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obtained diffusivity of the order of m2 s-I is in satisfactory 
agreement with the results of previous uptake experiments. 
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Competition between C-O and 1-C-H Bond Scission during Deoxygenation: The 
Reactions of 1-Propanol on Mo( 110) 
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Department of Chemistry, Haruard University, Cambridge, Massachusetts 021 38 (Received: January 2, 1992; 
In Final Form: February 25, 1992) 

The reactions of 1-propanol on Mo( 1 10) were investigated using temperature programmed reaction and high resolution electron 
energy loss and X-ray photoelectron spectroscopies. 1-Propanol forms 1-propoxide upon adsorption on Mo( 110) at 120 K. 
An intensity analysis of the vibrational data indicata that the C 4 l  bond vector is nearly perpendicular to the surface. Vibrational 
data also suggest that the C-O bond is weakened in 1-propoxide relative to 1-propanol. The 1-propoxide intermediate is 
stable up to 375 K, at which point it decomposes via three competing pathways: deoxygenation and dehydrogenation to 
form propene, the major hydrocarbon product; C-0 bond hydrogenolysis to afford propane; and nonselective decomposition 
to gaseous dihydrogen, surface carbon, and surface oxygen. The reaction of isotopically-labeled 1-propanol shows that only 
the C-H bond at the 2 position (y to the metal and fl  to the oxygen) in 1-propoxide is broken during propene formation. 
Carbon-oxygen bond scission is proposed to limit the rate of propene elimination. Conversely, dehydrogenation at the 1-carbon 
of 1-propoxide is proposed to limit the rate of nonselective decomposition. At the maximum coverage of 1-propoxide, -60% 
of the adsorbed 1-propoxide forms hydrocarbons, whereas -40% nonselectively decomposes. The reactions of 1-propanol 
are compared with 2-propanol and 1-propanethiol in an effort to delineate the controlling factors in deoxygenation kinetics, 

Introduction 
The reactions of oxygen-containing molecules are of great 

importance due to their presence in feedstocks and in adhesive 
materials. They also serve as models for the microscopic reverse 
of Fisher-Tropsch synthesis. The reactions of primary and sec- 
ondary alcohols have been previously observed to have widely 
different reaction kinetics. On Fe( loo), primary alcohols formed 
a stable alkoxide.' In the reaction of ethanol, ethoxide underwent 
competing C-C and C-O bond scission along with nonselective 
decomposition. On the other hand, added steric interactions of 
the second methyl group in 2-propanol were proposed to account 
for the fact that 2-propoxide is not formed on Fe( 100); acetone 
was the major product.' On W( 11 l), both primary and secondary 
alcohols formed surface alkoxida which underwent 1-C-H bond 
scission forming an acyl intermediate.a3 The C-C bond adjacent 
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to the oxygen is cleaved in the acyl intermediate yielding ethylene 
and CO from 1-propanol. However, acetone, methane, and CO 
were the major products formed from 2-propanol reaction on 
Pd( 11 1). Slower kinetics for C-C bond scission in the acetone 
intermediate were proposed to account for the different product 
 distribution^.^.^ 

Previously, the reaction of 2-propanol was investigated on 
Mo( 1 lo)? The 0-H bond in 2-propanol is cleaved upon ad- 
sorption to form a 2-propoxide intermediate. 2-Propoxide is stable 
up to -350 K, where it undergoes C-O and 2-C-H bond scission 
to form propene as the major product. C 4  bond hydrogenolysis 
to form propane is also a minor pathway. Nonselective decom- 
position to atomic carbon, oxygen, and gaseous dihydrogen is also 
a competing process. There was only a minor kinetic isotope effect 
in the reactions of various selectively deuterated 2-propanol iso- 
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topomers to eliminate propene. Thus, the rate-limiting step was 
proposed to be C-O bond cleavage. This result was in direct 
contrast to reactions of alcohols on mid- and latetransition metals, 
such as Cu( 110) and Ag( 1 lo), where the kinetic stabilities of 
alkoxides have been correlated with the strength of the C-H bond 
on the carbon bound directly to ~ x y g e n . ~ - ~  Importantly, on 
late-transition metals, C-O bond retention in alcohols is seen for 
all cases except for the reaction of methanol on Pt(1 lo).* 

In an effort to learn more about the controlling factors in 
alkoxide deoxygenation on Mo( 1 lo), the reaction of 1-propanol 
was studied on Mo(l10). In this study, carbon-oxygen bond 
scission in 1 -propanol is compared to 2-propanol in order to discern 
the effect of alkyl substitution on deoxygenation kinetics and 
selectivity. 

Experimental Section 
Experiments were performed in two different ultrahigh vacuum 

chambers with base pressures of 1.5 X Torr. Both have been 
described in detail One chamber was used for X-ray 
photoelectron and temperature programmed reaction experiments, 
while the other was used solely for high resolution electron energy 
loss experiments. The Mo( 110) single crystal was prepared as 
described previously.I0 A heating rate of 15 f 1 K/s was used 
in all temperature programmed reaction experiments unless 
otherwise noted. 

The electron energy loss spectrometer was operated at a primary 
electron energy of 3 eV and had a spectral resolution of 50-80 
cm-l [6.5-10 meV]. The resolution varied because of the distinctly 
different surface reflectivities for monolayer and multilayer 
coverages. The spectra were collected both off- and on-specular 
directions as noted in the text. Fourier transform infrared spectra 
of the gas-phase 1-propanol isotopomers were collected on a 
Nicolet 800 system. 

Mass spectrometry was used to identify the products formed 
during temperature programmed reaction. Propene was identified 
as the product of 1-propanol reaction based on the m/e 41:mle 
42 ratio of 1.6:1.0, which is identical to that measured for an 
authentic sample of propene in our mass spectrometer within 
experimental error. The fragmentation patterns of propene-d, 
and propene-d3 were also determined in order to clearly identify 
the products derived from the isotopically-labeled 1-propanols. 
For propene-dz, the relative ratios of m/e 42,43,44, and 45 were 
measured to be 0.42: 1.00:0.78:0.03, while for propene-d,, the 
relative intensities of mle 43, 44, and 45 were 0.69:1.04:1.00. 

1-Propanol was obtained from Fischer with 99+% purity and 
used without further purification. l-Propanol-l,l-d, (99% D), 
1-propanol-2,2-dz (98.5% D), and 1-propanol-3,3,3-d3 (99% D) 
were purchased from MSD Isotopes and used as received. The 
alcohols were purified by successive freezepumpthaw cycles 
before use each day, and their purity was confirmed by mass 
spectrometry. Propene-d2 (99.7% D) was purchased from MSD 
Isotopes, and propened3 (99% D) was purchased from Cambridge 
Isotope Laboratories; both were used as received. Directed dosing 
of the crystal at a crystal temperature of 120 K was used in all 
cases so that the chamber pressure remained below 3 X Torr 
during dosing. Oxygen (Matheson, Extra Dry, 99.6%) was used 
to clean the crystal after temperature programmed reaction. 

Results 
I. Temperature Programmed Reaction of 1-Propanol on 

Mo(1lO) at Saturation Exposure. Propene is the primary hy- 
drocarbon product during reaction of 1-propanol on Mo( 110) 
(Figure 1). A minor amount of propane is also produced. 
Nonselective decomposition to adsorbed carbon, oxygen, and 
gaseous dihydrogen is the third competing pathway. All masses 
between mle 2 and 80 were monitored during the reaction of 
1-propanol; propene, propane, and H, were the only detectable 
gas-phase reaction products. Condensed layers of 1 -propanol 
sublime at -185 K, evident as the sharp peak in the mle 31 
spectrum (Figure 1). There is a tail on the 1-propanol peak that 
extends to -400 K but no desorption above 400 K. No other 
oxygen-containing or  hydrocarbon products were detected. 
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Figure 1. Temperature programmed reaction data obtained during re- 
action of 1-propanol at saturation exposure on Mo(l10). Multiplication 
factors refer to the uncorrected relative intensity of the masses shown. 
Propene and propane formation from temperature programmed reaction 
of l-propanol-l,l-d2 (solid lines) and I-propanol-2,2-d2 (dotted line) are 
shown in the inset. The parent ions are shown for all products formed: 
mle 43, propened,; m/e 44, propene-d2; and m l e  46, propaned2. None 
of the data are corrected for fragmentation. The fragmentation of pro- 
pane to 41 amu accounts for -1% of the intensity. 

Propene formation commences at -375 K and continues until - 560 K. The product is identified as propene, not cyclopropane, 
based on the m/e 41:m/e 42 ratio of 1.6. Propane formation also 
commences at -375 K, reaching a maximum at 425 K and 
continuing to evolve in a tail reaching up to -525 K. The amount 
of propene formed relative to propane is estimated to be -6:1," 
compared to -2O:l for the reaction of 2-propanol on Mo( 110). 

The rate of gaseous propene evolution at 420 K is limited by 
the rate of reaction, not by the desorption of propene. Propene 
desorbs at temperatures below 300 K, both when adsorbed on 
initially clean Mo(l10) or when coadsorbed with alcohols on 
Mo(l10) (data not shown)! In contrast, propene is evolved above 
300 K during 1-propoxide decomposition. 

Dihydrogen formation commences at -350 K and goes through 
two maxima at 425 K (&) and 555 K (&) (Figure 1). The ratio 
of the &:@, areas is -1.6:l for the reaction of 1-propanol on 
Mo(l10). The maximum of the dihydrogen peak is essentially 
identical to the maximum of the propane peak. 

No deuterium is incorporated into the propene formed during 
temperature programmed reaction of a mixture of 1-propanol and 
deuterium on Mo( 1 10); only propene-do is detected. The lack 
of deuterium incorporation into the propene product demonstrates 
that no reversible C-H bond activation occurs during propene 
formation and is consistent with a unimolecular decomposition 
to form propene. Only one deuterium was incorporated into the 
propane formed, no propane-d2 or higher deuterated propanes were 
detected. 

One of the 2-C-H bonds is selectively cleaved during the 
elimination of propene from 1-propanol on Mo(ll0) based on 
temperature programmed reaction of 1 -propanol- 1,l -dz, -2,2-d2, 
and -3,3,3-d3. Propene-dl is the sole propene product formed 
during temperature programmed reaction of 1 -propanol-2,2-d2 
(data not shown). There is a minor mle 44 signal from the 
reaction of l-propanol-2,2-dz on Mo(l10); however, this intensity 
is due entirely to contributions from the propaned2 and propened, 
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TABLE I: Integration of 8, and p2 Wydrogen Peak8 in the 
l-Prop8ool htopomersY 

&:B2 peak ratios 
molecule H2 HD Dz 

1 -propanol- 1,l -d2 2.1 1.7 1.2 
1 -propanol-2,2-d2 1.8 1.4 1 .o 
1-propanol-3,3,3-d3 2.3 1.1 0.4 
1-propanol 1.6 

formed.12 Similarly, propene-d2 is formed during temperature 
programmed reaction of 1 -propanol- 1,l -d2: No propene-d, is 
detected based on comparison of the fragmentation patterns for 
the product and that previously measured for a propened2 sample. 
Likewise, the reaction of 1-propanol-3,3,3-d3 exclusively produced 
propene-d3, indicating that no methyl C-H bonds are broken 
during propene formation. 

There is a relatively small kinetic isotope effect for the kinetics 
and yields of propene for 1 -propanol- 1,l -d2, but none measurable 
for the other isotopically-labeled 1-propanols.” Temperature 
programmed reaction of the isotopically labeled 1 -propanoh 
showed that for l-propanol-l,l-d2, the kinetics and relative amount 
of propene formation were increased relative to 1-propanol-2,2-d2 
(Figure 1 inset). The kinetics for propene formation during the 
reaction of 1-propanol-2,2-d2 on Mo(l10) are identical to 1- 
propanol-3,3,3-d3 and l-propanol-do within experimental error 
(data not shown). There are also no major differences in the 
propane formation kinetics for the other three isotopes. 

The selective labeling experiments also demonstrate that 1-C-H 
bond scission commences near 350 K. Since 1-C-H(D) breaking 
does not afford propene, any B1 dideuterium produced from 1- 
propanol-1 ,1-d2 must be from nonselective decomposition. All 
dihydrogen isotopes are evolved more slowly from 1 -propanol- 
1,1-d2 than from 1-propanol-2,2-d2. These data suggest that 
dehydrogenation at the 1-position is more rapid than at the 2- 
position. 

The isotopic distributions for 8, and B2 dihydrogen suggest that 
1-C-H bond scission is more facile than 2-C-H bond cleavage 
in 1-propanol adsorbed on Mo( 110). Furthermore, 3-C-H bond 
breaking is shown to be the least rapid. The relative amounts of 
the j3, and B2 peaks for H2, HD, and D2 for the three different 
selectively-labeled 1-propanols indicate the relative kinetics for 
1,2, and 3 dehydrogenation (Table I). The Bl dihydrogen peak 
contains contributions from the alcoholic proton, nonselective C-H 
bond scission, and selective 2-C-H bond breaking to yield propene. 
The peak arises completely from nonselective dehydrogenation. 

Carbon-hydrogen bond breaking in the methyl group is the 
slowest and primarily occurs above 475 K as is demonstrated by 
the ratio of 8,- to B2-D2 of 0.4 in the reaction of 1-propanol-3,3,3-d3 
(Table I). The &-D2:B2-D2 ratio is highest for 1-propanol-1,l-d2, 
indicating that 1 -dehydrogenation is most facile. Selective deu- 
teration at the 2-position yields an intermediate value for the ratio, 
indicating that it occurs at an intermediate rate. The &:f12 ratios 
cannot be analyzed in more detail since they envelope a convolution 
of competing processes. 

II. X-ray Photoelectron Spectroscopy. X-ray photoelectron 
data are stong evidence that 1-propoxide is the major surface 
species up to the onset of hydrocarbon formation on Mo(l10) 
(Figure 2). These data are consistent with formation of 1- 
propoxide at 200 K, above the multilayer sublimation temperature, 
and its persistence up to the onset of propene formation. 

X-ray photoelectron spectra of 1 -propanol multilayers were 
obtained as reference data (Figure 2a(i)). The C(1s) spectrum 
for 1-propanol multilayers was fit with two peaks at 287.7 and 
286.3 eV in a ratio of 1:2. These peaks are respectively assigned 
to the carbon bound to oxygen and to the other two carbons in 
1-propanol. The 1.4 eV energy difference between the peaks is 
consistent with that expected for molecules containing C-O 
bonds.I4 The values are also in good agreement with those 
measured for 2-propanol on Mo( 1 10) ! 

One major O(1s) peak with a binding energy of 534.1 eV is 
observed for 1-propanol multilayers (Figure 2b(i)), and is in 
agreement with those measured for 2-propanol multilayers. The 

I 

203.1 I ( a )  
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290 280 288 204 202 200 

I ( 630.1 

I 632.2 I 

I l l , ,  

638 634 632 630 620 

Blnding Energy ( eV ) 
Figure 2. (a) O( 1s) and (b) C( 1s) X-ray photoelectron spectra obtained 
after adsorbing 1-propanol multilayers on Mo( 110) at 120 K followed 
by (i) no annealing, (ii) annealing to 300 K, (iii) annealing to 400 K, (iv) 
annealing to 500 K, and (v) annealing to 750 K. The spectra were 
collected after the surface was cooled to 120 K. 

small peak at 532.2 eV is ascribed to 1-propoxide in the first layer. 
X-ray photoelectron data unequivocally show that the majority 

of C-O bonds remain intact when 1-propanol is heated to 300 
K and are consistent with cleavage of the ( t H  bond to generate 
1-propoxide on the surface (Figure 2b(ii)). A single O(1s) peak 
at 532.2 eV is observed after annealing multilayers of 1-propanol 
to 300 K. 

C(1s) X-ray photoelectron data are also consistent with the 
presence of a 1-propoxide intermediate at 300 K (Figure 2b(i)). 
Notably, there is little or no intensity near 283 eV, the binding 
energy expected for atomic carbon. The C(1s) peaks are not 
resolved when 1-propanol multilayers are annealed to 300 K there 
is a broad peak with a full width at half-maximum of -2 eV 
centered at -285 eV, which is a convolution of more than one 
carbon environment. These data are similar to those obtained 
for 2-propoxide on Mo(llO)! The splitting of the two peaks due 
to the inequivalent carbon environments in 1-propoxide may be 
smaller than for intact 1-propanol, which may account for the 
lack of resolution of two peaks. The broad peak may also envelope 
peaks due to hydrocarbon fragments, or an oxymetallacycle, which 
would have binding energies between 284 and 285 eV.15 

Carbon-oxygen bond cleavage commences as 1-propoxide is 
heated above 350 K, the temperature required for propene for- 
mation. Upon heating, the O(1s) peak attributed to 1-propoxide 
attenuates and a peak at 530.1 eV, due to atomic oxygen, grows 
(Figure 2b(iii)). Only atomic oxygen is detected after heating 
1-propanol multilayers to 500 K. A new C(1s) peak also appears 
at -283  eV after heating to 400 K, indicating that some non- 
selective decomposition has occurred. 

After annealing to 750 K, only atomic carbon and oxygen are 
present on the surface. One peak with a binding energy of 283.1 
eV is detected in the C( 1s) spectrum, which is ascribed entirely 
to atomic carbon. Similarly, the only oxygen-containing species 
left on the surface is atomic oxygen with a binding energy of 530.1 
eV. 

After reaction of 1-propanol to 750 K, the C:O peak area ratio, 
determined after correction for atomic sensitivity factors, is 
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TABLE II: Vibrational Assimments for 1-homnol  (in cm-’] 
gas-phase on M O ( ~ ~ O )  
I-propanol I-propanol multilayers 1 -propoxide 

3667 v(0-H) 3190 v ( 0 - H )  
2952 v(C-H) 2930 v(C-H) 2900 v(C-H) 
1462 Sa(CHp) 1450 6,(CH3) 1440 Sa(CH3) 
1390 6,(CH3) 1380 8,(CH3) 1380 S,(CH3) 
1226 S(0-H) 
1064 v(C-0) 1060 v(C-0) 990 v(C-0) 
970 p(CH3) 
893 890 v,(CC) 890 v,(C-C) 

730 T(CH2) 

470 S(CCO), S(CCC) 380 S(CCO), S(CCC) 
580 v(meta1-OR) 

TABLE IIk Vibrational Assignments for Isotopically-Labeled 
1-Propoxide on Mo( l l0 )  (in cm-’) 

-do -1,l-d2 
2900 2915 

2125 
1440 1460 
1380 1372 

1080 
990 975 
890 
580 580 
380 400 

-2,2-d2 
2940 
2190 
1450 
1380 

980 

590 
380 

1195, 820 

-3,3,3-d3 
2900 
2200, 2090 
1440 

1090 
1350, 1440 

990 
1090 
590 
390 

1.16:l.OO. Since carbon leaves the surface only in the form of 
C3-hydrocarbons and no gaseous oxygen-containing products are 
evolved, this ratio is a measure of the relative amount of nonse- 
lective decomposition to hydrocarbon formation. Accordingly, 
-60% of the 1-propoxide forms hydrocarbons while the remaining 
-40% nonselectively decomposes. The saturation coverage of 
1-propoxide is determined to be 0.35 monolayer based on the O(1s) 
intensity relative to an ordered oxygen overlayer on Mo( 110) with 
a coverage of 0.45 monolayer.I6J7 

III. High Redution Electron Eaersy Lass Spectroscopy. High 
resolution electron energy loss data confm that the major surface 
species up to the onset of hydrocarbon formation is 1-propoxide. 
The v(O-H) mode disappears after annealing 1-propanol mul- 
tilayers to 300 K, and there is a large increase in the intensity 
of the loss assigned as the v(C-0) mode at -980 cm-I. Otherwise, 
only minor changes of the vibrational spectrum compared to 
1-propanol multilayers are observed. The electron energy loss data 
shown in Figures 3 and 4 are summarized in Tables I1 and I11 
along with gas-phase infrared assignments. Four different iso- 
topomers of 1-propanol were studied, but spectra are only shown 
for 1-propanol-do and -d3. Spectra and gas-phase data for the 
other cases are available as supplementary material. Due to the 
inherent superior resolution in the infrared data, only the most 
intense features in the gas-phase data are included in Table 11. 
All assignments are consistent with the observed shifts of the modes 
induced by isotopic labeling of the 1-propanols, which were es- 
sential in assigning the various losses in the electron energy loss 
spectra. 

Reference spectra of condensed layers of 1-propanol have a 
prominent loss associated with the v(0-H) mode at 3190 cm-I, 
as well as losses characteristic of 1-propanol (Figures 3 and 4; 
Tables I1 and 111). The frequency of the v(0-H) mode agrees 
well with previous studies of 2-propanol on Mo(l10) (3225 cm-l)! 
As the methyl v(C-H) modes are shifted down in the spectrum 
of 1-propanol-3,3,3-d3 and the peak is more clearly resolved, the 
v(0-H) mode is observed at 3230 cm-’ (Figure 4a). The lower 
0-H stretch frequency in 1-propanol multilayers compared to the 
gas phase is attributed to hydrogen bonding. The other losses are 
in good agreement with those calculated and observed for gas and 
tiquid-phase l-propano118 and for 1-propanol adsorbed on Pd(l1 l);3 
only the salient features are described below. 

The losses at - 1380 and 1450 cm-‘ in the electron energy loss 
spectra of 1-propoxide, assigned as the 6,(CH3) and Sa(CH3) 

I I I I I 

0 1000 2000 3000 400C 

Energy Loss ( om-’) 

F i e  3. High resolution electron energy loss spectra for (a) condensed 
1-propanol at 120 K, (b) condensed 1-propanol annealed to 250 K, and 
(c) condensed 1-propanol annealed to 800 K. 
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Figure 4. High resolution electron energy loss spectra for (a) condensed 
1-propanol-3,3,3-d3 at 120 K and (b) condensed 1-propanol-3,3,3-d3 
annealed to 250 K. 

modes, have different relative intensities compared to condensed 
1-propanol (Figures 3a.b and 4a,b). We attribute the intensity 
redistribution to a preferred orientation in 1-propoxide as compared 
to a more random orientation distribution for condensed 1- 
propanol. Off-specular measurements show that these modes arise 
mainly from dipole scattering. 

The losses at - 1380 and 1450 cm-l, Figures 3a and 4a, also 
contain contributions from the methylene wags and bends as is 
evident from the residual intensity in this region in the spectrum 
of 1-propoxide-3,3,3-d3 for which the 6(CD3) modes are shifted 
to 1090 cm-’ (Figure 4a). The methylene bend and wag modes 
have been observed at these frequencies for gas-phase l-propanol.’* 
The contributions of the wag and bend modes to the intensities 
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of the peaks at 1380 and 1450 cm-' are minor, however, as is 
clearly evident from comparison of their intensities in Figure 4b 
to the total intensity in this region from the deformations, bends, 
and wags in 1-propanol-do (Figure 3b). The weak features in the 
spectrum of 1-propoxide-3,3,3-d3 at 1440 and 1350 cm-' are 
assigned as the CHI bend and wag, respectively.18 Upon deu- 
teration, these modes are shifted down to - lo00 ~ m - l , ' ~  but, due 
to their weak intensity, they are not resolved. The demonstrated 
weak intensity of the CH2 bending and wagging modes allows us 
to assign most of the intensity at 1380 and 1440 cm-l to the methyl 
deformation modes. 

The loss in the range of 1050-1070 an-', observed for condensed 
layers of all isotopomers except for l-propanol-l,l-d2, is assigned 
as a combination of the v(C-C), v(C-0), and p(CH3) modes 
(Figures 3 and 4a).20 These assignments are in agreement with 
those observed for 1-propanol on A1203.11 The assignment of 
the v(C-0) mode in this region is preferred rather than an as- 
signment at -971 cm-'.I8 Assigning the peak at -1060 cm-' 
is consirtent with the assignment of C-0 stretches in alcohols made 
elsewherezz and compares better with what has been observed for 
other alcohols on Mo( 1 lO)?vZ3 

The intense loss in the 1-propoxide isotopomer spectra at 
975-990 cm-' is assigned as the v(C-0) mode (Figures 3b and 
4b). This loss also contains contributions from other losses in- 
cluding the p(CH3) and p(CH2) modes in the various isotopomer 
spectra. However, the strong intensity combined with the 
downshift make the assignment unequivocal. Consistent with the 
assignment, off-specular data demonstrate that this loss is strongly 
dipolar in nature; i.e. the loss is strongly peaked close to the 
specular direction. The strong intensity and high dipolar nature 
has been seen previously for the v(C-0) mode in alkoxides on 

The new loss observed upon formation of the 1-propoxide in- 
termediate in the region of 580-590 cm-' is assigned as the 
v(meta1-R) mode. This is in good agreement with values re- 
ported for methoxide and 2-propoxide on Mo( 1 10).49z3 As for 
2-propoxide this loss is strongly dipolar in nature, as determined 
by off-specular experiments. 

Some weak losses are observed in the region between 1500 and 
2700 cm-' in the spectra of 1-propanol isotopomers. In the 
spectrum for 1-propoxide-do, the loss at - 1980 cm-' is assigned 
as a double loss of the very intense v(C-0) mode (Figure 3b). 
The other weak features at - 1600 and - 1820 m i l  are tentatively 
assigned as a combination of the v(C-0) mode stretch with other 
v(meta1-R) and v,(C-C) modes (Figure 3b). Similar assign- 
ments can be made for the other isotopomers. 

The v(C-0) mode is still present in an electron energy loss 
spectrum of 1-propanol annealed to 400 K along with the other 
modes observed at 300 K. A new loss at 600 cm-' is assigned as 
a u(metal-O) s t r e t ~ h . ~ , ~ ~  Its intensity increases as a function of 
temperature, in accord with temperature programmed reaction 
data in which hydrocarbons and nonselective decomposition 
products are formed beginning at about 350 K; both reactions 
deposit oxygen on the surface. 

Electron energy loss, Auger electron, and X-ray photoelectron 
spectroscopies show that atomic carbon and atomic oxygen are 
left on the surface after reaction to 750 K. No losses are seen 
that can be attributed to C-C, C-O, or C-H modes in high 
resolution electron energy loss spectra. The losses seen at 420 
and 600 cm-I, Figure 3c, are assigned to a combination of 
v(meta1-C) and v(metal-O) modes. 

Discussion 
We propose that propene elimination and nonselective dehy- 

drogenation arise from competition between C-0 bond breaking 
and dehydrogenation at the 1-carbon in 1-propoxide (Figure 5). 
High resolution electron energy loss and X-ray photoelectron data 
clearly indicate that the 0-H bond is broken upon adsorption at 
120 K and that 1-propoxide is the major intermediate present on 
the surface when hydrocarbon formation commences. At reaction 
saturation (0.35 monolayer), -60% of the 1-propoxide inter- 
mediates proceed on to hydrocarbon formation, while the re- 

~ o ( i  10).4,*3 

The Journal of Physical Chemistry, Vol. 96, No. 12, 1992 5067 

GH, GH, GH,OH 

( I20 K 1 0-H Bond Solsslon 

O H  u 

1-C-H Bond 
C leavege 

C-H Bond (40 X )  

Format ion ?i-+ HZ 

C-0 Bond 
Cleavage (60 7: 1 

2 - C-H Bond 

So I s s l o n  

c c c o  
Hz 4 4 u 

0 0 
L A  

Figure 5. Proposed reaction scheme for the reaction of 1-propanol on 
Mo(l10) at saturation exposure. 

maining 40% undergo nonselective decomposition to atomic 
carbon, oxygen, and gaseous HZ. Temperature programmed re- 
action of isotopically-labeled 1 -propanol demonstrates that de- 
hydrogenation at the l-carbon commences near 350 K, the same 
temperature regime necessary for propene elimination. 

Besides aiding in the identification of the 1-propoxide inter- 
mediate, the high resolution electron energy loss data provide 
evidence that the C-0 bond is oriented near the surface normal 
(Figure 5). The relative intensities of the 6,(CH3) and 6,(CH3) 
modes are used to estimate the orientation of the methyl gr0up.~3*~ 
Importantly, off-specular measurements establish that dipole 
scattering predominates for both of these modes, so that the dipole 
selection rule can be applied and the contributions of the CH2 
wag and bend are minor. The 6,(CH3) dynamic dipole moment 
is oriented along the C-C axis, while the S,(CH3) dynamic dipole 
moment is oriented perpendicular to it. Hence, the dipole con- 
tribution to the intensity of the symmetric mode should dominate 
for nearly perpendicular orientations of the methyl group with 
respect to the surface, whereas the asymmetric mode should be 
more intense for orientations more nearly parallel to the surface. 
Experimentally, the 6,(CH3) mode is considerably more intense 
than the 6,(CH3) mode, indicating that the methyl group is ori- 
ented nearly normal to the surface.26$z6 Hence, the C-O bond 
is inferred to be nearly perpendicular to the surface, assuming 
that the carbon centers retain sp3 hybridization and tetrahedral 
bond angles. This assumption is warranted based on the corre- 
spondence in assignments for 1 -propoxide and 1 -propanol (Table 
11). A similar analysis for 2-propoxide likewise indicated a 
perpendicular C-0 bond o r i en ta t i~n .~~  A more in-depth study 
will be published ~epara te ly .~~.  

With the knowledge that 1-propoxide is the major surface 
intermediate, isotopic labeling methods clearly establish key 
features of the reaction mechanism; in particular, selective 2-C-H 
bond breaking is shown to lead to propene formation. A similar 
selectivity has been observed during propene formation from 
2-propoxide? The selectivity for dehydrogenation at the 2-position 
suggests that C-O bond breaking precedes dehydrogenation in 
the formation of propene. Facile dehydrogenation at the 1- not 
the 2-position is expected when there is an intact C-0 bond since 
the presence of the electronegative oxygen atom lowers the ho- 
molytic C-H bond strength at the 1-carbon. Indeed, selective 
1-dehydrogenation is observed for alkoxide reactions in which the 
C-0 bond is retained, such as acetone formation from 2-propoxide 
on Rh( 11 1)-p(2X1)4Y7 or acetaldehyde formation from ethanol 
on Cu( 1 If the C-0 bond is broken prior to dehydrogenation, 
the preference for dehydrogenation at the 1-carbon is removed 
and dehydrogenation at the 2-position is anticipated. The lack 
of a significant kinetic isotope effect in the rate of propene for- 
mation upon deuteration of the 2-carbon substantiates the assertion 
that C-0 bond breaking limits the rate of propene formation and 
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that dehydrogenation at the 2-carbon rapidly follows. 
Although the 1-C-H bonds are not cleaved along the path for 

propene formation, facile 1-C-H bond cleavage does occur during 
nonselective decomposition. Indeed, the enhanced selectivity for 
propene formation from 1 -propanol- 1,l -d2 indicates that the rate 
of 1-C-H bond scission controls the rate of nonselective reaction. 
Since propene is formed exclusively via 2-C-H bond breaking, 
1-C-H(D) bond scission must result in nonselective decomposition. 
The selectivity for dehydrogenation at the 1-position suggests that 
it precedes C-O bond breaking and that it is the rate-limiting step 
for nonselective reaction. Accordingly, the relative rates of 
dehydrogenation at the 1-carbon and C-O bond breaking will 
dictate the selectivity for nonselective decomposition versus propene 
elimination. The rate of 1 -C-D bond cleavage in 1 -propanol- 1,l -d2 
will be slower than for the 1-propanol-do, for example, while the 
rate of C-O bond cleavage is the same. Therefore, the yield of 
propene should be greater for 1-propanol-1,l-d2 than for 1- 
propanol-2,2-d2, -3,3,3-d3, or -do, as is observed experimentally 
(Figure 1 inset). 

High resolution electron energy loss data also provide evidence 
that the C-O bond in I-propoxide is weakened due to the in- 
teraction with Mo( 110). The loss at 990 cm-' in the electron 
energy loss spectra of 1-propoxide is assigned as the u(C-0) mode. 
This corresponds to a downshift in energy of -75 cm-I from the 
gas-phase value of 1064 cm-I. Previously, C-O bond weakening 
in 2-propoxide was suggested based on the C-O stretching fre- 
quency of -890 cm-I compared to a value of 1072 cm-' in 2- 
propanol. The frequencies quoted are for saturation coverages, 
which are the same for the two isomers within experimental error. 
The frequency of this mode suggests that there is less C-O bond 
weakening for 1 -propoxide compared to 2-propoxide on Mo( 1 10) 
The origin of this difference is not known and requires theoretical 
studies. 

The relative values of the C-O stretch in 1- and 2-propoxide 
are consistent with their relative reactivities. Propene elimination 
occurs more rapidly during the reaction of 2-propoxide than 1- 
propoxide. On the basis of these data and the assumption that 
the C-O stretch frequency is related to the bond strength, the C-O 
bond in 1-propoxide adsorbed on Mo(l10) is stronger than its 
geometric isomer, 2-propoxide. Weakening of the C-O bond is 
expected to facilitate hydrocarbon formation; therefore, C-O bond 
breaking is expected to occur more readily in 2-propoxide than 
for 1-propoxide, as is experimentally observed. Due to coupling 
of v(C-0) to other modes in both 1- and 2-propoxide, a more 
detailed analysis is not possible. Theoretical studies are necessary 
to probe for the degree of C-O bond weakening upon adsorption 
for the two cases. 

The relative kinetics of propene formation from 2-propoxide 
and 1-propoxide do not correlate with the strength of the C-H 
bonds that are broken during propene formation. The C-H bond 
in the methyl group of 2-propoxide, a primary carbon, is expected 
to be harder to cleave than the C-H bond in the methylene group 
of 1-propoxide, a secondary carbon;29 hence slower kinetics for 
propene formation from 2-propoxide would be predicted based 
on C-H bond strength in contrast to experimental results. 

In addition to the difference in the initial rate of propene 
formation observed for reaction of the propoxide isomers, propene 
is formed from I-propoxide over a much wider temperature range 
and with lower selectivity than for 2-propoxide. Propene is formed 
over a range of -150 K for 1-propoxide (Figure 1) compared 
to 80 K for 2-propoxide and the selectivities for propene elimination 
are 60 and 70% respectively for the 1- and 2-isomers. The broad 
range of reaction rates for 1-propoxide may arise from the de- 
position of significant amounts of surface oxygen and hydrocarbon 
fragments during nonselective decomposition. During the reaction 
of 2-propoxide, nonselective decomposition does not commence 
until propene formation has reached a maximum rate. This is 
probably due to the more rapid kinetics for 2-propoxide deoxy- 
genation and accounts for the higher selectivity. In contrast, C-O 
bond cleavage is intrinsically slower in 1-propoxide so that non- 
selective decomposition occurs in the same temperature range as 
propene formation. Oxygen is deposited during both nonselective 

reaction and propene elimination, and surface oxygen has been 
shown previously to stabilize adsorbed alkoxides on Mo( 1 10) with 
respect to nonselective decompo~i t ion .~~.~~ The presence of hy- 
drocarbon fragments may also alter reaction kinetics, such as 
propene formation, although this has not been explicitly inves- 
tigated. 

The proposed rate-limiting C-O bond cleavage in the deoxy- 
genation of alkoxides on Mo( 1 10) is analogous to the desulfur- 
ization of thiolates on Mo( 110). The relative kinetics for hy- 
drocarbon production during thiolate reaction suggest that C-S 
bond breaking controls the rate of desulfurization. For example, 
the tertiary thiol, terr-butyl thiolate forms isobutene and isobutane 
via C-S bond cleavage at lower temperature than hydrocarbon 
formation from reaction of primary thiols.31 

The specific comparison of 1-propanol and 1-propanethiol, its 
sulfur-containing analogue, substantiates the argument that C-O 
and C-S bond breaking control their respective rates of reaction. 
1-Propanethiol produces 1-propyl thiolate upon adsorption at 120 
K on Mo( 1 10).32333 The same gaseous products, dihydrogen, 
propene, and propane, are produced from both 1-propoxide and 
1 -propyl t h i ~ l a t e . ~ ~  However, the temperatures required for C-S 
bond cleavage are substantially lower than for C-O bond cleavage. 
1-Propyl thiolate undergoes C-S bond cleavage to form gaseous 
products at -250 K, -100 K lower than that required to cleave 
C-O bonds in 1-propoxide. Since a C-O bond is -20 kcal/mol 
stronger than a C-S bond, the faster kinetics for the thiolate 
decomposition are consistent with the relative strengths of C-S 
and C-O bonds. Hence, the selectivity is higher for propane 
formation in the reaction of 1-propyl thiolate than that in 1- 
propanol. 

In addition to the relative strengths of the C-S and C-O bonds, 
a decreased mobility of adsorbed hydrogen on the surface may 
play a role in decreasing the rate of hydrogen addition to 1- 
propoxide. We have observed that the kinetics for hydrogen atom 
recombination are altered by the presence of oxygen-containing 
intermediates, including 1-propoxide, suggesting that the inter- 
action of hydrogen with the surface is altered. Dihydrogen re- 
combination occurs at 425 K during the reaction of 1- and 2- 
propanol on Mo( 1 lo), compared to 350 K on a clean Mo( 110) 
surface. On the other hand, dihydrogen recombination commences 
at 300 K during the reaction of 1-propyl thiolate, 50 K lower than 
recombination of dihydrogen on Mo( 1 Although the origin 
of this difference is unknown, the same effects at work in de- 
creasing the rate of hydrogen atom recombination may play a role 
in hydrogen addition to the 1-propoxide intermediate. 

Conclusions 
1-Propanol reacts via three competing pathways on Mo(l10): 

deoxygenation and dehydrogenation to form propene (major 
product), C-O bond hydrogenolysis to form propane, and non- 
selective decomposition to gaseous dihydrogen, surface carbon, 
and surface oxygen. The reaction of isotopically-labeled 1 - 
propanols shows that dehydrogenation only occurs at the 2-carbon 
during propene formation. Secondly, 1-C-H bond scission, leads 
to nonselective decomposition at 375 K. Electron energy loss data 
indicate that the C-O bond is weakened in the 1-propoxide in- 
termediate, however, not as much as previously seen for 2-propanol. 
In fact, 1-propanol reacts more slowly than either 2-propanol or 
1-propanethiol. These differences in reaction kinetics are at- 
tributed, in part, to the stronger C-O bond in the 1-propoxide 
intermediate as compared to the 2-propoxide and 1-propyl thiolate 
intermediates, with C-O bond scission being the rate-limiting step. 
Orientational analysis using electron energy loss data provides 
evidence for the C-O bond vector being nearly normal to the 
surface. 
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A method for obtaining kinetic parameters for hydrocarbon surface reactions with FTIR is described and demonstrated for 
two Cz surface species. The surface species resulted from initial dares of either CzH, or CzD4 on Ni/AlzO3, which was precovercd 
with H(D), at 195-240 K. Kinetic parameters were obtained by observing characteristic infrared band intensities of the 
adsorbed species as a function of time at constant temperature. The decomposition of a*-ethylene and the formation of 
ethylidyne were well modeled by a second-order expression of the form rate = KCA2. A H-D isotope effect was observed 
for both the surface reactions signifying the importance of C-H(D) scission and formation reactions in the rate-limiting 
step. The activation energies for the decomposition of a*-C2H4 and a*-CzD4 on Ni/AlZO3 were found to be 7.9 and 10.2 
kcal/mol, respectively. For the formation of CCH3 and CCD3 on Ni/AlzOp, activation energies of 5.1-8.7 and 4.3-6.4 kcal/mol 
were found, respectively. Preadsorbed hydrogen, high ethylene doses, and ethylene-metal bond strengths may have contributed 
to the second-order formation of ethylidyne on Ni/AlZO3. 

Introduction 
Numerous studies of small, unsaturated molecules, such as 

ethylene and acetylene, have been conducted over transition-metal 
surfaces to identify the adsorbed structures and to characterize 
the changes in adsorbed species with changes in temperature. 
These studies can help understand the factors that influence 
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activity and selectivity and serve as a model for understanding 
larger hydrocarbon molecules that contain unsaturated bonds. By 
measurement of the rates of surface transformations, kinetic 
parameters can be determined. Comparisons can then be made 
to the kinetic parameters of related catalytic reactions and to 
theoretical predictions. 

One of the most studied surface reactions is the formation of 
ethylidyne (CCH3) from the adsorption of ethylene. Many dif- 
ferent techniques have been used to determine the kinetic pa- 
rameters. For example, on Pt( l l l), the ethylidyne formation 
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