygen for high coordination sites. This phenomenon of
passivation of the Mo surface by oxygen has also been observed The reactions of allyl alcohol on clean and oxygen-covered
on other surfaces, e.g. for ethyl and 2-propyl formed from ethyl Mo(110) proceed through an allyloxy intermediate which either
iodide and 2-propyl iodide on Rh(1133. yields propene or nonselective decomposition. The selectivity
In contrast, oxygen has the opposite effeat activating for propene formation is found to increase with oxygen
bonds-on less reactive surfaces that have been studied. Forcoverage, illustrating the mitigating effects of oxygen on
example, Ag(110) does not induce 2-propen-1-ol reaction, but nonselective reaction of the hydrocarbon framework. Further,
oxygen on Ag(110) activates allyl alcohol allowing for acrolein the selectivity for propene formation decreases withGCbond
formation®’ The inert nature of Ag(110) and Cu(100) also cleavage temperature.
allows for C-C bond coupling rather than-€H bond dissocia-
tion in related systems. For example, 1,5-hexadiene is formed
from allyl bromide on Cu(100% and allyl chloride on Ag(1103.

Conclusions
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