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The reactions of hydrocarbons and carboxylic acids on Fe( 100) were studied by temperature- 
programmed reaction spectroscopy (TPRS) and X-ray photoelectron spectroscopy (XPS). Ad- 
sorbed methyl groups were observed to be stable surface intermediates formed from CH,Cl 
adsorption. The methyl groups reacted to form H, and surface carbide: the rate of this reaction was 
given by -du&dt = (8 x lOI ss’)ucH, exp(- I10 kJ/mole/RT). TPRS results did show that olefins 
formed stable surface intermediates, though no definitive identification was possible from the 
studies reported here. Carboxylic acids were found to form stable carboxylate intermediates, 
which decomposed by first-order kinetics to form H, and either CO, or CO and adsorbed oxygen. 
The rates for formate and acetate decomposition were -da,,c,,,,/dt = (7 x lO’3 scl)uHvo,, exp(- 130 
kJ/mole/RT), --dot,, 60,, /df = (8 x 1Ol3 ~~I)uc~,,(,~~~ exp(- 140 kJ/mole/RT). The stability of 
surface formates on various metal surfaces were compared and shown to correlate with the oxygen 
metal bond strength. 

INTRODUCTION EXPERIMENTAL 

In Part I of this series the reactions of The experimental apparatus and proce- 
alcohols on Fe(lOO) were described (I). dures have been reviewed previously 
Alcohols were observed to form alkoxy (I, 2). Samples of formic acid and acetic 
intermediates, and it was suggested that acid were prepared as described elsewhere 
these alkoxys were one of the important (4, 5). Samples of methyl chloride (Liquid 
intermediates in Fischer-Tropsch syn- Carbonic 98%), ethylene (Matheson 
thesis, as they reacted to form hydrocar- 99.9%), cis-2-butene (Liquid Carbonic 
bons and oxygen-containing products. In 98%), and acetylene (Liquid Carbonic 
addition to alcohols and aldehydes, carbox- 99.5%) were attached to a gas manifold and 
ylic acids and hydrocarbons are also reac- admitted into the vacuum chamber through 
tion products in the Fischer-Tropsch syn- a 22-gauge needle connected to a variable 
thesis. Therefore the reations of simple leak valve. Preliminary studies showed 
hydrocarbons and carboxylic acids on methane and ethane had sticking probabili- 
Fe(lOO) have been studied, and the results ties of less than IOV (see Part I (I) on how 
are presented in this paper. The terms sticking probabilities were determined). 
desorption-limited and reaction-limited sig- 
nify reaction sequences in which evolution RESULTS 
of the product into the gas phase is limited 
in rate by desorption or a prior surface Reactions of Hydrocarbons 

reaction, respectively. ’ The adsorption and reactions of CH,Cl, 
C2H4, C2H2, and cis-2-butene were studied. 

’ Present address: Department of Chemical Engi- Subsequent to the adsorption of CH&l on 
neering, Princeton University, Princeton, N.J. 08540. Fe( 100) at 180 K the only desorption prod- 
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FIG. 1. C( IS) XPS of methyl chloride adsorbed on 
Fe( 100). (a) before adsorption, (b) CH,CI adsorbed at 
150 K, (c) heated to 500 K. 

uct observed was H,, which desorbed in a 
single peak at 475 K. This temperature was 
well above 400 K, the temperature at which 
H, desorbed subsequent to H, adsorption 
(the desorption-limited temperature of H,) 
(3). The X-ray photoelectron (XP) spectra 
for methyl chloride adsorbed on Fe(lOO), 
shown in Fig. 1, gave a C(ls) peak at 283.4 
eV and a Cl&) peak at 269.0 eV. There 
were no changes in the spectra for crystal 
temperatures up to 380 K. Upon heating to 
500 K the C(ls) peak shifted to 282.2 eV, 
corresponding to carbon adsorbed on the 
Fe(100) surface; however, there was no 
change in the Cl(2s) peak. The fact that 
neither the magnitude nor the peak position 
of the Cl@) peak changed from low-tem- 
perature adsorption up to 900 K indicated 
that upon adsorption the H3C-Cl bond was 
broken to form a Fe-Cl bond. The chlorine 
could only be removed from the surface by 
argon sputtering, and no chlorine-contain- 
ing products were observed to desorb from 
the surface. 

The results of temperature-programmed 
desorption experiments strongly suggested 
that the C(ls) peak at 283.4 eV was due to 
surface methyl groups. Upon heating, all of 
the Hz was desorbed alone at 475 K, and 

there was no desorption-limited H, at 400 
K. These observations ruled out the possi- 
bility of the formation of CH or CH, inter- 
mediates below 475 K. The hydrogen 
evolved was apparently still bound to the 
carbon, although the methyl chloride disso- 
ciated to give chlorine atoms at 150 K. The 
kinetic parameters for the methyl decompo- 
sition were estimated from a plot of 
ln(rate/coverage) versus l/T; the rate of 
decomposition was described by 

rate = (8 x lOI* s-‘)u~~:~ 
exp( - 110 kJ/mole/RT). 

After adsorption of ethylene and acety- 
lene the only desorption products observed 
were the parent molecules and H,. Ethyl- 
ene adsorption at 180 K led to ethylene 
desorption at 250 K (with smaller amounts 
desorbing up to 450 K) and Hz desorption at 
390 K (see Fig. 2). The behavior of acety- 
lene was similar; after acetylene adsorption 
at 180 K acetylene desorbed at 240 K, and 
H, desorbed at 350 K. The fact that the H, 
reaction product from ethylene and acety- 
lene desorbed at different temperatures in- 
dicated that the hydrogen apparently came 
from different surface intermediates. 

The XPS results provided some insight 
into the intermediates that existed on the 
surface. The C(ls) XPS spectra for ethyl- 
ene adsorbed on Fe( 100) are shown in Fig. 
3. For ethylene adsorbed at 180 K there 
was evidence for two peaks in the C(1.s) 
spectrum, neither of which corresponded to 
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FIG. 2. Ethylene decomposition on Fe( 100). 



HYDROCARBONS AND CARBOXYLIC ACIDS 51 

FIG. 3. C( IS) XPS of ethylene adsorbed on Fe( 100). 
(a) C,H, adsorbed at 200 K, (b) heated to 4OOK, (c) 
heated to 600 K, (d) heated to 800 K, (e) C,H, 
adsorbed at 200 K. 

adsorbed carbon, and the spectrum showed 
no change for heating the crystal up to 300 
K other than a slight decrease in the C( IS) 
intensity, Heating to 400 K led to decompo- 
sition of the surface intermediate and de- 
sorption of H,. At the same time the C( IS) 
spectrum shifted to lower B.E. and indi- 
cated the buildup of carbon on the surface 
with a single peak at 282.2 eV. An interest- 
ing feature seen in Fig. 3 was the decrease 
of the C( 1s) peak at 282.2 eV as the temper- 
ature of the crystal was raised, indicating 
diffusion of carbon into the bulk of the iron 
crystal. Adsorption of acetylene on Fe( 100) 
gave similar results; the C(ls) spectra 
showed two peaks for low-temperature ad- 
sorption (see Fig. 3) and a single peak at 
282.2 eV after heating to 400 K. 

To help elucidate the reaction intermedi- 
ate in ethylene decomposition, cis-2-butene 
decomposition was also studied. The reac- 
tion product spectrum for cis-2-butene is 
shown in Fig. 4. Butene was observed to 
desorb at 260 K after adsorption at 180 K, 
similar to what was observed for ethylene: 
CH, and H, desorbed near 390 K; at 480 K, 
H, desorbed alone. The desorption of H, at 
390 K corresponded to Hz desorption from 
ethylene, indicating the presence of analo- 
gous intermediates for both C,H, and 
cis-2-butene decomposition, while the de- 

FIG. 4. Reactions of cis-2-butene on F(100). 

sorption at H, at 480 K corresponded to the 
decomposition of methyl groups noted 
above for CH,,,, from CH,Cl. The evolu- 
tion of the XP spectra with heating was 
very similar to that for C,H, shown in Fig. 
3. 

Reactions of Carboxylic Acids 

The reaction product spectrum subse- 
quent to formic acid adsorption on Fe( 100) 
is shown in Fig. 5. The reaction appeared to 
proceed in two steps. The hydrogen origi- 
nally bound to the oxygen was evolved at 
350 K in what appeared to be a desorption- 
limited step. At 490 K, CO:!, CO, and Hz 
were evolved simultaneously, presumably 
from formate decomposition. There was 
also a small amount of CO that desorbed at 
800 K as the result of the reaction between 
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FIG. 5. Reactions of formic acid on Fe( 100). 
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FIG. 6. O( Is) XPS of formic acid adsorbed on 
Fe( 100). (a) HCOOH adsorbed at 160 K, (b) heated to 
360 K, (c) heated to 500 K, (d) heated to 900 K, (e) 
before adsorption. 

adsorbed carbon and oxygen atoms. No 
other reaction products (e.g., H,O) were 
detected. These results are discussed be- 
low. 

The XPS results shown in Figs. 6 and 7, 
and summarized in Table 1, showed that 
decomposition proceeded above 360 K and 
led to a buildup of oxygen on the surface. 
Figure 7 shows the presence of carbon 
contamination before adsorption of formic 
acid; after heating to 900 K to desorb 
dissociated CO, the carbon was removed, 
and there was an oxygen buildup (see Fig. 
6). The spectra suggested that the formate 
was bonded to the surface through both 
oxygens. The O(1.s) XPS spectrum for for- 
mic acid adsorbed at 160 K showed a very 
broad peak, which would result from the 
two different oxygens in formic acid. Heat- 
ing to 350 K resulted in the loss of the acid 
hydrogen and formation of the surface for- 
mate. The two oxygens in the formate 
should be equivalent, which indeed ap- 
peared to be the case as there was a detect- 
able shift to O(ls) intensity into the lower 
B.E. peak with a FWHM equal to that of 
adsorbed atomic oxygen. However, the 
C(1.s) spectra showed no change between 

-____r- r- -r-- T -1 TABLE I 

Formic Acid Adsorption on Fe( 100) 

Conditions Binding Coverages 
energies (eV) (mono- 

layers)” 
C(1.s) O(h) ~ 

& 4, 

b 

C 
d 

(a) HCOOH ad- 
sorbed 282.3 531.2 0.36 0.62 
at 160 K 288.3 532.5 

(b) Heated to 360 K 282.3 0.35 0.60 
288.3 531.7 

(c) Heated to 500 K 282.3 530.0 0.12 0.20 

(d) Heated to 900 K - 530.0 - 0.07 

(e) Before adsorption 282.3 - 0.06 - 
BINDING ENERGY (eV) 

“I monolayer = 1.2 x IO’” atoms/cm2. 

the formic acid adsorbed at 160 K and the 
formate formed by heating to 350 K. These 
results suggested that the changes that oc- 
curred during formic acid adsorption were 
due to the formation of oxygen surface 
bonds. The fact that an O(ls) peak was 
observed with a FWHM equal to that of 
adsorbed atomic oxygen was consistent 
with the view that the formate was bonded 
to the surface via the two oxygens equally. 

r 

a 

b 
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FIG. 7. C(ls) XPS of formic acid adsorbed on 
Fe( 100). (a) HCOOH adsorbed at 160 K, (b) heated to 
360 K, (c) heated to 500 K, (d) before adsorption. 
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The last thing to note from the spectra is 
that the buildup of surface oxide and disso- 
ciation of CO to atomic species only oc- 
curred when the formate decomosed at 490 
K. This was evident from the shift of the 
0( Is) peak from 53 I .7 to 530.0 eV and from i 
the increase in the C(ls) peak at 282.3 eV. $ 

The results in Table 1 allow the selectiv- s 
ity for the two pathways HCOO,,, --$ CO,,, k 
+ Oca, + H(,, and HCOO(,, -+ CO,,,, + H,,, 
to be estimated. The total amount of for- 
mate decomposing to CO and adsorbed 400 600 TEMPERarURE iK1 
oxygen is equal to the amount of carbon 
consumed in the adsorption/reaction cycle, FIG. 8. Reactions of acetic acid on Fe( 100). 

plus the net oxygen buildup (0.13 mono- 
layer). The selectivity for oxidation of the 
surface was then 0.13/0.30 = 0.43. 

The kinetic parameters for the formate 
decomposition were estimated from peak 
shape analysis. One approach employed 
was based on peak temperature and the 
peak width at half maximum rate (6). The 
COz desorption peak was asymmetric, con- 
sistent with a first-order process. Assuming 
the formate decomposition was a first-order 
process, we calculated the rate of decom- 
position to be 

rate = (7 X lOI s-‘)(+H(‘OO 
exp( - 130 kJ/mole/RT), 

where uHcoO was the coverage of surface 
formate. An alternative method of deter- 
mining the kinetic parametrers was to plot 
ln(rate/cr) versus l/T, which has a slope of 
E,/R. This method gave an activation en- 
ergy of 128 kJ/mole, in excellent agreement 
with the value obtained from the peak 
width method. 

Acetic acid appeared to decompose by a 
mechanism similar to that for formic acid. 
The reaction product spectra shown in Fig. 
8 indicated the acid hydrogen was lost at or 
below 300 K and subsequently desorbed by 
a desorption-limited process at 350 K. The 
acetate intermediate remaining on the sur- 
face decomposed at 535 K yielding Hz, CO, 
C02, and a small amount of CH,. The 
methane product most probably resulted 

from the hydrogenation of the methyl group 
in the acetate intermediate. At 800 K there 
was a very substantial CO product, much 
more than was observed for any other 
reaction. This apparently resulted from the 
buildup of oxygen and carbon on the sur- 
face from the carboxylate end of the acetate 
(as was observed for formate) and the 
methyl group of the acetate, respectively. 
The carbon and oxygen then recombined to 
desorb as CO at 800 K. 

The acetate on Fe( 100) was a more stable 
intermediate than the formate, as we ob- 
vious from the higher decomposition tem- 
perature for the acetate. The kinetic param- 
eters for the decomposition of acetate were 
determined by the same methods as used 
for formate decomposition discussed 
above. The rate of decomposition of the 
acetate was described by 

rate = (8 x 1013 s-l)~cH.rcOO 
exp( - 140 kJ/mole/RT). 

The XPS results for acetic acid adsorbed 
on Fe( 100) were also similar to those for 
formic acid. The 0( IS) peak for acetic acid 
adsorbed at 180 K was broader than would 
be expected for a single peak; however, 
heating to 350 K resulted in the peak’s 
narrowing (see Fig. 9). Heating to 580 K, 
which caused the acetate to decompose, 
resulted in the O(ls) peak diminishing in 
intensity and shifting to a lower binding 
energy characteristic of adsorbed oxygen. 
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FIG. 9. 0( Is) XPS of acetic acid adsorbed on 
Fe(l00). (a) CH,COOH adsorbed at 190 K, (b) heated 
to 360 K, (c) heated to 580 K, (d) Heated to 900 K. 

Lastly, heating to 900 K caused the dissoci- 
ated CO to desorb, and the 0( Is) peak van- 
ished. The C( 1s) spectra showed two peaks 
for acetic acid corresponding to the methyl 
and carboxylate carbons at 285.8 and 288.8 
eV, respectively, as well as a small amount 
of carbon contamination with a peak at 
282.3 eV (see Fig. 10). The two peaks could 
be assigned to specific carbons by compar- 
ing the positions with other adsorbates. The 
peak at 288.8 eV was at approximately the 
same energy as the formate peak and was 
assigned to the carboxylate carbon. The 

peak at 285.8 eV was nearly the same 
energy as the methyl group for ethoxy (I), 
and acetone (2) and was assigned to the 
methyl group. No change was observed in 
the C( 1s) spectra until the temperature 
reached 580 K, when the acetate decom- 
posed, and a buildup in surface carbon was 
seen. The C(1.s) peak at 282.3 eV then 
decreased when the crystal was heated to 
900 K to desorb the dissociated CO. The 
XPS results are summarized in Table 2. 

DISCUSSION 

Reactions of Hydrocarbons 

The reactions of ethylene, butene, and 
acetylene on Fe( 100) all appeared to pro- 
ceed by similar reaction pathways. The 
XPS data and TPRS results suggested that 
both ethylene and butene formed interme- 
diates which decomposed near 390 K. Eth- 
ylene decomposed to form H, at 390 K, 
while cis-Zbutene formed an analogous in- 
termediate that reacted to form Hz, and 
CH, at 390 K. If one rules out the fortuitous 
possibility that the rates of H,,, + Hca, + 
H,,,, andn H,,, + CH,-,,,, -+ CH, are identi- 
cal, the formation of CH, at 390 K indicated 
that the hydrogen evolved at 390 K from 
both ethylene and cis-2-butene was the 
result of a reaction of a surface intermedi- 

L 
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FIG. 10. C( Is) XPS of acetic acid adsorbed on Fe( 100). (a) CH,COOH adsorbed at 190 K, (b) heated 
to 360 K, (c) heated to 580 K, (d) heated to 900 K. 
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ate, and not the result of desorption-limited 
H,. The H, desorption peak at 480 K from 
the decomposition of cis-Zbutene can be 
attributed to methyl groups decomposing. 
The decomposition of methyl groups at 475 
K to give H, and surface carbon has also 
been observed from the reactions of methyl 
chloride, ethanol (I), and acetone (2). 

The nature of the surface intermediates 
formed during the reactions of acetylene, 
butene, and ethylene cannot be answered 
definitively from the results at hand. The 
C( 1s) XP spectra for ethylene and acetylene 
adsorbed on Fe(100) showed two peaks, 
which seemed to discount the possibility of 
a symmetric r-bonded intermediate, as the 
two carbons would be equivalent in such an 
intermediate. Brucker and Rhodin (7) 
found that UPS results of ehtylene and 
acetylene adsorbed on Fe( 100) above 123 K 
were not consistent with a r-bonded ethyl- 
enic or actylenic intermediate, and specu- 
lated that ethylene and acetylene decom- 
posed at low temperature to CH, and CH 
intermediates, respectively. Two such in- 
termediates should possess nearly equal 
C(ls) binding energies, which is not con- 
sistent with PES results (8). 

Numerous other possibilities for surface 
intermediates exist. One is that there are 

TABLE 2 

Acetic Acid Adsorption on Fe( 100) 

Conditions Binding Coverages 
energies (eV) (mono- 

layers) 
C( Is) O(ls) 

& 4, 

(a) CH,COOH ad- 
sorbed 282.3 532.0 0.64 0.60 
at 190 K 285.8 

(b) Heated to 360 K 282.3 532.0 0.61 0.56 
285.8 
288.8 

(c) Heated to 580 K 282.3 530.3 0.28 0.25 

(d) Heated to 900 K 282.3 - 0.04 - 

(e) Before adsorption 282.3 - 0.02 - 

two different types of surface intermediates 
formed, which have similar reaction ki- 
netics. As an example there could be a 
mixture of n-bonded and di-u-bonded 
olefin intermediates 

(e.g., H2C=CH2 + H,y-YH,). 

Other possibilities are ethylidene interme- 
diates 

H 
(*-C-CH,) 

similar to what has been proposed by Ibach 
and Lehwald (9), or vinylidene intermedi- 
ates 

(Q-c:;, ) 
2 

which have analogs in organometallic com- 
plexes (10, I I). The TPRS results for ethyl- 
ene on Fe(lOO) tend to rule out the ethyli- 
dene intermediate. The reaction of such an 
intermediate would be expected to yield 
CHJ, since experimental evidence suggests 
that surface intermediates with methyl 
groups attached to a carbon give rise to 
CH, (e.g., ethoxy, butene, acetate). Both 
the vinylidene intermediate and the mixture 
of two different intermediates are consist- 
ent with the TPRS results. The H,/C,H, 
TPRS results showed the H, desorption 
peak consisted of two overlapping peaks. If 
there were a mixture of two types of inter- 
mediates, their decomposition kinetics 
must be virtually identical to be unresolved 
by TPRS. On the other hand, if there were 
vinylidene intermediates there would be 
desorption-limited Hz as a product at 350 
K, which would overlap the decomposition 
peak at 390 K to produce a broad peak. 
Unfortunately we are unable to distinguish 
these two possibilities. However, the exis- 
tence of a stable surface intermediate is 
clearly established. 

The stabilities of the ethylene and acety- 
lene intermediates should be related to the 
thermodynamic stabilities of the two. As 
the average bond energy in the triple bond 
is less than in the double bond, the ethylene 
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intermediate should be the more stable to- 
ward reaction. The stabilities are reflected 
in the decomposition temperatures, acety- 
lene decomposed at or below 350 K (it was 
not possible to ascertain whether the Hz 
evolution was desorption or reaction lim- 
ited), while both ethylene and cis-2-butene 
decomposed at 390 K indicating greater sta- 
bility of the ethylene intermediates. 

Perhaps the most important result from 
the hydrocarbon reactions was the observa- 
tion of stable alkyl intermediates (e.g., *- 
CH3). Blyholder and co-workers also ob- 
served alkyl intermediates in their ir studies 
of adsorbates on iron (12). In the work 
presented here methyl groups were ob- 
served to form from C-C bond scission, as 
in the case of ethanol, acetone, and butene, 
or by breaking the weak carbon-halogen 
bond in methyl chloride. The methyl groups 
decomposed to H, and adsorbed carbon; no 
methane or ethane was observed as a reac- 
tion product. One point to note was that 
there was no indication in any of the reac- 
tions studied for stable methylene (*=CH,) 
intermediates. This observation is impor- 
tant because in many of the mechanisms 
proposed for Fischer-Tropsch synthesis, 
methylene was suggested as the surface 
intermediate. 

The results obtained here support the 
hypothesis that carboxylic acids decom- 
pose on iron via the formation of a surface 
carboxylate. The XPS results suggested 
that the carboxylate was bound with both 
oxygen bonding in equivalent fashion to the 
surface. The formation of carboxylate in- 
termediates has been previously estab- 
lished by Blyholder and co-workers on iron 
powders (12) and by a variety of other 
investigators on other metal surfaces (13). 
The carboxylates were observed to be ex- 
ceptionally stable on iron surfaces, both by 
Blyholder and in the present study. The 
surface acetate was more stable than the 
formate. The present study further 
quantified these findings and provided ki- 
netic parameters for formate and acetate 
decomposition. The selectivity for the for- 

mate decomposition was a bit surprising, as 
typically the decomposition of formic acid 
is envisioned as proceeding via a formate 
surface intermediate to yield CO, and hy- 
drogen. Consideration of two reaction path- 
ways for formate decomposition helped to 
clarify this dilemma. The formate could 
decompose to either adsorbed hydrogen 
and COz, or hydrogen, CO, and surface 
oxide. 

HCOO(a) < 

H(a) + CO,(gl 

H(o) + CO(g) + O(a) 

The difference in enthalpy for these reac- 
tion pathways is equal to the difference 
between the heat of formation of CO, and 
the heats of formation of CO and FeO, 
which is small (less than 8 kJ/mole). The 
two reaction pathways would thus be ex- 
pected to compete on thermodynamic 
grounds alone. 

It is instructive to compare the reactions 
of carboxylic acids on different metals. 
Carboxylate intermediates have been ob- 
served on most metal surfaces (e.g., Cu, 
Ag, W), with the only known exception 
being nickel, on which anhydride interme- 
diates were reported (14-16). The reason 
for this different behavior is not known, 
although it appears to be related to the 
formation of surface oxygen bonds. The 
reactions of alcohols, aldehydes, and acids 
on iron, copper (17, /8), silver ( 19), and 
tungsten (20, 21) all were found to proceed 
via the formation of stable intermediates 
which were bound to the surface by oxy- 
gen-metal bonds. Nickel was different in 
that these types of intermediates (alkoxys 
and carboxylates) were not stable at room 
temperature. 

For those metals on which the carboxyl- 
ate intermediates were stable a comparison 
of the kinetic parameters for the decompo- 
sition should provide some insight into the 
differences between metals. The peak tem- 
peratures for the decomposition of a for- 
mate are shown below for studies on clean 
metal surfaces. 
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Metal Metal oxygen bond T,, Reference 
strength (kJ/mole) (K) 

Ag 140 
cu 202 
Fe 258 
W 263 

410 (9) 
470 (IX) 
495 This study 
560 (20) 

A striking feature to note is that the peak 
temperature for decomposition increases 
with increasing oxygen-metal bond 
strength, suggesting that the strength of the 
metal-oxygen bond determines the stability 
of these intermediates on the surface. Qual- 
itatively, it would be expected that the peak 
temperatures be related to the difference 
between the surface single-bond energies 
for hydrogen and oxygen atoms, since the 
final state of the reaction system results in 
the formation of adsorbed hydrogen atoms. 
The bond energies for adsorbed hydrogen 
atoms increase systematically by about 63 
kJ/mole from Ag to W (22). The very 
strong increase in the bonding to oxygen on 
these surfaces appears to dominate the ki- 
netics and offset any increased bonding 
strength to hydrogen which might provide a 
higher driving force for reaction. 

There was one unusual feature in the 
C( Is) XPS results for acetic acid adsorbed 
on Fe( 100). Though the peak heights of the 
two carbon peaks in Fig. IO were different, 
the integrated areas were the same, as the 
peak at 288.8 eV was broader than the peak 
at 285.8 eV. One possible explanation of 
the broadening of the carboxylate carbon 
peak is multiplicity of the final state due to 
spin-spin coupling with the valence elec- 
trons. If the actual bonding of the carboxyl- 
ate were a hybrid of the three resonance 
structures shown below 

* Y * * * * 

then the unpaired electron in structure II 
would cause a splitting of the energy of the 
C( Is) photoelectron, similar to what has 

been observed for 0, and NO in the gas 
phase (23). Note that such splitting would 
not be of major importance for the other 
atoms in the molecule as they are more 
shielded from the unpaired electron. The 
C( Is) peak for formate also showed this 
same broadening, although it was not as 
apparent because there was not a second 
peak for comparison. 

CONCLUSION 

The reactions of hydrocarbons and car- 
boxylic acids on Fe(l00) were studied with 
TPRS and XPS. Olefinic hydrocarbons 
were observed to form stable surface inter- 
mediates which decomposed between 350 
and 400 K. Ethylene and acetylene both 
reacted to give H, and surface carbon, 
whereas cis-2-butene formed methane and 
surface methyl intermediates as well. The 
XPS results suggested that olefins did not 
form symmetrically n-bonded intermedi- 
ates solely. Methyl chloride was observed 
to dissociatively adsorb on Fe( 100) to form 
methyl groups. The methyl groups decom- 
posed at 475 K to give H2 and surface 
carbon. 

Carboxylic acids were found to form 
carboxylate surface intermediates. The car- 
boxylates were stable surface intermediates 
decomposing around 500 K. Both formate 
and acetate were observed to decompose 
via two pathways, giving either CO, or CO 
and adsorbed oxygen as reaction products. 
The stability of formates on various metal 
surfaces was discussed and was shown to 
correlate with the bond energy of metal- 
oxygen bonds. 
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