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THE ADSORPTION AND REACTIONS OF HYDROCARBONS ON MOLYBDENUM SINGLE 

CRYSTAL SURFACES; WHEN CLEAN AND IN THE PRESENCE OF CO-ADSORBED 

SULFUR OR CARBON 

D. G. Kelly, M. Salmeron, and G. A. Somorjai 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
and Department of Chemistry, University of California 

Berkeley, California 94720, USA 

ABSTRACT 

The chemisorption and reactions of thiophene, 1,3-butadiene, butenes, 

and n-butane on clean Mo(100), and with sulfur or carbon overlayers, have 

been investigated using thermal desorption spectroscopy (TDS). The 

predominant reaction at low additive coverage (0- 0.2 monolayers of S or C), 

and at low ambient pressure (lo-10 torr) for unsaturated hydrocarbons 

is decomposition. Butane is the least reactive of the hydrocarbons, and 

a large fraction (95%) desorbs molecularly at all additive coverages. 

As additive (S or C) coverage increases the amount of decomposition 

decreases, enabling other reaction pathways to become more probable. 

Hydrogenation, partial dehydrogenation, and isomerization reactions 

are detected. Molecular binding on the additive overlayers was also 

found to be very different. On sulfur overlayers the binding of the 

hydrocarbons was weak (physisorption), usually on the order of the heat 

of sublimation (9- 10 kcal/mol). However, molecular binding on carbon 

overlayers was stronger: the heat of desorption was 17 - 23 kcal/mol for 

thiophene and butadiene, 12 - 15 kcal/mol for the butenes, and 11 kcal/mol 



for butane. In addition, isomerization of 1-butene to 2-butene, occured 

on the carbon overlayer. It is suggested that the metal sites control 

the reactions observed (except for isomerization). This accounts for the 

similarity in surface reaction product distributions, and explains why 

the difference in molecular hydrocarbon binding between the sulfur covered 

and carbon covered surface plays a minor role in these reactions. 
• 
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1. Introduction 

Molybdenum, when used in a sulfided form, is an excellent catalyst 

for hydrodesulfurization (HDS) [1]. Recent work has shown that the HDS 

of thiophene to produce c4 hydrocarbons (butadiene, butenes, and butane) 

and HzS, at atmospheric pressure, will occur on an initially clean Mo(100) 

single crystal surface [2,3]. After these reactions sulfur and carbon 

containing overlayers were found on the crystal. It has also been found 

that HDS of thiophene can be catalyzed using MozC as well [4]. These 

results suggest that sulfur and carbon overlayers may play important 

roles in HDS; therefore, it would be of interest to study the effect of 

sulfur and carbon overlayers on the chemisorption behavior and reactivity 

of those molecules that participate in the HDS reaction on the Mo single 

crystal surface. To this end, the adsorption and surface reactions of 

thiophene and its HDS products, 1,3-butadiene, butenes, and n-butane on 

clean, sulfided, and carbided Mo(100) were studied. 

A considerable amount of research has been done on the adsorption of CO 

and Hz on clean Mo(100) [5,6,7,8]. It was found that Mo(100) is a very 

reactive surface, that dissociates CO. Since the organic molecules that 

partake in HDS are more easily decomposed than CO, the clean Mo surface 

could not be the catalyst that carries out this gentle reaction. Thus, 

moderation of Mo surface reactivity is necessary, and sulfur and carbon 

overlayers may provide this. 

Sulfur is known to form several different ordered overlayer structures 

on Mo(100) [9,10,11]. Dynamic LEED has been performed on only the c(2X2) 

structure [11] and it was found that the data were best fit by placing 

sulfur in the four-fold hollow site. In addition, chemisorption studies 

on these sulfur overlayers [10] have shown that adsorption of low pressures 
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of Dz and Oz is completely blocked by 0.6 monolayers of S, which is 

where the c(ZXZ) structure is complete. If dissociative adsorption 

requires two adjacent metal sites then inhibition of this adsorption 

upon completion of the c(ZXZ) structure is consistent with this hypothesis. 

The surface reactions of hydrocarbons are also affected by 

pre-adsorbed sulfur. The results of previous work on the adsorption of 

thiophene [1Zj show that sulfur overlayers decrease the amount of decomposition 

of thiophene relative to that found on the clean surface. The thermal 

desorption spectra showed no change in desorption temperature as a function 

of sulfur coverage, indicating that the presence of sulfur atoms did not 

change the bonding of thiophene to the Mo surface, but acted only to 

block sites for decomposition. 

Several studies have shown that carbon also forms ordered overlayers 

on Mo(100), similar to those produced by sulfur [13,14,15]. These 

studies indicate that carbon overlayers affect chemisorption of Hz and CO 

in a similar way as sulfur does, by blocking sites for dissociative 

adsorption. Hz and CO thermal desorptions were reported to show no 

shift in peak temperatures with carbon coverage [15]. 

Although the adsorption of hydrocarbons on a Mo(100) surface with 

pre-adsorbed carbon has not been reported previously, some research has 

been done on a W(100) surface with pre-adsorbed carbon [16,17,18]. As found 

with sulfur on Mo(100), pre-adsorbed carbon also blocks decomposition of 

hydrocarbons. In addition, an interesting moderati~~ ;f th~-W(100) ~ 

surface reactivity was found in the conversion of cycloheptatriene to 

benzene [18]. 

The results of our studies are in agreement with what would be 

expected from this previous work. The decomposition of the hydrocarbons 
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is inhibited by the presence of sulfur or carbon on Mo(lOO) surface. 

Although similarities in decomposition inhibition were found, differences 

in molecular binding were also observed. While sulfur merely acts to 

block sites for decomposition, carbon creates new molecular states, with 

higher binding energies than on the clean surface. 

2.0 Experimental 

A stainless steel UHV chamber was used, with a base pressure after bake 

out of 3 x 10-lO torr. The adsorption and surface reactions of 

these compounds were monitored using Auger electron spectroscopy (AES), 

low energy electron diffraction (LEED), and thermal desorption spectroscopy 

(TDS). The ionizer of the quadrupole mass spectrometer used in TDS is 

encapsulated with a colimator so that most of the molecules detected 

desorb from the front face of the crystal, thus minimizing contributions 

to the TDS from the support wires. Data acquisition is aided by a Commodore 

Pet 2001 computer, with up to eight masses monitored simultaneously. In 

most cases the molecular species were monitored using the parent peak in 

the mass spectrum. In the case of butadiene and butene, other peaks in 

the mass spectrum were monitored to determine if there was any isomerization 

(mass 39 for butadiene and mass 41 for butene). Isomeric distributions 

of the butenes (!-butene, and 2-butenes) were determined by observing 

differences in the cracking patterns~ In particular, the peak he~ght 

ratios of mass 41 to mass 56 at low ionization energy (27V), changes 

from 1.78 to 1.23 on going from !-butene to 2-butene. The Mo(lOO) single 

crystal was 1 cm2, and was heated resistively over the range llOK -

2000K. The sample was cleaned by heating (to 900K) in 5 X Io-9 torr 

of Oz to remove carbon, and then flashed to 2000K to remove oxygen 
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(this was confirmed using AES). The temperature of the crystal was 

measured with a W-5%Re/W-26%Re thermocouple spot-welded to the edge of 

the crystal. The hydrocarbons were deposited on the surface using a 

directional closer. The values of the exposures are measured using the 

ion gauge pressure readings which are uncorrected for possible inhomo

geneities in gas distribution and differences in gauge sensitivity. The 

hydrocarbon exposures used are those at which the multi-layer peak appears 

in the TDS. The hydrocarbons were adsorbed between 130 - 190K. The 

method of deposition and calibration of the sulfur overlayers has been 

previously reported [12j. 

Carbon overlayers were produced by thermal cracking of hydrocarbons 

(butadiene or butene). Carbon coverage was determined made using two 

techniques: ,LEED structures, and the amount of CO that can dissociatively 

adsorb on the surface. Carbon forms three ordered structures on Mo(100) 

[13,14j: c(2X2), (2,-1,1,1), and p(1X1). Consistent with previous findings, 

we have assumed that the c(2X2) structure corresponds to 1/2 monolayer, 

and the (2,-1,1,1) to 2/3 monolayer. Then the amount of CO that can 

adsorb dissociatively is assumed to be linearly related to the carbon 

coverage, as was found by Ko and Madix [1Sj. Good correlation was found 

between these two methods. A single-pass cylindrical mirror analyzer was 

used for calibrating the AES C(272)/Mo(221) peak height ratios against 

the coverage determined by the previously mentioned methods. The electron 

beam current was 1 ~at 2000V, and the peak-to-peak modulation amplitude 

was 8V. The use of the C/Mo Auger peak ratio resulted in an estimated 

uncertainty of about 10% in the coverage. Fine structure on the low 

energy side of the C(272) Auger transition confirmed the "carbidic" 

nature of the overlayer [19j. 

. 
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3.0 Results 

This section is organized as follows. First, a general summary of 

the thermal decomposition pathways of all the hydrocarbons on the different 

surfaces (clean, co-adsorbed with sulfur, and co-adsorb~d with carbon) 

will be presented. This will be followed by a detailed account for the 

desorption behavior of each compound. A summary of desorption temperatures 
. '· 

and products is presented in table 1. 

The clean Mo surface is highly reactive, and most hydrocarbons 

decompose on a clean surface, producing C residues on the surface, and 

Hz which desorbs upon heating. At sub-monolayer coverages of hydrocarbon, 

the Hz desorbs at approximately 3SOK in one peak for all hydrocarbons. 

However, as hydrocarbon coverage approaches ~ m9nolayer the Hz yeaks 

shifts to lower temperature, and low tempera~pre peaks (ZSO - 300K) appear. 

Any molecular desorption occurs at low temperature (150- 170K) near 

monolayer coverage and above. Hydrogenation reactions are also observed 

with some of the hydrocarbons. These reactions produce new hydrocarbon species 

which desorb from the surface upon heating. The conjugated systems 

(thiophene and butadiene) showed the highest reactivity towards decomposition, 

while the aliphatic compound (butane) the least. 

The addition of sulfur affects these reaction pathways by reducing 

decomposition and enhancing hydrogenation reactions (at low sulfur coverage). 

The Hz desorption spectra from the decomposition reactions were observed .. 
to decrease in intensity, and shift to higher temperatures as sulfur 

• coverage increased. Most decomposition is eliminated at coverages above 

0.5- 0.6 monolayers of sulfur. Also, no new molecular desorption states 

are created on a surface with pre-adsorbed sulfur. Instead, the amount 

of molecular desorption increases from low temperature physisorbed .states 



6 

(150- 160K). 

Co-adsorbed carbon was also found to decrease decomposition. In 

addition, all hydrocarbons, except butane, were seen to have new molecular 

binding states on a surface with pre-adsorbed carbon. The product distribution 

of the surface reactions was observed to be affected in a similar way as 

with sulfur coverage. The particulars for each compound are discussed 

below. 

3.1 Thiophene 

Previous work has been performed on the thermal desorption of 

thiophene from clean Mo(100) [1Z], but some difference between the previous 

spectra and the present ones are worth noting. The decompostion spectrum 

that yields Hz, is similar to that published previously, but the present 

spectrum has an additional peak at Z70K, as shown at the bottom of figure 

1. The low temperature peaks were previously attributed to adsorption 

of background Hz, since the desorption temperatures are similar to that 

for Hz. However, decomposition of a partially deuterated thiophene 

exhibits similar peaks from Dz (figure Z). Therefore, we conclude that 

these peaks must arise from decomposition of thiophene [ZO]. In addition, 

our results indicate that the ~position dehydrogenates more easily 

than the 8-position. In aggreement with a recent study of the decomposition 

of thiophene-Z,5-dz on clean Mo(lOO) [ZO]. 

Although the adsorption of thiophene as a function of sulfur coverage 

on Mo(100) has been studied previously [lZ], the present results using 

thiophene-Z,5-dz provide more detailed information. We found that both 

sulfur and carbon eliminate the dehydrogenation specificity (this has 

also been reported for sulfur on other metals [21]). Both Hz and Dz 
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peaks were seen to converge towards the same desorption spectrum as 

additive coverage increased (figure 2). The difference in intensities at 

0.5 monolayers of sulfur is probably caused by adsorption of background 

H2 on the back face of the crystal. 

The thiophene TDS from a surface pre-adsorbed with carbon has not 

been reported previously. The H2 TDS from the decomposition of thiophene 

on this surface are shown in figure 1 together with the molecular desorption 

spectrum. The high temperature H2 peaks showed no attenuation until 

carbon coverage was greater than 2/3 monolayers. Then only the 610K 

peak was attenuated, but the 690K peak was not. The lack of attenuation 

in these fragment peaks supports the idea that their observation on a 

clean surface might be due to the presence of residual carbon contamination. 

Molecular desorption is observed in the range 190 to 250K on the 

clean surface. As carbon coverage increases, the molecular peaks increase 

in intensity and shift to higher termperature, as shown in figure 1. At 

Ac=0.84 the peaks appear at 310 and 360K. The 360K peak is at the 

same temperature as a peak previously attributed to a "clean" Mo(100) 

surface [12]. Therefore we conclude that the previously observed 360K 

peak was probably caused by carbon contamination. 

3 .2 1,3-Butadiene 

At saturation coverage nearly all of the butadiene decomposes to 

Cad and Had• Any molecular desorption occurs from a physisorbed state 

at 150K. The decomposition spectrum (yielding Hz) for butadiene has 

three peaks: 290K, 360K, and 580K (at the bottom of figure 3a). The 580K 

peak appears only near saturation coverage of butadiene. Because of the 

high temperature for desorption, this peak corresponds to a reaction 
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limited step (C-H bond breaking). The appearance of this peak near 

saturation coverage indicates that it is probably caused by decomposition 

of butadiene fragments which are stabilized by the carbon from the decomposition 

of other butadiene molecules. 

While carbon coverage blocks decomposition, thus attenuating the Hz 

peaks, the high temperature Hz peak is attenuated only at high carbon 

coverage (figure 3b). The stabilization of the 580K peak on the carbon 

overlayer suggests that the similar peak observed on the initially clean 

surface might again be caused by the presence of carbon residues resulting 

from butadiene decomposition. 

Both C and S were found to block sites for decomposition. With the 

amount of decomposition decreasing, another reaction pathway became 

significant. We found that hydrogenation to form butenes is enhanced 

between 0.2- 0.4 monolayers of S (figure 4a), and 0.2- 0.8 monolayers of 

C (figure 4b). ~~e butenes produced desorb at 290K and 340K (figure 3a) 

on the sulfided surface, and 300 - 380K on the carbided surface (figure 

3b), preceding closely the Hz desorption from butadiene decomposition. 

On both surfaces a mixture of 1- and 2-butenes was obtained, with 70ti0% 

being 2-butene. 

Deuterium co-adsorption experiments were performed at 0.3 monolayers 

of sulfur, and 0.2- 0.4 monolayers of carbon. Incorporation of D was 

observed. The deuterated butene showed the same desorption maximum as 

that for the non-deuterated butene. However, on the surface with pre-adsorbed 

sulfur only, the deuterate~ butenes exhibited a shoulder in the TDS at 

210K not found for the non-deuterated species (figure 5). 

The molecular desorption of butadiene from a surface with pre-adsorbed 

with carbon (figure 3b) was found to be in the same temperature region as 



9 

that observed for thiophene (290- 380K). The ratio of mass 39 to 

mass 54 peak height matched that observed of 1,3-butadiene, indicating 

that no isomerization occurred. 

3.3 Butenes 

The decomposition spectra, yielding H2, and the molecular desorption 

spectra of the butenes are in part similar to those observed for butadiene. 

The decomposition spectra of !-butene and trans-2-butene contain an 

extra peak at 260K relative to the butadiene decomposition spectrum, as 

shown at the bottom of figure 6a (!-butene). The decomposition spectra 

of cis-2-butene, ·yielding H2, was significantly different from those 

for the other butenes. All butenes decompose to give H2 desorption 

peaks at 260K, 300K, 350K, and 580K. However, cis-2~butene decomposition 

is enhanced at the 300K peak relative to both 1-butene and trans-2-butene. 

The H2 TDS of all butenes was found to c~ identical at sulfur 

coverages greater than 0.3 monolayers. Representative thermal desorption 

spectra are shown in figure 6a for !-butene. 

As with butadiene the 580K peak appears only near saturation butene 

coverage on an initially clean surface. However, this peak is not 

stabilized by pre-adsorbed carbon (figure 6b) as was found for butadiene. 

Unlike butadiene, 1-butene is active towards hydrogenation on an 

initially clean Mo surface. The butane which is produced from the hydrogenation 

of butene, desorbs at 190K. This is the same desorption temperature 

of butane when it is initially adsorbed on the clean surface (see below). 

However, for the 2-butenes the amount of hydrogenation observed was at 

the limit of detection(< 1%). 

For !-butene the amount of hydrogenation was found to decrease as 



10 

either sulfur or carbon coverage increased above 0.2 monolayers (figure 7). 

However, a slight increase in hydrogenation activity was observed 

at low additive coverage (maximum at 0.1 - 0.2 monolayers), which is 

probably due to increased availability of intact !-butene. 

Deuterium and hydrogen co-adsorption experiments were performed 

with both !-butene and 2-butene to determine details of the hydrogenation 

mechanism. These experiments resulted in incorportion of the H (or D) 

and desorption of the hydrogenated product (butane) at 160K. This desorption 

temperature is below that observed when butane alone is .initially adsorbed, 

but coincides with that observed when it is co-adsorbed with hydrogen. 

The molecular desorption spectra of the butenes were not identical 

on the carbided surface (figure 8). !-Butene and cis-2-butene were found 

to desorb in one peak at 245K and 240K respectively (the uncertainty in 

peak temperature determination is ~7K). However, trans-2-butene desorbs 

in two peaks at 200K and 250K. Remarkably the desorption product for 

!-butene adsorption is almost completely 2-butene (85~3% 2-butene), while 

the desorption product for both 2-butenes remains 2-butene. 

3.4 Butane 

As expected butane is the least reactive of the hydrocarbons. Less 

than 5% of the butane adsorbed on an initially clean surface, is decomposed 

to Cad and Had (broad Hz desorption at about 360K at the bottom of figure 9a). 

Most of the butane desorbs molecularly at 185K. Deuterium co-adsorption 

experiments with butane showed no deuterium exchange. In fact, the 

molecular desorption temperature is decreased to 160K. 

Complete dehydrogenation of butane is blocked on an additive covered 

surface, but partial dehydrogenation of butane to butene occurs when the 

• 



11 

additive coverage approaches 1/2 monolayers (figure 10). Some of the 

details for the surfaces pre-adsorbed with sulfur and carbon will be 

addressed below. 

A small amount of butene was produced below 0.5 ML of sulfur, and 

desorbed over a broad temperature range centered at 220K. As sulfur 

coverage increases up to 2/3 monolayers, two desorption peaks appear 

at 220K and 390K (figure 9a). The butene isomeric ratio could not'be 

determined because of interference from butane mass spectral fragments. 

Partial dehydrogenation to butene when carbon coverage was greater 

than 0.4 monolayers was observed. The desorption peak temperatures (260K, 

330K, figure 9b) are slightly higher than. those observed when butenes 

are adsorbed initially on a surface with pre-adsorbed carbon (240- 250K). 

4.0 Discussion 

We have found that sulfur and carbon overlayers inhibit the decomposition 

of hydrocarbons on Mo(100). Specifically, sulfur merely blocks decomposition 

sites, but does not create new molecular binding sites. The enhancement 

of molecular desorption from physisorbed states supports this idea. 

Carbon also blocks decomposition sites, but in addition, creates new 

molecular states with higher binding energy than found on sulfur covered 

or clean Mo(100). The similarity in TDS product distributions for reactions 

on the surfaces pre-adsorbed with sulfur and carbon suggest that these 

differences in molecular binding energy play minor roles in the mechanism 

of the observed surface reactions. 

The following discussion will address the details of the effects 

mentioned above for each of the molecules studied. 
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4.1 Thiophene 

High pressure hydrodesulfurization of thiophene is thought to proceed 

through butadiene as an intermediate [2,3]. No desulfurization of thiophene 

leading to butadiene was observed on any of the surfaces we have studied 

in ultra-high vacuum (however, this reaction has been observed on Pd and 

Pt single crystal surfaces in UHV [21]). Thiophene was found to either 

decompose or desorb molecularly on the clean Mo(100) surface. In order 

for desulfurization to occur without the carbon - carbon bonds breaking, 

the surface needs to donate electrons into the lowest antibonding orbital 

of thiophene (which is antibonding between S-C), and so needs to bond 

perpendicularly to the surface. NEXAFS work [22] suggests that thiophene 

adsorbs in a tilted orientation on Pt(111). Recent HREELS work [23] 

suggests that at high coverages on Cu(100) thiophene also adopts a tilted 

orientation. Studies on other metals report that thiophene may also lie 

parallel to the surface [ 24,25 j • Our results shu wing that et-hydrogens 

are removed more easily than &-hydrogens is consistent with thiophene 

bonding perpendicularly on the clean Mo(100). In addition, recent work 

on Mo(100) using HREELS [20] also suggests that at high thiophene coverage, 

some of the molecules may be bound perpendicularly to the surface. The 

hypothesized prependicularly bound fragments are the ones suggested to be 

responsible for the high temperature (610K and 690K) decomposition. It 

would be of interest to obtain HREELS of thiophene on Mo(100) preadsorbed 

with carbon since we have shown that this high temperature fragment is 

stabilized on this surface. In addition, the postulated high temperature 

fragment could be obtained from butadiene, and we have shown that a 

butadiene fragment is also stabilized by a surface pre-adsorbed with 

carbon to high temperature. 
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9.2 1,3-Butadiene 

Hydrogenation of butadiene to butenes has been studied extensively 

on industrial catalysts, but has not been studied in UHV. We found that 

this reaction is enhanced at sub-monolayer coverages of sulfur or carbon. 

This is because on a clean surface there is a large amount of decomposition. 

However, at sub-monolayer coverages of sulfur or carbon some of the adsorbed 

molecules are on overlayer patches, and do not decompose. These molecules 

which would have been decomposed on a clean surface are molecularly 

intact and available for hydrogenation, using of Had from hydrocarbon 

decomposition on clean Mo(100) patches. At low additive coverage the 

hydrogenation rate is limited by the amount of intact hydrocarbon available. 

However, as additive coverage increases further the amount of clean 

patches decreases, and the extent of decomposition decreases. At this 

stage the reaction is limited by t~e amount Had available and the 

extent of hydrogenation decreases. This simple model provides a basic 

qualitative description of the TDS product distributions shown in figure 4. 

Deuterium co-adsorption experiments were performed in order to determine 

some details about the hydrogenation mechanism. Two different hydrogenation 

mechanisms can be imagined; a two-step mechanism, where butadiene first 

decomposes then Had hydrogenates the intact butadiene, or a one-step 

mechanism where direct hydrogen transfer between molecules occurs. Previously, 

it was stated that the desorption temperature for butenes produced from 

butadiene hydrogenation is higher than observed from desorption of pre

adsorbed butene. Therefore desorption of butenes is rate-limited by the 

hydrogenation or decomposition of butadiene. Co-adsorption of Dz with 

butadiene at sub-monolayer coverages of sulfur produced deuterated butenes. 

This implies that hydrogenation of butadiene is a two-step process. In 
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addition, the coincidence of the desorption peaks for the deuterated and 

non-deuterated product shows that hydrogenation of butadiene, and not 

decomposition, is the rate-determining step. However, the appearance of 

the low temperature shoulder for the deuterated products in the presence 

of pre-adsorbed sulfur introduces some uncertainty in this conclusion for the 

case of sulfur on Mo. Assuming znd order desorption kinetics an activation 

energy for desorption can be calculated, and this will be the activation 

energy for hydrogenation (16 kcal/mol for pre-adsorbed sulfur, and 21 

kcal/mol for pre-adsorbed carbon [26]). 

In addition to these differences in activation energy there are 

also differences in the additive coverage giving the maximum amount of 

hydrogenation (O.Z- 0.4 monolayers for S, and 0.5- 0.6 monolayers for C). 

This reflects a general trend in the abilities of the carbon and sulfur 

overlayers to block dissociative adsorption. Sulfur blocks dissociative 

adsorption for Hz at coverages greater than 0.5 - 0.6 monolayers [10]. 

However, carbon does not block dissociative adsorption until 1 monolayer [15]. 

We have found this difference to also be true for the decomposition of 

hydrocarbons as well. Figure 4a shows that decomposition (Hz production) 

is essentially stopped by 0.5- 0.6 monolayers of sulfur. However, figure 

4b shows that greater than 0.9 monolayers of carbon are required ot stop 

decomposition. 

While sulfur overlayers suppressed strongly bound adsorption sites 

for butadiene, leading to an enhancement of weak molecular physisorption, 

carbon overlayers have a very different effect. This is shown by the 

appearance of strongly bound states on the surface with pre-adsorbed carbon 

that produce desorption peaks of butadiene at 270 - 380K. Despite this 

difference the reaction pathways and product distributions are similar 
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for both surfaces. This indicates that it is not the additive patches 

where the intact molecule sits which controls the reaction, but the bare 

metal sites where decomposition occurs. 

9.3 Butenes 

The site-blocking model proposed for butadiene hydrogenation is also 

applicable to butene hydrogenation. Hydrogenation of !-butene occurred 

at a lower temperature (190K) than that for butadiene (Z90-380K). The 

desorption of the product, butane, is rate limited by desorption. This 

can be seen from the same desorption temperatures for butane regardless 

of whether butane or butene was adsorbed initially. Deuterium co-adsorption 

provided a determination as to whether hydrogenation was a one-step or a 

two-step process. Dz was incorporated into the hydrogenated product, 

butane, and the product desorbed in a sharp peak at 160K. This low 

desorption temperature was also seen when butane was co-adsorbed with 

Hz. Similar shifts in hydrocarbon desorption temperature, when co-adsorbed 

with Hz have been observed previously [Z7]. This provides an upper 

bound on the activation energy for hydrogenation (assuming 1st-order 

desorption [26]) of 9 kcal/mol. The Z-butenes did not hydrogenate without 

Hz co-adsorption, but when Hz was pre-adsorbed, butane was produced 

at 160K (as for !-butene). This indicates that the differences in hydro

genation without Hz co-adsorption between the butenes is due to differences 

in the activation energy for dehydrogenation, which is responsible for 

the availability of Had for hydrogenation. The desorption temperature 

for butane from 1-butene (190K) provides an upper bound (because it is 

desorption limited) on the activation energy for this dehydrogenation 

(assuming 1st-order desorption [Z6]) 11 kcal/mol. 
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As with butatdiene hydrogenation, the product distribution as a 

function of additive coverage, for butene hydrogenation, is similar for 

both sulfur and carbon (figure 7). The difference in the molecular 

binding energies on both surfaces (9 kcal/mol for a sulfur covered surface, 

and 14 kcal/mol for a carbon covered surface) kinetic control by the 

metal sites is suggested to explain the similarity in product distributions. 

Isomerization of !-butene to 2-butenes was found on the Mo(lOO) 

pre-adsorbed with carbon. The desorption temperature represents art upper 

bound on the activation energy for isomerization which is calculated to 

be 14 kcal/mol (assuming 1st-order desorption [26]). The similarity of 

the !-butene and cis-2-butene molecular desorption spectra on this surface 

may lead one to suggest that !-butene isomerizes to cis-2-butene. However, 

if the activation energy for isomerization is near that for desorption 

at 240 - 250K then the desorption spectra would look very similar regardless 

whether the product was cis-2-butene or trans-2-butene. 

9.4 Butane 

Butane either completely decomposes or desorbs on clean Mo(lOO). 

However, as carbon or sulfur coverage increases and blocks sites for total 

dehydrogenation, partial dehydrogenation to butene occurs. The mechanism 

may be different on the carbided surface from the sulfided surface. 

The desorption temperatures for the patially dehydrogenated product 

observed at sulfur coverages of greater than 0.5 monolayers are 220K 

and 390K. The high temperature desorption is above that found for butene 

adsorption, therefore the desorption is rate-limited by partial dehydrogenation. 

The activation energy for this reaction can be calculated to be 23 kcal/mol 

(assuming 1st order desorption kinetics {26]). The low temperature peak 
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may arise from carbon patches on the surface from some decomposed 

butane, since the desorption temperature is close to that for butene from a 

surface pre-adsorbed with carbon. Support for desorption from a carbon 

patch is found also in the AES data. This data shows that there was 

some carbon left on the surface after high temperature butene desorption. 

A site-blocking role for sulfur is again invoked to explain the observed 

partial dehydrogenation of butane. On a clean surface, the entire molecule 

can bond directly to the Mo atoms, thus complete dehydrogenation occurs. 

Complete dehydrogenation is blocked on a surface with pre-adsorbed sulfur. 

This can be understood by considering the geometry of the c(2X2) overlayer. 

The sites in the unit cell of this structure can allow only one end of the 

butane molecule to bond directly to the Mo surface. Thus enabling only 

one end of the molecule to be bound the metal surface where C-H bond breaking 

to occur. 

The desorption temperature of the butene on a surface with pre-adsorbed 

carbon was nearly the same as that when butene is initially adsorbed. 

Therefore, this process is rate-limited by desorption of butenes, and 

not by partial dehydrogenation. The upper bound on the activation energy 

for partial dehydrogenation on the carbon overlayer is 15 kcal/mol (assuming 

1st order desorption kinetics [26]). Also, production of butenes continues 

to increase for carbon coverages greater than 0.6 monolayers. This 

indicates that this reaction may occur on top of the carbon patches, 

5.0 Summary, Conclusion 

Sulfur has been found to be a more drastic poison than carbon [28,29] 

Theoretical calculations have suggested [28] that the difference is due 

to the smaller size of the carbon atoms relative to the sulfur atoms. 
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This could effect the bonding to the surface in the following way. 

Adsorption of the smaller carbon atom in four-fold sites may block only 

decomposition, leaving top-sites free for molecular bonding. Sulfur is 

large enough so that on top bonding would be blocked as well. The creation 

of room temperature molecular desorption sites may provide places where 

Pt-like catalytic reactions such as reforming can occur as suggested by 

Levy and Boudart {30j. These room temperature molecular binding states may 

also be the ones responsible for the gentle hydrodesulfurization reaction 

of thiophene. 

In summary, the main results and conclusions of the work are as follows: 

1) The clean Mo(lOO) decomposes most unsaturated hydrocarbons completely. 

2) The addition of sub-monlayer coverages of sulfur or carbon blocks 

sites for decomposition of hydrocarbons. 

3) 1be inhibition of decomposition enables other reaction pathways, 

such as hydrogenation to become more probable. These other reaction 

pathways are kinetically controlled by the metal sites. 

4) Sulfur and carbon overlayers effect the molecular binding in 

different ways. The binding energies were found assuming 1st-order 

desorption [26]. Hydrocarbon bonding on sulfur is very weak (9 -

10 kcal/mol). While on carbon it is stronger: 17 - 23 kcal/mol 

(thiophene and butadiene), 12- 15 kcal/mol (butenes), and 11 

kcal/mol (butane). 

5) The carbon overlayers provide sites for isomerization of !-butene 

to 2-butene, with an upper bound for the activation energy for 

isomerization of 14 kcal/mol. 

• 
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Table 1: Desorption temperatures (K) of various hydrocarbons from clean 
Mo(lOO), and with pre-adsorbed sulfur or carbon. Heating rate 
was lOK/s. 

compound I surface 

adsorbed desorbed clean sulfur carbon 
thiophene Hz Z70,360,610 380 400,690 

690 

thiophene 180,Z30 170 300,360 

1,3-buta- Hz Z90,360,580 380 410,590 
diene 

butadiene 150 150 150,290,340 
385' ( 0.::)0 .6) 

butene Z90 ( ~<O .5) 380 ( 0.::=0 • 7) 

!-butene Hz Z60,310,350 380 400 
580 

butene 150 150 245 
( &::<0 .6) 

butane 190 zoo ( ~<O .3) zoo ( &::<0 .4) 

trans-Z- I Hz Z50,350,580 380 400 
butene 

butene 150 150 200,Z50 
-

cis-Z- Hz Z50,Z90,350 380 400 
butene 580 

l butene 150 150 240 

butane Hz 360 (broad) 380 400 

butane 185 160 180 

butene Z20,390 Z60,330 
( ~)0 .7) ( 0.::)0 .5) 
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Figure Captions 

Figure 1: Thermal desorption spectra of thiophene on Mo(lOO) as a 

function of carbon coverage. Exposure is 0.35L. Heating rate 

is lOK/s. Species observed were H2 (mass 2) and thiophene 

(mass 84). 

Figure 2: Thermal desorption spectra of thiophene-Z,S-dz on Mo(lOO) as 

a function of sulfur coverage. Exposure is 0.35L. Species 

observed were Hz (mass Z) and Dz (mass 4) • 

Figure 3: Thermal desorption spectra of 1,3-butadiene on Mo(lOO) as a 

function of sulfur coverage (a) and carbon coverage (b). 

Exposure is O.ZSL. Species observed were Hz (mass Z), butadiene 

(mass 54), and butene (mass 56). 

Figure 4: TDS peak areas of 1,3-butadiene on Mo(lOO) as a function of 

sulfur (a) and carbon (b) coverage. Species observed were Hz 

(mass Z) ~ , butadiene (mass 54) X, butene (mass 56) ~ • 

Figure 5: Thermal desorption spectra of 1,3-butadiene co-adsorbed with 

Dz on Mo(lOO) with pre-adsorbed sulfur or carbon. Exposure 

is O.ZL 1,3-butadiene and 0.5L Dz. Species observed were 

butene (mass 56), butene-dl (mass 57), and butene-dz (mass 

58). 

Figure 6: Thermal desorption spectra of !-butene on Mo(lOO) as a function 

of sulfur (a) and carbon (b) coverage. Exposure is 0.35L. 

Species observed were Hz (mass Z), butene (mass 56), and 

butane (mass 58). Hz TDS from cis-Z-butene is also shown 

(a). 

Figure 7: TDS peak areas of !-butene on Mo(lOO) as a function of sulfur 

(a) and carbon (b) coverage. Species observed were Hz (mass 
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2) 8 , butene (mass 56) ~, butane (mass 58) 0 . 

Figure 8: Thermal desorption spectra of !-butene, cis-2-butene, and 

trans-2-butene on Mo(lOO) as a function of carbon coverage. 

Exposure is 0.35L. Species observed was butene (mass 56). 

Figure 9: Thermal desorption spectra~of butane on Mo(lOO) as a function 

of sulfur (a) and carbon (b) coverage. Exposure is 0.4L. 

Species observed were Hz (mass 2) and butene (mass 56). 

Figure 10: TDS peak areas of butane on Mo(lOO) as a function of sulfur 

(a) and carbon (b) coverage. Species observed were Hz (mass 

2) EJ and butene (mass 56) 8. 
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