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The decomposition reactions of acetaldehyde and ethanol on the Rh(111) surface were compared 
in temperature-programmed desorption (TPD) and high-resolution electron energy loss spectros- 
copy (HREELS) experiments. The decarbonylation of acetaldehyde produced methane at 267 K in 
TPD. The selectivity to methane was dependent on the initial coverage of acetaldehyde. For 
acetaldehyde coverages less than 0.05 monolayer, no methane was desorbed, but for a coverage 
that saturated the first layer, methane was produced with 50% selectivity. Coadsorbing deuterium 
with a low coverage of acetaldehyde resulted in the enhancement of methane production. This 
result indicates that the selectivity to methane was partially controlled by the availability of hydrogen 
atoms on the surface required to hydrogenate the hydrocarbon species produced by acetaldehyde 
decarbonylation. Monodeuterated methane was the primary methane product observed after these 
coadsorption experiments. Thus it was concluded that acetaldehyde decarbonylates via a methyl 
migration mechanism on the Rh(111) surface. Decarbonylation of ethanol did not produce methane. 
The absence of methane production indicated that the decomposition of ethanol on the Rh(111) 
surface did not proceed via dehydrogenation to adsorbed acetaldehyde, but instead, ethanol ap- 
peared to dehydrogenate by methyl hydrogen abstraction resulting in the formation of an oxametal- 
lacycle. Since this proposed intermediate rapidly dehydrogenated to carbon monoxide and surface 
carbon, it was difficult to characterize spectroscopically. The existence of an ethanol decomposition 
pathway that does not include acetaldehyde intermediates indicates that ethanol formation on 
supported Rh catalysts may not be the result of acetaldehyde hydrogenation. Support for ethanol 
synthesis pathways that both do and do not include acetaldehyde can be found in previous studies 
of ethanol formation on supported Rh catalysts. This surface science study has allowed the identifi- 
cation of some of the factors that may control the selectivity of higher oxygenate decomposition/ 
synthesis pathways. © 1991 Academic Press, Inc. 

INTRODUCTION 

E t h a n o l  and  a c e t a l d e h y d e  f o r m a t i o n  f rom 
CO and  H 2 on s u p p o r t e d  r h o d i u m  ca t a ly s t s  
has  been  the sub jec t  o f  s eve ra l  s tud ies .  Ta-  
keuch i  and  K a t z e r  (1) sugges t ed  tha t  C O  
inse r t ion  into  m e t h y l e n e  mo ie t i e s  on  the sur- 
face  was  the  p ivo ta l  s t ep  in e thano l  fo rma-  
t ion on  Rh/TiO2 ca t a ly s t s .  T h e y  p r o p o s e d  
the  f o r m a t i o n  o f  a su r face  k e t e n e  spec i e s  on  
the  bas i s  o f  i so top ic  s c r ambl ing  o f  l abe l ed  
CO dur ing  e thano l  fo rma t ion .  The i r  pro-  
p o s e d  m e c h a n i s m  p r o v i d e d  a p a t h w a y  to 
e thano l  tha t  d id  no t  inc lude  a c e t a l d e h y d e  
i n t e r m e d i a t e s  bu t  p r o c e e d e d  v ia  a d s o r b e d  
v iny l  a l coho l  and  e t h y l e n e  ox ide  spec ies .  
The  m e t h o d  o f  i so top i c  labe l l ing  was  a lso  
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used  by  Or i t a  et al. (2) to s u p p o r t  the  conc lu -  
s ion tha t  e thano l  was  no t  the  p r o d u c t  o f  
a c e t a l d e h y d e  h y d r o g e n a t i o n  in syngas  r eac -  
t ions  on  Rh/S iO2.  T h e y  s u g g e s t e d  tha t  the  
f o r m a t i o n  o f  c a r b o x y l a t e  spe c i e s  on  the  sup-  
po r t  p l a y e d  a ro le  in the  f o r m a t i o n  o f  e tha -  
nol.  A R h / S i O  2 c a t a l y s t  was  s t ud i e d  b y  Jack -  
son  et al. (3) w h o  a lso  s h o w e d  tha t  e t ha no l  
was  not  the  p r o d u c t  o f  a c e t a l d e h y d e  h y d r o -  
gena t ion  in the  CO plus  H 2 r eac t ion .  Th is  
c o n c l u s i o n  was  b a s e d  on  the  o b s e r v a t i o n  
tha t  e thano l  and  a c e t a l d e h y d e  e x h i b i t e d  dif- 
fe ren t  e x t e n t s  o f  i so top i c  i n c o r p o r a t i o n  f rom 
l abe l e d  c a r b o n  m o n o x i d e .  T h e y  p r o p o s e d  
that  a c e t a l d e h y d e  was  f o r m e d  v ia  an  a c e t y l  
i n t e r m e d i a t e ,  whi le  e t ha no l  was  f o r m e d  v ia  
an  a lkox ide - l i ke  i n t e r m e d i a t e  tha t  was  
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bonded through both the oxygen and the 
methyl carbon, forming an oxametalla- 
cycle. In contrast, Underwood and Bell re- 
cently concluded that acetaldehyde was in- 
deed hydrogenated to ethanol by supported 
rhodium catalysts in the syngas reaction (4). 
This conclusion was based on two sets of 
experiments. They showed that ethanol pro- 
duction was favored over acetaldehyde by 
longer residence times, indicative of a se- 
quential reaction leading to ethanol via an 
acetaldehyde intermediate. They also dem- 
onstrated that adding acetaldehyde to the 
feed stream enhanced the production of eth- 
anol. The evidence for acetaldehyde hydro- 
genation was most dramatic for Rh on La203 
catalysts, but some hydrogenation was also 
indicated for SiO2-supported catalysts. 

There have been a number of mechanisms 
proposed for ethanol and acetaldehyde pro- 
duction on supported rhodium catalysts 
which include intermediates such as ke- 
tenes, carboxylates, alkoxides and alde- 
hydes. The role of the support in determin- 
ing the reaction pathways is unclear. The 
selectivity of rhodium catalysts used for CO 
hydrogenation has proven to be quite sensi- 
tive to the identity of the support/promoter. 
This sensitivity was first shown by Ichikawa 
(5). He reported that rhodium supported on 
ZrO2, TiO2, or La203 produced primarily 
ethanol; rhodium on MgO or ZnO produced 
methanol; and rhodium on SiO2 or AI203 
produced primarily methane. Lavalley et al. 
(6) have recently summarized the current 
theories regarding promoter/support ef- 
fects. These theories include stabilization of 
rhodium in a higher oxidation state by the 
support, the activation of the CO molecule 
at the metal-support interface, and the stabi- 
lization of oxygenated intermediates on the 
support. Since the reactions and relevant 
intermediates on the metal surface are not 
known, the participation of the support in 
this chemistry is difficult to determine. A 
first step in developing a clearer understand- 
ing of supported rhodium catalysts is to 
identify the stable intermediates formed 
from acetaldehyde and ethanol on the metal 

surface. The mechanism of ethanol and ac- 
etaldehyde decomposition on the Rh(111) 
surface was the focus of the present work. 
By examining the chemistry of these mole- 
cules without the complexity caused by sup- 
port and promoter effects, the role of the 
metal in the catalytic synthesis of these 
higher oxygenates may become more clear. 

Acetaldehyde decomposition has been 
examined previously on the Ru(0001) and 
Pd(l l l )  surfaces under ultrahigh vacuum 
conditions. Henderson et al. (7) found that 
acetaldehyde bound in an v/2(C,O) configu- 
ration decomposed on Ru(0001) at 315 K in 
TPD experiments. This decomposition re- 
suited in the desorption of hydrogen, the 
production of carbon monoxide, and the de- 
position of surface hydrocarbon fragments. 
These workers also suggested that the poly- 
merization of acetaldehyde occurred both 
on the surface and in the multilayer of mole- 
cules adsorbed on top of the first layer. 
Davis and Barteau (8) observed the dehy- 
drogenation of acetaldehyde to acetyl inter- 
mediates on the Pd(111) surface. The acetyl 
was characterized by a v(CO) frequency of 
1565 cm -1. They also identified an -o2(C,O) - 
acetaldehyde intermediate. This species had 
a v(CO) frequency at 1390 cm-1 which indi- 
cated that the ~02(C,O)-bonding configura- 
tion resulted in a significant reduction in the 
carbonyl bond order. Hydrogen, methane, 
carbon monoxide, and surface carbon were 
produced from the decomposition of acetal- 
dehyde on the Pd(111) surface. Comparison 
of the decomposition temperatures of acetyl 
and deuterated acetyl species showed a ki- 
netic isotope effect (KIE). This KIE indi- 
cated that C-H bond cleavage at the methyl 
group preceded the C-C bond cleavage. Ap- 
proximately 90% of the methylene groups 
formed via this route were hydrogenated to 
methane, and 10% were dehydrogenated to 
surface carbon. The methane was evolved 
in a reaction-limited desorption peak at 375 
K. Davis and Barteau also examined ethanol 
decomposition on the Pd(11 I) surface by 
TPD (9) and HREELS (10). Ethoxide was 
formed upon adsorption at 170 K. The dehy- 
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drogenation of ethoxide produced adsorbed 
acetaldehyde at 200 K; above this tempera- 
ture the reactions of adsorbed layers derived 
from ethanol and acetaldehyde on Pd(111) 
were very similar in all respects. A similar 
decomposition sequence for ethanol on the 
Ni(111) surface has been reported by Gates 
et al. (11) based on experiments with various 
isotopically labeled reactants. The first step 
was ethoxide formation followed by C-H 
bond cleavage at the methylene carbon. 
From this point in the decomposition se- 
quence either acetaldehyde was desorbed 
from the surface or the C-C bond was 
cleaved, presumably releasing a methyl 
group that was subsequently hydrogenated 
to methane. The elimination of methyl 
groups from the aldehyde intermediate was 
suggested as the primary pathway by the 
isotopic distribution of the methane evolved 
from selectively deuterated ethanol; how- 
ever, the isotopic distributions did not con- 
tain only the expected product. Methane 
molecules that exchanged more than one 
hydrogen or deuterium atom were also ob- 
served. Gates et al. (11) explained the prod- 
ucts exhibiting multiple isotopic substitu- 
tion as the result of scrambling of hydrogen 
atoms between the surface and the methyl 
groups adsorbed on it; however, their isoto- 
pic distributions could also indicate that 
C-H cleavage on the methyl group could 
precede C-C bond cleavage as observed for 
acetaldehyde decomposition on Pd (8). 

With several questions about the mecha- 
nism of ethanol and acetaldehyde formation 
arising from the results of studies on sup- 
ported catalysts and a substantial amount 
of work with ethanol and acetaldehyde on 
other single-crystal surfaces for compari- 
son, the study of these two molecules on the 
Rh(111) surface provides information about 
the role of the unsupported, unpromoted 
metal. In this work TPD was used to deter- 
mine the selectivity to various products and 
to estimate the energetics of the processes 
observed. HREELS was used to identify the 
intermediates responsible for the reactions 
observed in TPD. These results demon- 

strate a surprising divergence of pathways 
for acetaldehyde and ethanol decomposition 
on the Rh(111) surface. 

EXPERIMENTAL 

Experiments were carried out in an ion- 
and diffusion-pumped vacuum chamber pre- 
viously described (12). This instrument was 
equipped with a HREEL spectrometer 
(McAllister Technical Services), four grid 
optics (Physical Electronics) for AES and 
LEED, and a quadrupole mass spectrome- 
ter (UTI 100C) multiplexed with an IBM 
XT. The mass spectrometer ionizer was en- 
closed by a quartz shroud with a 7-mm hole 
at the entrance and two side vents. This 
shroud enhanced the collection of products 
in TPD experiments and minimized the sen- 
sitivity to species desorbed from the crystal 
support hardware. 

The polished, (lll)-oriented Rh single 
crystal was spot welded onto two 0.5-mm 
tantalum wires that served as supports as 
well as heating elements when a current was 
supplied. The crystal was cooled to ca. 
85-90 K by thermal conduction through a 
0.25-in. copper feedthrough, the opposite 
side of which was immersed in liquid nitro- 
gen. The temperature of the Rh(111) sample 
was monitored with a chromel-alumel ther- 
mocouple spot welded to the back. The sam- 
ple was cleaned by cycles of ion bombard- 
ment, oxygen TPD, and annealing to 1400 
K. The surface produced by this treatment 
was determined to be clean using AES, 
HREELS, and oxygen TPD. The last of 
these was sufficient to detect (and remove) 
surface carbon to below the level of 0.005 
monolayers. 

The acetaldehyde and ethanol samples 
were stored in separate glass tubes attached 
to a stainless-steel manifold by all-metal 
valves. These samples were purified by re- 
peated freeze/pump/thaw cycles, and were 
dosed onto the crystal through a 1.5-mm 
stainless-steel needle attached to the dosing 
line. Following the adsorption of reactants 
and recovery of the chamber background 
pressure, either TPD or HREELS experi- 
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ments could be carried out. In TPD experi- 
ments the sample temperature was ramped 
linearly (4.0 +- 0.2 K s- ' )  under computer 
control, and up to eight mass fragments of 
the desorbing products were monitored with 
the multiplexed mass spectrometer. In 
HREELS experiments energy loss spectra 
were typically obtained for specular reflec- 
tion of a 5 eV electron beam from the sur- 
face. The typical height and width of the 
elastically scattered beam were 6.5 × 105 
counts per second at a FWHM of 70 cm -1. 
Temperature-programmed steps between 
HREELS experiments were also carried out 
at 4 K s 1. When the desired temperature 
had been reached the power supply was 
turned off and the crystal was allowed to 
cool to the initial temperature before collec- 
tion of each HREEL spectrum. 

RESULTS 

Acetaldehyde on the Rh(l l l )  Surface 

Acetaldehyde underwent decarbonyla- 
tion on the Rh(l 11) surface. Figure 1 shows 
the TPD spectrum following the adsorption 
of 1.5 Langmuirs (L) of acetaldehyde at 90 
K. Hydrogen desorption from an initially 
clean surface with an equivalent hydrogen 
atom coverage exhibits a peak at 267 K. 
Since the peak maximum of the hydrogen 
desorption observed for acetaldehyde de- 
composition was 295 K, the leading edge of 
this peak was limited by the kinetics of the 
hydrogen-producing reaction, and the re- 
mainder of the peak followed the second- 
order kinetics of the formation of dihydro- 
gen from atomic hydrogen. The second hy- 
drogen desorption peak, at 390 K, was 
clearly reaction limited. Similar hydrogen 
desorption peaks were observed after the 
adsorption of hydrocarbons on the Rh(111) 
surface (•3); the reaction resulting in the 
higher-temperature hydrogen peak was, 
therefore, assigned to the dehydrogenation 
of surface hydrocarbon species. The area 
under this peak represented a yield of 0.033 
ML of hydrogen molecules. One monolayer 
(ML) is defined as the number of surface 
Rh atoms on the (111) surface, 1.62 × 10 '5 
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FiG. 1. TPD after an exposure of 1.5 L of acetalde- 
hyde at 90 K. Yields corresponding to this spectrum 
were 0.16 ML of hydrogen, 0.08 ML of methane, 0.09 
ML of surface carbon, 0.17 ML of carbon monoxide, 
and 0.12 ML of acetaldehyde. 

atoms /cm 2. Since the total H 2 yield was 
0.16 ML, 21% of the hydrogen desorbed in 
the higher-temperature peak. The amount 
of carbon left on the surface after the TPD 
experiment was 0.091 ML. This was deter- 
mined from a subsequent TPD experiment 
by integrating the CO and CO2 desorption 
peaks observed following the adsorption of 
1.2 L of oxygen. The yield of H 2 at 390 
K and the C(ad) coverage indicated that the 
stoichiometry of the surface hydrocarbon 
moiety was approximately CH. Parallel with 
the pathway that resulted in the deposition 
of carbon and the desorption of hydrogen 
was a pathway leading to the formation of 
methane. Since methane does not adsorb 
on transition metals above 150 K (14), the 
methane peak at 267 K was clearly reaction 
limited. This peak represented 0.083 ML of 
methane. Thus, after the dose shown in Fig. 
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FIc .  2. TPD of  aceta ldehyde after the indicated expo- 
sures  of  aceta ldehyde at 90 K. The amounts  of  acetalde- 
hyde desorbed which corresponded to these  spectra  
were 1.84 ML for 6.0 L,  0.97 M L  for 3.0 L,  0.12 M L  
for 1.5 L, and <0.02 ML for 0.9 L. 

1, approximately 50% of the methyl carbons 
of the parent acetaldehyde left the surface as 
methane and 50% were deposited as atomic 
carbon. The CO peak at 470 K was consis- 
tent with the desorption of molecular CO 
from the Rh(l 1 l) surface. The amount of 
CO represented by this peak was 0.17 ML. 
Since the sum of the amounts of surface 
carbon deposited and methane desorbed 
was 0.174 ML, the amount of CO desorbed 
was consistent with the stoichiometry of ac- 
etaldehyde. Finally, 0.12 ML of acetalde- 
hyde desorbed at 140 K. The low tempera- 
ture of this peak was indicative of a 
physically adsorbed state; the correspond- 
ing activation energy for desorption, ob- 
tained using the method of Redhead (15), 
was 35 kJ/mole, assuming a preexponential 
factor of 10 '3 s-l.  The assignment of this 
peak to a condensed state was confirmed by 
exposure of the surface to larger amounts 
of acetaldehyde. In Fig. 2 the acetaldehyde 

desorption peaks observed after various ex- 
posures of acetaldehyde are shown. The 140 
K peak increased in intensity and decreased 
in temperature to 120 K with higher expo- 
sures (>1.5 L). This figure also shows the 
development of an additional pair of desorp- 
tion states for acetaldehyde at higher expo- 
sures. After a 6-L exposure of acetaldehyde, 
41% of the acetaldehyde desorbed via these 
channels at 234 and 272 K. The total acetal- 
dehyde desorbed after a 6.0-L exposure was 
equivalent to 1.84 ML or approximately 
nine times the amount of CO desorbed dur- 
ing the same experiment. The acetaldehyde 
desorption peaks at 234 and 272 K were very 
similar to those observed by Henderson et 
al. (7) for high coverages of acetaldehyde 
on Ru(0001). They attributed acetaldehyde 
peaks at 250 and 310 K to the depolymeriza- 
tion of an acetaldehyde polymer. This poly- 
mer was suggested to be a physically ad- 
sorbed overlayer rather than the result of 
a reaction at the metal surface. Since the 
higher-temperature acetaldehyde desorp- 
tion peaks were only observed after the 
multilayer state began to fill, polymerization 
in the overlayer and not on the surface was 
a likely explanation. 

The coverage dependence of the product 
yields during acetaldehyde TPD is illus- 
trated in Fig. 3. The yields of hydrogen, 

0.25 . 

0.20t . J  
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0.,5 t 

005 , , " /  

o , 

0.00 0.05 0.10 0.15 0.20 0.25 

CO Yield (ML) 

FIG. 3. TPD yields after aceta ldehyde exposures  
(IIH 2, A C H  4, • surface carbon) plotted ve r sus  the 
yield of  CO. The  axes  have  units of  monolayers .  
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methane, and surface carbon are plotted 
versus CO yield. Two selectivity regimes 
are apparent in this figure. For CO yields 
below 0.06 ML, the slope of the hydrogen 
yield line (i.e., the H2/CO ratio) was 1.9 and 
that of the surface carbon yield line was 
0.92, thus stoichiometric decarbonylation of 
acetaldehyde and the subsequent dehydro- 
genation of the resulting hydrocarbon moie- 
ties accounted for essentially the entire 
product slate. The evolution of methane was 
first observed for a CO yield of 0.06 ML. 
Since methane production provided an al- 
ternative to carbon deposition, the slopes 
of the hydrogen and carbon yield lines 
dropped. For the higher coverage regime 
the stoichiometry of acetaldehyde was still 
preserved among the products. The sum of 
the slopes of the methane yield line and the 
surface carbon yield line was 1.0, and the 
slope of the hydrogen line was twice that 
of the carbon yield line. For acetaldehyde 
exposures of 1.5 L and above the extent of 
decomposition of acetaldehyde saturated. 
The maximum amount of acetaldehyde that 
decomposed on the clean surface was 0.21 
ML. Doses higher than 1.5 L resulted in 
larger amounts of acetaldehyde desorbed in 
TPD, as illustrated by Fig. 2, but no addi- 
tional decomposition occurred. Since acet- 
aldehyde desorption was not observed for 
doses lower than 1.0 L, the first monolayer 
appeared to decompose completely, and 
higher exposures of acetaldehyde resulted 
in adsorption on top of this reactive layer. 

Acetaldehyde was coadsorbed with deu- 
terium atoms in order to identify the origin 
of the two decomposition regimes and to 
determine the influence of the hydrogen 
coverage on the hydrocarbon yield from de- 
carbonylation. Figure 4 illustrates the TPD 
spectra obtained after two experiments. 
One set of spectra was obtained after 
exposing a surface that contained 0.40 ML 
of preadsorbed deuterium atoms (generated 
by a 1.2-L exposure to D z) to 0.2 L of acetal- 
dehyde, and the other was the TPD after the 
clean Rh(111) surface was exposed to 0.2 L 
of acetaldehyde. The yields for these experi- 

Dose: 1.2 L Deuterium 

0.2 L Acetaldehyde _m/e 18 

m/e 16 

m/e 15 

Dose: 0.2 L Acetaldehyde 
m/e 17 

m/e 16 

100 200 300 400 500 600 700 

Temperature (K) 

FIG. 4. Comparison of the TPD after an exposure of 
1.2 L of deuterium and 0.2 L of acetaldehyde with the 
TPD after an exposure of 0.2 L of acetaldehyde. The 
yields for these spectra are summarized in Table 1. 

ments are summarized in Table 1. For the 
case without excess deuterium atoms, 96% 
of the adsorbed acetaldehyde decomposed 
to hydrogen, carbon monoxide, and surface 
carbon; in the presence of D(ad)only 70% of 
the acetaldehyde decomposed completely. 
The remaining 30% of the methyl carbons 
reacted to form methane. The enhancement 
of the methane production with the addition 
of deuterium atoms indicated that the 
boundary between the two decomposition 
regimes identified in Fig. 3 could be shifted 
by increasing the hydrogen availability. Ap- 

TABLE 1 

Acetaldehyde/Deuterium Codose TPD Yields 
(Monolayers) 

Deuterium dose (L) 0.00 1.20 
Acetaldehyde dose (L) 0.20 0.20 

H 2 Yield 0.13 0.021 
HD Yield - -  0.14 
D 2 Yield - -  0.21 
CH4 Yield 0.0016 0.0039 
CH3D Yield - -  0.0081 
CH2D 2 Yield - -  0.0003 
CO Yield 0.062 0.051 
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parently at low acetaldehyde coverages the 
hydrocarbon moieties released by decar- 
bonylation dehydrogenated completely be- 
fore they could react with the adsorbed hy- 
drogen atoms. At higher acetaldehyde cov- 
erages, however, there were more hydrogen 
atoms available for reaction with the hydro- 
carbon. The availability of hydrogen atoms 
did not appear to be the only factor control- 
ling the decomposition. Even with a deute- 
rium atom to acetaldehyde ratio of 12:1, 
70% of the 0.051 ML of hydrocarbon groups 
eliminated by acetaldehyde decarbonyla- 
tion still dehydrogenated completely to sur- 
face carbon. 

The identity of the hydrocarbon species 
released by the decarbonylation of acetalde- 
hyde was also determined from the deute- 
rium/acetaldehyde codose experiments. 
The desorption of monodeuterated methane 
(m/e 17) accompanied by insignificant 
amounts of multiply deuterated methane 
species indicated that the decarbonylation 
of acetaldehyde released methyl groups to 
the surface. Analysis of the methane desorp- 
tion peak areas from the coadsorption ex- 
periment showed that 68% of the methane 
was CH3D, 30% was CD4, and only 2% con- 
tained multiple deuterium atoms. Analysis 
of the hydrogen/deuterium desorption 
peaks (m/e 2, 3, and 4) observed during this 
experiment showed that 76% of the atoms 
available for reaction with the methyl 
groups were deuterium. Thus the amount of 
deuterium scavenged by methyl groups to 
form methane essentially reflected the hy- 
drogen to deuterium atomic ratio on the sur- 
face during the decarbonylation reaction. 

Similar TPD experiments were also con- 
ducted with acetaldehyde-d4 to test for a 
kinetic isotope effect. The peak temperature 
for methane-d4 from acetaldehyde-d4 was 
only 2 K higher than the methane peak tem- 
perature observed after acetaldehyde ad- 
sorption. This temperature difference im- 
plies a kH/kD ratio of 1.2 at 300 K; however, 
the uncertainty in the temperature measure- 
ment was approximately the same magni- 
tude. Thus deuteration of the acetaldehyde 

did not produce a primary kinetic isotope 
effect on decarbonylation rate, and C--C 
bond scission is likely the rate-determining 
step in decarbonylation. Provided that the 
adsorbed species is CH3CHO or CH3CO this 
observation is consistent with the conclu- 
sion above that methyl groups are elimi- 
nated intact. These observations were in 
sharp contrast to those for other carbonyl 
compounds on Rh and Pd surfaces. On 
Pd(111) acetaldehyde formed stable acetyls 
(CH3C~O); the decarbonylation of these 
species exhibited a primary kinetic isotope 
effect, suggesting that C - - H  scission pre- 
ceded C--C scission (8). The rate-determin- 
ing step in acetone decarbonylation on 
Rh(l l 1) is C - -H  scission, since kH/kD ratios 
of 7 to 9 were observed for this reaction (16). 
The difference in the methane yields from 
acetaldehyde and acetone on Rh( l l l )  was 
also consistent with the difference in the 
sequence of bond breaking for these two 
reactants deduced from measurements of 
the kinetic isotope effect. The rate-de- 
termining scission of C - - H  bonds prior to 
CO elimination suggests that methyl groups 
were not released intact by acetone decar- 
bonylation, and only trace amounts of meth- 
ane were produced from this reaction. Acet- 
aldehyde decarbonylation releases methyl 
groups intact, and significant methane yields 
were observed. 

In summary, the TPD experiments 
showed that the first monolayer of acetalde- 
hyde adsorbed on the clean Rh(11 I) surface 
decarbonylated to release methyl groups to 
the surface at 267 K. The methyl groups 
were observed to undergo either hydrogena- 
tion to form methane or dehydrogenation 
which ultimately resulted in the deposition 
of surface carbon. Polymerization of the ac- 
etaldehyde overlayer was observed after ex- 
posures greater than 2.0 L. 

HREELS was used to identify the surface 
species responsible for the reactions ob- 
served during the TPD experiments. After 
the adsorption of 1.1 L of acetaldehyde at 
90 K, vibrational modes associated with a 
multilayer form of acetaldehyde were ob- 



ACETALDEHYDE AND ETHANOL DECARBONYLATION ON Rh(111) SURFACE 535 

2070 

470 

~ 1 3 2  K 2980 

610 
x300 

1135 

1460 

1810 

2070 

545 1115 

I t 4 / 0 0  i --I - -  I I 
- 2 0 0  2 0 0  6 0 0  1000  I 1800  2 2 0 0  2 6 0 0  3 0 0 0  3 4 0 0  

E n e r g y  Los s  ( c m  "1) 

FIG. 5. HREELS after an exposure of 1.1 L of acetal- 
dehyde at 90 K, and HREELS after subsequent heating 
to 143, 241, and 322 K. An equivalent exposure resulted 
in the desorption of 0.13 ML of CO. 

served. This assignment was based on the 
identification of a v(CO) mode at 1745 cm- J 
in the 90 K spectrum of Fig. 5. The promi- 
nent methyl and C--C modes in this spec- 
trum match the IR assignments for crystal- 
line acetaldehyde. The frequencies for 
crystalline acetaldehyde (17) are summa- 
rized in Table 2. The methyl modes for the 
acetaldehyde overlayer were  v(CH3) at 3010 
c m  1, 8(CH3) at 1400 c m  1, and p(CH3) at 
920 cm -~. Skeletal modes were also ob- 
served, ~/(CCO) at 545 cm-~ and v(CC) at 
1115 cm - l ,  and are listed under the 
multilayer column in Table 2. 

Upon heating to 143 K the acetaldehyde 
overlayer was partially removed and par- 
tially converted to an -02(C,O)-acetaldehyde 
species on the surface. During TPD experi- 
ments acetaldehyde was observed to desorb 
at 140 K. Acetaldehyde desorption and the 
change in the adsorbed state were indicated 
in the sequence of HREEL spectra by the 
elimination of the vibrational loss peak at 

1745 cm -~ and the increase in intensity of 
loss peaks at 610 and 1460 cm-l.  The loss 
at 1460 cm -1 in the 143 K spectrum was 
assigned to the v(CO) mode of-02(C,O)-acet - 
aldehyde. Further heating of the surface did 
not result in any changes in the vibrational 
modes assigned to acetaldehyde, but modes 
associated with CO began to appear. Except 
for the losses assigned to the u(CO) modes 
of carbon monoxide (1810 and 2070 cm l), 
all vibrational modes in the 241 K spectrum 
of Fig. 5 were consistent with the presence 
of an ~2(C,O)-acetaldehyde intermediate 
bound to the surface. The mode assignments 
for r/2(C,O)-acetaldehyde are compared to 
similar modes on Ru(0001) (7) and Pd(111) 
(8) in Table 2. The vibrational modes for 
acetaldehyde on Ru(0001) were taken from 
the work by Henderson et al. (7). These 
workers originally assigned the surface spe- 
cies observed after low doses of acetalde- 
hyde (0.17 L) to a polymeric form. Their 
conclusions were based on comparison with 
spectra of species formed after ketene ad- 
sorption and on the difficulty of resolving 
losses in the 1300-1500 cm i range assign- 
able to the v(CO) modes of ~2(C,O)- 
CD3CDO. In light of subsequent observa- 
tions for acetaldehyde on Pd(l l l )  (8) and 
Rh(l l l ) ,  we have reassigned their low cov- 
erage spectra to an ~2(C,O)-acetaldehyde in- 
termediate. At the low coverage of acetalde- 
hyde examined on Ru(0001) polymerization 
would be unlikely, and if the C ~ O  bond 
were roughly parallel to the surface one 
would not expect it to have strong dipole 
activity. The assignment of the v(CO) modes 
for ~2-acetaldehyde on all these metals is 
problematic. Since the extents of rehybrid- 
ization of the C = O  bond and of back-bond- 
ing to the ¢r* orbitals are very dependent on 
the relative orientations of the orbitals of 
both the carbonyl group and the metal sur- 
face, the vibrational frequency of acetalde- 
hyde bonded in the ~2(C,O)-configuration 
did not show a monotonic trend across the 
periodic series Ru, Rh, and Pd. 

The assignment of the surface species as 
~2(C,O)-acetaldehyde was confirmed by 
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TABLE 2 

-02-Acetaldehyde HREELS Assignments, Frequency (cm-I) 

Mode Acetaldehyde Acetaldehyde-d 4 

Crystalline 17 Multilayer Ru 7 Rh Pd 8 Ru 7 Rh Pd 8 

u(CH3) 2964/2918 3000 2970 2980 2990 2240 2230 2215 
u(C~O) 1722 1745 1395 1460 1390 1380 1440 1400 
8(CH3) 1431/1389 1450 1340 1380 1390 1030 980 975 
u(C~C) 1118 1135 1095 1135 1080 1090 1115 1065 
p(CH3) 882 920 915 950 930 770 780 800 
8(C~C---~) 522 545 605 610 600 540 560 550 

comparison of the 241 K spectrum of Fig. 5 
with a similar spectrum acquired after the 
adsorption of acetaldehyde-d4. This com- 
parison is shown in Fig. 6. The 241 K spec- 
trum of Fig. 5 is reproduced with lines con- 
necting the modes to the corresponding 
modes in the spectrum of the deuterated 
molecule. The vibrations that involve defor- 
mations of the C--H bond shift to lower 
frequency upon deuterium substitution. The 
largest shifts were observed for the methyl 
modes: 8(CH3) (1380 to 980 cm-l), u(CH 3) 

Annealed to 241 K 

x200 

560 

980 / 
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1460 
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Fie. 6. Comparison of the HREELS after an expo- 
sure of 1.1 L of acetaldehyde with the HREELS after 
an exposure of 1.1 L acetaldehyde-d4 at 90 K. The 
surface was annealed to 241 K before taking the spec- 
trum in both cases. An equivalent exposure resulted in 
the desorption of 0.13 ML of CO for both molecules. 

(2980 to 2230 cm- 1), and p(CH3) (950 to 780 
cm-1). The v(CO) loss shifted only slightly. 
It was observed as a single peak at 1440 
cm-1 in the spectrum of ~ 2 ( C , O ) - C D 3 C D O .  

The absence of another loss in the range of 
1400-1600 cm -J indicated that only one 
kind of carbonyl existed on the surface at 
this temperature. Davis and Barteau ob- 
served two v(CO) modes in this region at 
170 K for acetaldehyde adsorbed on Pd(111) 
(8). Losses at 1400 and 1595 cm -1 were 
assigned to ~2(C,O)-acetaldehyde-d4 and 
-0t(C)-acetyl-d3, respectively, on Pd(l l l ) .  
Thus loss of the aldehyde hydrogen from 
~2(C,O)-acetaldehyde and reconfiguration 
of the bonding resulted in an upward shift 
in the v(CO) vibrational frequency of the 
resulting ~l(C)-acetyl by 195 cm -t on 
Pd(111). Since this higher frequency v(CO) 
vibration was not evident, the acetyl was 
apparently not formed as a stable, isolable 
species on Rh(111). 

The decarbonylation of the -02(C,O)-acet- 
aldehyde intermediate occurred between 
241 and 322 K. The losses in the 322 K 
spectrum of Fig. 5 are characteristic of CO 
adsorbed on the Rh(111) surface. The v(CO) 
mode of linearly bonded CO was observed 
at 2070 cm- 1 while a small amount of bridge- 
bonded CO was also indicated by the loss at 
1850 cm 1. The loss at470 cm -1 is the v(M- 
CO) mode of adsorbed CO. The other lower 
intensity modes in this spectrum are likely 
due to hydrocarbon fragments on the sur- 
face. The u(C--H) mode of these fragments 
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FIG. 7. TPD after an exposure of 1.1 L of  ethanol at 
90 K. Yields corresponding to this spectrum were 0.47 
ML of  hydrogen, <0.01 ML of methane,  0.13 ML of 
surface carbon, 0.14 ML of  carbon monoxide,  and 0.22 
ML of ethanol. After higher exposures an ethanol peak 
was also observed at 150 K; see inset. 

was observed at 2980 cm 1. The TPD spec- 
trum after an acetaldehyde exposure similar 
to the one used for this HREEL spectrum 
is illustrated in Fig. 1. The hydrogen TPD 
peaks are consistent with the HREELS re- 
sults. Hydrogen was desorbed in a peak ex- 
hibiting a maximum at 295 K, and the 
HREELS indicated that acetaldehyde de- 
carbonylated to produce CO in this tempera- 
ture range. A higher-temperature hydrogen 
desorption feature was also observed in 
TPD at 390 K. This peak was consistent with 
the dehydrogenation of surface hydrocar- 
bon fragments which were indicated in the 
HREELS. 

Ethanol  on Rh(111) 

Ethanol decomposed unselectively on the 
clean Rh(111) surface. Figure 7 shows the 
TPD spectrum after exposure of the crystal 
to 1.1 L of ethanol at 90 K. Hydrogen de- 
sorbed from the surface over a wide temper- 

ature range, from 250 to 600 K. Approxi- 
mately 50% of the hydrogen was desorbed 
in a peak exhibiting a maximum at 295 K. 
This desorption was similar in peak temper- 
ature to that observed after exposing the 
crystal to H2 to produce a similar hydrogen 
atom coverage, thus there must have been 
a reaction that released hydrogen atoms to 
the surface below this temperature. Due to 
the broad nature of the hydrogen desorption 
between 350 and 600 K, it was difficult to 
identify the surface species responsible for 
this hydrogen evolution on the basis of 
its decomposition temperature. However, 
since the CO desorption peak at 480 K was 
clearly desorption limited, decarbonylation 
of surface intermediates must have occurred 
below 400 K, the onset of the CO desorp- 
tion. Thus the broad hydrogen desorption 
between 350 and 600 K was assigned to the 
dehydrogenation of hydrocarbon fragments 
on the surface. The complete dehydrogena- 
tion of ethanol on the Rh(l l l )  surface was 
observed for all initial ethanol coverages. 
Figure 8a is a plot of hydrogen and surface 
carbon yield versus the yield of carbon mon- 
oxide, analogous to the acetaldehyde data 
of Fig. 3. The slopes of these lines reflected 
the stoichiometry of ethanol; the only de- 
composition pathway observed during the 
TPD experiments was complete dehydroge- 
nation to CO and surface carbon. The spec- 
trum illustrated in Fig. 7 corresponds to an 
ethanol exposure that resulted in saturation 
of the decomposition pathway; even at satu- 
ration exposures the decomposition of etha- 
nol produced less than 0.01 ML of methane. 
This can be contrasted to the 50% selectivity 
to methane observed for acetaldehyde de- 
composition at similar coverages. Since the 
decomposition of ethanol would liberate 
two more hydrogen atoms per methyl group 
than that of acetaldehyde, and since addi- 
tion of hydrogen to the surface enhanced 
methane production during acetaldehyde 
TPD experiments, one would expect any 
acetaldehyde formed in the course of etha- 
nol decomposition to exhibit enhanced se- 
lectivity to methane. The lack of significant 
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FIG. 8. (a) TPD yields after ethanol exposures (IIH 2 , 
• surface carbon) plotted versus the yield of  CO. (b) 
TPD yields after ethanol exposures (IIH2, ©CO, • 
surface carbon, • ethanol) plotted versus ethanol ex- 
posure. 

methane production from ethanol indicates 
either that the decomposition of ethanol did 
not proceed via an acetaldehyde intermedi- 
ate, or that acetaldehyde produced from eth- 
anol was inhibited from decomposing via 
one of its characteristic pathways. 

An additional difference between the be- 
havior of ethanol and acetaldehyde was ob- 
served in the desorption of the parent mole- 
cules. Ethanol desorbed from the surface in 
TPD experiments even for initial coverages 
below those required for saturation of the 
first layer. For example, after an exposure 
of 0.29 L approximately 25% of the total 
adsorbed ethanol desorbed intact; the re- 
mainder decomposed to hydrogen, carbon 
monoxide, and surface carbon. After higher 
exposures, desorption of the parent mole- 
cule rather than decomposition became the 
dominant mode of ethanol removal from the 
surface. The relative importance of desorp- 
tion versus decomposition as a function of 
ethanol exposure is illustrated in Fig. 8b. 

For the largest exposure shown, 58% of the 
ethanol was removed from the first mono- 
layer by desorption. As can be concluded 
from the hydrogen, carbon monoxide, and 
surface carbon data in Fig. 8b, the decompo- 
sition channel was saturated by 1 L of etha- 
nol exposure. The ethanol coverage shown 
in this figure was determined by integrating 
the area of the desorption peak at 200 K. 
This peak was assigned to the desorption of 
ethanol bound in the first monolayer. For 
ethanol exposures greater than 1 L, integra- 
tion of the 200 K peak required the removal 
of the large sharp peak at 150 K associated 
with desorption of ethanol multilayers. An 
ethanol desorption spectrum exhibiting both 
the monolayer and multilayer peaks is 
shown in the inset of Fig. 7. The separation 
of the parent molecule desorption into these 
two parts was previously suggested by Sex- 
ton et al. (18). They reported very similar 
desorption peaks following the adsorption 
of methanol, ethanol, propanol, and butanol 
on the Pt( l l l )  surface. The peak tempera- 
tures reported for ethanol desorption from 
that surface were also quite similar to those 
observed on the Rh(111) surface. Their XPS 
experiments confirmed that the alcohol mol- 
ecules adsorbed in the first monolayer were 
distinct from molecules in the multilayer. 

The surface intermediates responsible for 
the various desorption products were identi- 
fied by HREELS. The spectra shown in Fig. 
9 were obtained after exposing the clean 
Rh(111) surface to 1.1 L of ethanol at 90 K. 
The yield versus exposure plot in Fig. 8b 
indicated that this exposure resulted in satu- 
ration of the first monolayer. The 90 K spec- 
trum of Fig. 9 was assigned to molecular 
ethanol. This assignment was based on the 
close correspondence between the observed 
vibrational frequencies of the molecule on 
the surface and those reported for ethanol 
in the gas phase (19) and in a solid argon 
matrix (20). The original mode assignments 
of the gas phase spectra distinguished be- 
tween the C--C and C--O modes. The force 
constants for the C---C and the C--O bonds 
are sufficiently similar for these modes to 
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FIG. 9. HREELS after an exposure of 1.1 L of etha- 
nol at 90 K, and HREELS after subsequent heating to 
150, 213, and 250 K. An equivalent exposure resulted 
in the desorption of 0.13 ML of CO in TPD. 

combine to give a symmetric and asymmet- 
ric doublet; these are reassigned in Table 3 
to the combined modes va(CCO) and 
vs(CCO). The other ethanol assignments are 
also summarized in Table 3. By comparing 
the frequencies of the modes observed for 
ethanol on the surface with those in the solid 
matrix, it was clear that most of the ethanol 
vibrations were unperturbed by adsorption 
on the metal surface. The modes associated 
with the methyl and methylene moieties 
w e r e  v(CH3) at 2990 cm -1, 8(CH2) at 1490 
cm -1, 8(CH3) at 1380 cm -1, and T(CH 2) at 

815 cm -1. Each of these modes was at the 
same frequency as those reported in the 
solid phase, within the resolution of our ex- 
periments. The vibrational frequencies of 
the C- -C - -O  skeleton were similar to those 
observed in the reference spectrum. These 
vibrations were observed at 1070 cm-I for 
the v~(CCO) mode and 890 cm -1 for the 
vs(CCO) mode for ethanol on Rh(111). The 
8(CCO) mode was observed at a frequency 

61 cm-1 higher than in the solid phase. This 
shift was attributed to the steric interactions 
of the methyl and methylene groups with 
the surface that restricted the motion of the 
atoms associated with this mode. 

Both the O---H bend and stretch modes 
were softened on the surface. The v(OH) 
mode reported at 3676 cm -1 in the solid 
phase was located at 3270 cm-1 on the sur- 
face, and the y(OH) mode at 1241 cm -1 
shifted to 815 cm- 1 upon adsorption. Metha- 
nol on the Rh(111) surface exhibited similar 
vibrational frequencies for these modes; the 
corresponding methanol frequencies were 
3230 cm- 1 for the v(OH) mode and 825 cm-  1 
for the 7(OH) mode (21). The lack of pertur- 
bation of the majority of the modes and the 
softening of the OH modes indicated that 
ethanol bonded to the surface via its oxygen 
atom. This bond most likely involved the 
donation of lone pair electrons on the oxy- 
gen to the surface. Similar bonds are formed 
between other oxygenates and metal sur- 
faces. For example, Walczak et al. (22) 
compared the adsorption and desorption of 
perfluorodiethyl ether and hexafluoroace- 
tone on the Ru(0001) surface with those of 
their fully hydrogenated analogs. They con- 
cluded that these molecules bonded via elec- 
tron donation to the surface, since the fluo- 
rinated molecules were more weakly bound. 
Fluorination inductively reduced the avail- 
ability of the lone pair electrons of the oxy- 
gen and thus reduced the surface-adsorbate 
bond strength. 

HREEL spectra were also collected after 
the adsorption of ethanol-d 6. These spectra 
are illustrated in Fig. 10. The 90 K spectrum 
of this figure was as signed to molecular etha- 
nol. The v(OD) mode was observed at 2400 
cm 1. The H/D frequency ratio of this mode 
was 1.36 which indicated that the shift was 
due solely to the deuterium substitution. 
The v(CD3) and v(CO2) modes were found 
at 2240 and 2110 cm i as expected. How- 
ever, the assignment of the other bands was 
complicated by the strong coupling of the 
methyl and methylene deformation modes 
with the C- -C- -O  stretching modes. Since 
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TABLE 3 

Ethanol HREELS Assignments, Frequency (cm-J) 

Mode Ethanol 

Gas 19 Solid 2° Rh(90 K) 

Ethanol-d6 

Gas n9 Rh(90 K) 

v(OH) 3660 3676 3270 2710 2400 
v(CH3) 2965/2880 2989/2943 2990 2240/2100 2240 
v(CH2) - -  2900 nr - -  2110 
8(CH2) 1450 1490 1490 1160 1145 
8(CH3) 1390 1452/1394 1380 1060 1090 
y(OH) - -  1241 815 - -  560 
va(C--C--O ) 1060 1089 1070 970 970 
p(CH3) - -  1033 nr - -  nr 
v~(C---C--O) 880 885 890 800 750 

7(CH2) - -  801 815 - -  560 
8(C----C---O) - -  419 480 - -  450 

Note. nr, not resolved. 

the /.Pa(CfO) and vs(CCO) vibrations were 
no longer distinct from the C--D vibrations, 
the frequencies assigned to these modes dif- 
fered significantly from the corresponding 
frequencies observed after ethanol adsorp- 
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FIG. 10. HREELS after an exposure of 1.1 L of 
ethanol-d 6 at 90 K, and HREELS after subsequent 
heating to 150,213, and 250 K. An equivalent exposure 
resulted in the desorption of 0.13 ML of CO in TPD. 

tion. In the case of ethanol-d6, the assign- 
ment of vibrations to the va(CCO), vs(CCO), 
8(CD3), and 8(CD2) modes is a somewhat 
artificial construction, since all normal 
modes in the 750 to 1145 cm- 1 range involve 
motions of all eight of these atoms. The as- 
signments listed in Table 3 are consistent 
with reference spectra but should only be 
considered as approximate. 

Upon heating the Rh( l l l )  surface to 150 
K both ethanol and ethanol-d 6 dissociated 
to form the respective ethoxides. The vibra- 
tional spectra of the ethoxides were very 
similar to the spectra of the parent alcohols. 
The mode assignments are summarized in 
Table 4. The v(OH) mode at 3270 cm- i and 
the 7(OH) at 815 cm -1 were eliminated by 
heating the surface to 150 K as illustrated 
by the comparison of the 150 K and the 90 
K spectra of Fig. 9. Similar reductions in 
intensity in the O--D modes at 2400 and 
560 cm ~ were observed for the deuterated 
case. After heating the surface to 213 K sev- 
eral reactions were evident. The appearance 
of a peak at 1465 cm ~ in the 213 K spectrum 
of Fig. 10 provided evidence for the produc- 
tion of a small amount of ~/2(C,O)-acetalde- 
hyde-d4. If50% of any acetaldehyde formed 
from ethoxide dehydrogenation is assumed 
to decarbonylate to give methane, then the 
methane yield of the TPD experiment illus- 
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TABLE 4 

Ethoxide HREELS Assignments, Frequency (cm-l) 

541 

Mode Ethoxide Ethoxide-d 5 

Rh Pd I° CH 19 Rh Pd l° CH 19 

u(CH3), u(CH2) 2990 2925 2970/2860 2240/2110 2230/2100 2240/2090 
8(CH2) 1405 1465 1450 1130 1070 1170 
8(CH3) 1390 1400 1380 1090 1070 1070 
u~(C---C--O) 1070 1040 1030 970 960 980 
u~(C---C---O) 880 855 870 750 740 760 
7(CH2) nr 745 - -  560 560 - -  
8(C---C--O) 510 450 470 450 440 430 
u(M--O) nr - -  270 nr - -  270 

Note.  nr, not resolved. 

trated in Fig. 7 indicated that less than 10% 
of the ethoxide decomposed via an acetalde- 
hyde intermediate. 

A comparison of the spectrum obtained 
after acetaldehyde adsorption and the 213 K 
spectrum of Fig. 9 is illustrated in Fig. 11. 
Although the ethanol spectrum of Fig. 11 
was very similar to the acetaldehyde spec- 
trum, most of the intensity could be attrib- 
uted to ethoxide vibrations. The significant 
downward shift of all the ethanol modes rel- 
ative to the acetaldehyde spectrum and the 
absence of a 975 cm-l loss in the ethanol 
spectrum support the assignment as ethox- 
ide rather than acetaldehyde. In parallel 
with the minor dehydrogenation that pro- 
duced acetaldehyde was the principal reac- 
tion to yield carbon monoxide. -02(C,O) - 
Acetaldehyde formed by acetaldehyde ad- 
sorption on the Rh(l l l )  surface did not be- 
gin to decompose until 240 K. Heating the 
acetaldehyde-dosed surface to 213 K did not 
result in any significant formation of carbon 
monoxide, as shown in Fig. 11, but heating 
the ethanol-dosed surface to 213 K pro- 
duced adsorbed carbon monoxide, finger- 
printed by the losses at 470 and 2030 cm i. 
Thus another pathway for ethanol decompo- 
sition must exist in parallel with that leading 
to acetaldehyde. Comparison of the 250 K 
spectrum of Fig. 9 and the 241 K spectrum 
of Fig. 5 showed a striking difference. The 

decomposition of surface species formed 
from ethanol was complete by 250 K; vibra- 
tional modes associated with carbon mon- 
oxide dominated the 250 K spectrum of the 
adlayer formed from ethanol but not acetal- 
dehyde. Thus ethoxide decomposed com- 
pletely at a lower temperature than did acet- 
aldehyde. Another difference between the 
ca. 250 K spectra of the ethanol and acetal- 
dehyde-derived adlayers was the binding 
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FIG. 11. Comparison of the 213 K spectrum of Fig. 
9 with the HREEL spectrum obtained after an exposure 
of 1.1 L of acetaldehyde and annealing to 213 K. The 
scales of these spectra have been adjusted to be the 
same. 
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site of the CO. In the case of acetaldehyde, 
the majority of the carbon monoxide was 
bound in the bridge-bonded state, as indi- 
cated by the loss at 1810 cm 1. In contrast, 
carbon monoxide formed from ethanol de- 
composition bonded exclusively in the lin- 
ear state, with a vibrational frequency of 
2070 cm- 1. 

In summary, there were several differ- 
ences between the behavior of ethanol and 
acetaldehyde on the Rh(l 11) surface that 
indicated the existence of nonintersecting 
decomposition pathways for these two mol- 
ecules. One example was the fate of the 
methyl groups of ethanol and acetaldehyde. 
Acetaldehyde decomposition after an expo- 
sure that saturated the first layer resulted in 
50% methane and 50% carbon deposition 
while ethanol decomposition resulted essen- 
tially in only carbon deposition. The thermal 
stability of ethanol was lower than acetalde- 
hyde. All oxygen-containing surface inter- 
mediates formed from ethanol had decom- 
posed to carbon monoxide by 250 K as 
shown by HREELS,  but ~2(C,O)-acetalde- 
hyde was still the dominant intermediate at 
241 K following acetaldehyde adsorption. 
Finally, acetaldehyde did appear to be a mi- 
nor decomposition intermediate of ethanol, 
but the major decomposition pathway was 
via dehydrogenation of an ethoxide interme- 
diate that did not proceed via acetaldehyde. 

DISCUSSION 

Acetaldehyde exhibited 50% selectivity 
to methane during decomposition on the 
Rh(111) surface. This product resulted from 
the reaction of atomic hydrogen with methyl 
groups eliminated from acetaldehyde. The 
mechanism of this methyl elimination was 
likely similar to the alkyl migration reaction 
widely reported to occur on transition metal 
complexes. On Rh complexes, decarbonyla- 
tion of acyls via methyl migration has been 
shown to be thermodynamically and kinet- 
ically favorable at moderate temperatures in 
the absence of CO (23, 24). Conversely, at 
elevated pressures of CO, alkyl migration to 
CO is the critical step in the homogeneous 

"oxo"  process used to produce linear alde- 
hydes from olefins and carbon monoxide, 
and in the Monsanto acetic acid process for 
methanol carbonylation. Both of these pro- 
cesses use Rh complexes as catalysts. Eth- 
ylene hydroformylation on supported Rh/ 
SiO2 has recently been reported by Chuang 
and Pien (25). They provide in situ IR evi- 
dence for acyl intermediates and suggest 
that these are formed by alkyl migration. 
The large number of examples of alkyl mi- 
gration on mononuclear complexes, includ- 
ing those of rhodium, does not necessarily 
imply that this pathway is operative on sur- 
faces; however, it is the most plausible can- 
didate to explain our observations for acet- 
aldehyde decarbonylation on Rh(l l l ) .  In 
their attempt to extend the cluster-surface 
analogy (26), Blyholder and Lawless have 
recently used semiempirical molecular or- 
bital calculations to explore the relationship 
between formyl formation occurring on or- 
ganometallic mononuclear complexes and 
on small clusters of metal atoms (27). Their 
calculations indicated that the large number 
of orbitals in the valence band of the metal 
cluster permitted many bonding structures 
of similar energies, whereas the mononu- 
clear complex had only a few orbitals avail- 
able, limiting it to a few stable structures. 
Thus reactions that occur on mononuclear 
complexes would be expected to be a subset 
of those feasible on surfaces. There do, 
however, appear to be differences between 
the ligands on mononuclear complexes and 
intermediates formed on surfaces. For ex- 
ample, the formation of stable ~/l(C)-acetyls, 
common for Rh complexes, was not ob- 
served on the Rh(11 l) surface; acetaldehyde 
coordinated in the v/2(C,O)-configuration. 
We regard acetyls as likely transient inter- 
mediates in the decarbonylation of acetalde- 
hyde on Rh(111), given the otherwise close 
parallel between the surface and the cluster 
chemistry and the appreciable activity of 
the surface for a variety of dehydrogenation 
reactions. 

The dehydrogenation activity of Rh(111) 
was clearly evident in the decomposition of 
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ethanol; dehydrogenation of this molecule 
was complete and unselective. The first step 
was the formation of an ethoxide which was 
complete by 150 K. Alkoxides have been 
widely observed as intermediates in alcohol 
decomposition sequences (9, 10, 19, 21). 
The ethoxide intermediate then dehydroge- 
nates at either the methylene or methyl posi- 
tion. Loss of hydrogen from the methylene 
group would result in the formation of an 
aldehyde intermediate. Loss of this hydro- 
gen has been reported to be the primary 
mode of ethoxide decomposition on Pd(l 11) 
(10) and Ni( l l l )  (11). This pathway ap- 
peared to be a minor one for ethoxides on 
Rh(l 11); the principal channel for ethoxide 
dehydrogenation on this surface did not ap- 
pear to involve adsorbed acetaldehyde. This 
conclusion was supported by the absence of 
methane desorption after ethanol adsorp- 
tion, and the assignment of the majority of 
the losses in the HREEL spectra to ethox- 
ides. These observations suggest that ethox- 
ide dehydrogenation occurs primarily via 
cleavage of a C--H bond on the methyl 
group. Loss of hydrogen at the methyl posi- 
tion of the ethoxide would result in the for- 
mation of an oxametallacycle intermediate 
that would be difficult to characterize even 
if it were stable, since its skeletal bonds 
would be roughly parallel to the surface and 
thus not dipole active. The point at which 
C--C bond scission occurs in the ethoxide 
dehydrogenation sequence is not clear, but 
this scission must occur before complete de- 
hydrogenation of the C---C framework, 
since carbon monoxide bands were evident 
in the HREEL spectra by 250 K, but evolu- 
tion of reaction-limited hydrogen from sur- 
face hydrocarbon moieties continued until 
600 K. 

It is striking, not only that the decarbon- 
ylation pathways of ethanol and acetalde- 
hyde differ so strongly from each other on 
Rh(l l 1), but that the chemistry of these mol- 
ecules also differs significantly on the neigh- 
boring metal Pd. Davis and Barteau (10) 
have shown that adsorbed acetaldehyde was 
formed in high selectivity from ethoxides on 

the Pd(l l l )  surface. They proposed that 
the sequence of dehydrogenations: etha- 
nol-ethoxide-acetaldehyde-acetyl-carbon 
monoxide plus methylene is the single reac- 
tion network connecting the oxygenated in- 
termediates on Pd(l l l ) .  Clearly this reac- 
tion network is not the only pathway active 
for ethanol decomposition on the Rh( l l l )  
surface. Even when this network is entered 
at the acetaldehyde intermediate, Rh does 
not follow the Pd dehydrogenation se- 
quence. Davis and Barteau (8) reported that 
acetaldehyde or acetyl decomposition on 
Pd(111) proceeded via removal of a hydro- 
gen from the methyl group followed by 
C--C bond scission. The reverse of this re- 
action, methylene migration to carbon mon- 
oxide, has been proposed as a mechanism 
of acetaldehyde formation on Fischer- 
Tropsch catalysts by Hackenbruch et al. 
(28). They support this mechanism with an 
example of methylene migration observed 
for a binuclear iron complex. Unstable ke- 
tene also may be one of intermediates 
formed on the Pd surface. Radloff et al. (29) 
and Mitchell et al. (30) have characterized 
the reactions of ketene on the Pt(11 l) sur- 
face using HREELS and TPD. They ob- 
served that the decomposition products of 
ketene were hydrogenated to methane at 
higher ketene exposures. Davis and Barteau 
(8) have also observed that the coordination 
of the vinyl group of acrolein resulted in a 
decomposition temperature lower than that 
of the saturated analog, propionaldehyde. 
Thus the decarbonylation of aldehydes on 
Pd(11 l) apparently requires an unsaturated 
carbon center, while the decarbonylation of 
acetaldehyde on Rh(l l l )  proceeds via 
methyl migration. 

The results of this study demonstrate that 
the principal pathways for decomposition of 
ethanol and acetaldehyde on Rh(111) do not 
intersect, as illustrated schematically in Fig. 
12. This figure depicts to scale the stable and 
postulated adsorbates encountered along 
the nonintersecting pathways for decar- 
bonylation of acetaldehyde and ethanol on 
Rh(l l l ) .  On a flat open structure such as 
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FIG. 12. Reaction sequences observed and [postulated] intermediates in the nonintersecting decarbon- 
ylation of acetaldehyde and ethanol on Rh(111). 

(11 l) surface of FCC metals it is difficult 
to envision significant steric origins of the 
different decarbonylation pathways for the 
two molecules. As is clear from Fig. 12, all 
hydrogens in the adsorbed molecules and 
the observed ethoxide and ~2-acetaldehyde 
species have reasonable access to neigh- 
boring surface metal atoms. Moreover, one 
could not explain the dramatic difference in 

the surface chemistry of these C 2 oxygen- 
ates between Rh(111) and Pd(111) surfaces, 
since the lattice constants of these two met- 
als differ by only about 2%. 

While the origin of the nonintersecting de- 
carbonylation pathways for ethanol and ac- 
etaldehyde on Rh(111) is unclear, our obser- 
vations are consistent with isotopic mixing 
results on catalysts consisting of Rh on non- 
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interacting supports which showed that eth- 
anol was not formed by sequential hydroge- 
nation of acetaldehyde. In the present study 
ethoxide intermediates were isolated in 
the ethanol decomposition sequence and 
~2(C,O)-acetaldehyde was the principal 
form of acetaldehyde. However, more 
highly dehydrogenated species, such as the 
ketene intermediate proposed by Takeuchi 
and Katzer (1), could not be isolated. Since 
there were no oxygen atoms available from 
a support for carboxylate formation, there 
was no evidence for the mechanism pro- 
posed by Orita et al. (2). Finally, approxi- 
mately 10% of the ethanol appeared to dehy- 
drogenate via adsorbed acetaldehyde. This 
indicated that the hydrogenation/dehydro- 
genation pathway between acetaldehyde 
and ethanol was not excluded on the Rh(111) 
surface, consistent with the results of Un- 
derwood and Bell (4). Since several of the 
mechanisms proposed on the basis of exper- 
iments with supported catalysts appeared to 
operate on the Rh(11 l) surface, the dramatic 
effect of support interactions on the perfor- 
mance of these catalysts is not surprising. 
Selection of the preferred channel for the 
catalytic reaction is likely determined by the 
modification of the stability of the various 
intermediates by the support or by promoter 
atoms on the metallic surface. Thus some 
caution must be exercised when attempting 
to extend mechanistic conclusions from one 
supported rhodium catalyst to another, es- 
pecially on different supports. 

CONCLUSIONS 

Ethanol and acetaldehyde do not decar- 
bonylate via a common pathway on Rh(111). 
Decarbonylation of acetaldehyde, bound to 
the surface in an ~2-configuration, proceeds 
via methyl elimination. One-half of the 
methyl groups produced at saturation cover- 
ages are hydrogenated to methane. Ethanol 
decarbonylation proceeds via the formation 
of surface ethoxides. These decompose at 
lower temperatures than does ~02-acetalde - 
hyde, they do not appear to form ~Z-acetal- 
dehyde on the surface, and little methane is 

desorbed. The divergence of ethanol and 
acetaldehyde decomposition pathways sug- 
gests that C--H scission at the methyl posi- 
tion may precede C--C scission in ethoxide 
decarbonylation. The additional differences 
in the reaction pathways of C2-oxygenates 
on Rh(111) and Pd(l I l) surfaces suggest that 
caution must be exercised in attempting to 
apply a common network for oxygenate syn- 
thesis and decomposition on Group VIII 
metals. 
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