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Overview 

This research program, funded by DOE BES Chemical Sciences Division (DE-FG02- 

9 1 ER14 190) focused on the development of a fundamental mechanistic understanding for 

several important classes of hydrogenolysis and oxidation reactions.[ 1-36] The primary reactions 

investigated were chosen based on their importance in fuel and chemical production as well as in 

environmental remediation, and include reactions for hydrodesulfurization (HDS), 

hydrodenitrogenation (HDN), carbon-carbon hydrogenolysis, and hydrocarbon oxidation. 

Significant accomplishments during this funding period centered on the two primary thrusts of 

the proposed work: 1) the development of more powerful measurement schemes and 2) the 

identification of reaction pathways and dominant intermediates for the key reactions. This 

summary report will highlight the key advances realized in this research program, with a brief 

sketch of each area given in the overview, followed by a more complete summary in the body of 

this report. 

New measurement schemes for  surface reactions: For the first time, in-situ ultra soft X-ray 

methods based on fluorescence detection have been developed and demonstrated over an 

extended range of reaction conditions. Significant measurement advances include 

0 

0 

0 

In-situ measurement of hydrocarbon intermediate stoichiometries and molecular structure 

Direct kinetic determinations under isothermal and isobaric conditions 

Application to increasingly complex surfaces including supported metal particles 
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Hydrodenitrogenation (HDN): For aromatic amines, key competition between hydrogenation 

and dehydrogenation determines structure of surface intermediates, which subsequently controls 

HDN selectivity and reactivity. Significant HDN advances include 

Open surface structures result in formation of tilted, hydrogenated intermediates, leading 

to selective, low temperature HDN 

Close-packed surface structures lead to less selective HDN of flat lying, aromatic 

intermediates 

Hydrogen is DIRECTLY involved in C-N bond breaking process 

Hydrodesulfurization (HDS,; For aromatic thiols, direct C-S bond breaking by the surface is 

followed by either hydrogenation or dehydrogenation, which controls the final products formed. 

Significant HDS advances include 

Open surface structures and moderate reactant coverage result in formation of tilted 

intermediates, leading to selective, low temperature HDS 

Close-packed surface structures result in less selective HDS 

Hydrogen is NOT DIRECTLY involved in C-S bond breaking 

C-C hydrogenolysis; For strained cyclic hydrocarbons, energetic forms of hydrogen initiate 

hydrogenolysis. Significant C-C hydrogenolysis advances include 

Hydrogen pressures up to 0.1 torr result in limited hydrogenolysis 

Energetic forms of hydrogen initiate hydrogenolysis (subsurface and gas-phase atomic) 

After C-C bond hydrogenolysis, surface structure and hydrogen pressure dictate the final 

products formed 
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Hydrocarbon oxidation: For C2 and C3 hydrocarbon oxidation reactions, a series of 

oxydehydrogenated intermediates are formed that subsequently undergo skeletal oxidation. 

Significant hydrocarbon oxidation advances include 

Oxydehydrogenation is the initial reaction step 

Substantial oxygen pressure sensitivity is observed for more complex surfaces (steps, 

supported particles) 

Acetylene-like intermediates are dominant under catalytic conditions 

Introduction 

Catalytic processes involving the hydrogenolysis and oxidation of organic molecules are 

key to the production of chemicals and fuels, as well as for environmental remediation. This 

interdisciplinary research program was focused on establishing the dominant reaction pathways 

and intermediates for hydrogenolysis and oxidation reactions. This new understanding will 

provide a foundation for innovations in catalytic materials and processes. A series of 

representative reactions have been characterized on a group of metal surfaces with controlled 

structure and chemistry. Nickel surfaces with (100) and (1 11) orientation were chosen to 

facilitate comparisons between open surfaces with significant hydrogenolysis reactivity, and 

close-packed surface with smaller hydrogenolysis reactivity. The close-packed Pt( 1 1 1) surface 

was chosen to represent a surface with moderate hydrogenolysis reactivity but large oxidation 

reactivity. The supported platinum thin film surfaces used for oxidation studies were selected as 

models of supported catalysts, The analogous series of reactants used for hydrogenolysis studies 

were selected to represent important functional groups for HDN, HDS, and C-C hydrogenolysis. 

Because of the competitive nature of the HDN and HDS process in initial stages of petroleum 

refining, direct comparisons between the HDN and HDS mechanisms are especially interesting. 
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The organic molecules used for the oxidation studies are representative of chemical feedstocks 

and hydrocarbon emissions from combustion processes. 

Hydrodenitrogenation (HDN) 

During studies of hydrodenitrogenation, two types of molecular mechanisms were 

observed for C-N hydrogenolysis in aromatic molecules on the single crystal Ni( loo), Ni( 1 1 1) 

and Pt( 1 1 1) surfaces. [ 5 ,  10, I 1, 13- 15,281 On the reactive Ni( 100) surface, selective 

hydrodenitrogenation of aniline was enhanced by formation of a hydrogenated C(sp3)-N 

intermediate adsorbed in a tilted configuration. On the less active (1 1 1) surface, aniline adsorbs 

parallel to the surface with about 20% undergoing direct hydrogenolysis of a C(sp2)-N aromatic 

intermediate, with the remainder being dehydrogenated. Intermediate structure and orientation 

clearly controls the competition between hydrogenation, dehydrogenation, and hydrogenolysis 

for aromatic amines. Catalytic hydrodenitrogenation is typically run on molybdenum sulfide 

catalysts promoted with nickel or cobalt.[37-401 Well-defined nickel surfaces have been used 

during these fundamental mechanistic studies to model reduced nickel “active sites”. Aniline 

and cyclohexylamine were used as the primary model reactants for these molecular-level studies 

of hydrodenitrogenation reactions. Direct comparisons between these molecular-mechanistic 

studies and more qualitative pathway studies on optimized catalysts indicate that similar 

products and selectivities are observed.[37-391 This comparison suggests that the mechanisms 

and intermediates observed for these model surfaces play an important role in a broad range of 

amine hydrodenitrogenation reactions. Hydrogenolysis of aromatic amines can be dominated by 

direct C-N bond activation in aromatic species (C(sp2)-N bond breaking) or by C-N bond 

breaking in a hydrogenated intermediate (C(sp3)-N bond breaking). Both direct C-N bond 

breaking in aromatic species and C-N bond breaking in hydrogenated saturated intermediates are 
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observed on single crystal Ni and Pt surfaces.[5, 10, 11, 13, 141 These reaction pathways are 

structure sensitive since C(sp3)-N bond breaking, in a hydrogenated intermediate, dominates on 

the Ni( 100) surface; while direct aromatic C(sp2)-N bond breaking dominates on the Ni( 1 1 1) and 

Pt(ll1) surfaces.[5, 10, 131 In both cases, for hydrogenolysis to proceed, substantial hydrogen is 

required to stabilize the amine hydrogens at reaction temperature. Dehydrogenation of the amine 

group results in an upright intermediate that cannot be selectively denitrogenated. Hydrogen is 

DIRECTLY involved in the C-N bond breaking process for both the C(sp3)-N and C(sp2)-N 

mechanisms. Complete hydrodenitrogenation of cyclohexylamine occurs over the Ni( 100) 

surface via the same intermediate and mechanism but at much lower hydrogen pressures. [ 101 In 

both cases, hydrogen-induced C-N bond breaking occurs in a tilted cyclohexylamine-like 

intermediate, which appears to be adsorbed in a (100) hollow site.[lO, 131 Direct 

hydrodenitrogenation of aromatic C(sp2)-N intermediates is observed on the Ni( 1 1 1) and Pt( 1 1 1) 

surfaces; however, even in 0.02 torr of hydrogen only 20% of a monolayer of aniline can be 

hydrodenitrogenated. [5 ,  101 Spectroscopic studies indicate that direct C(sp2)-N 

hydrodenitrogenation proceeds via an aromatic intermediate adsorbed parallel to the surface. 

Much of this adsorbed aniline is dehydrogenated forming a stable carbonaceous residue even in 

substantial hydrogen pressures. The parallels between the C(sp2)-N and C(sp3)-N 

hydrodenitrogenation mechanisms on the model metal surfaces and on supported catalysts 

indicates that the understanding developed with these molecular studies is applicable to more 

complex optimized catalysts systems. 

Hydrodesulfurization (HDS) 

During studies of thiol hydrodesulfurization on model Ni and Pt surfaces, we found that 

C-S bond breaking by the metal surface controls the hydrodesulfurization process.[2, 3 ,6 ,9 ,  12, 
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18,20,2 1,23,26-28, 32, 341 Hydrogen is not involved in the C-S bond breaking process but 

plays an important role in controlling the stability of adsorbed species and the final products 

formed. Nickel promoted molybdenum sulfide catalysts supported on alumina are frequently 

used for hydrodesulhrization of crude oil, which is a critical part of the refining process.[41-431 

Low valent nickel sites play an important role in these catalysts. Well-defined nickel single 

crystal surfaces have been used during these mechanistic studies to model reduced nickel “active 

sites”. Substituted benzenethiols are important intermediates during hydrodesulfurization of 

benzothiophenes and dibenzothiophenes, since aromatic thiol bonds are difficult to desulfurize. 

Based on these observations, benzenethiol and related thiols have been selected as model 

reactants for these mechanistic studies. During adsorption on Ni surfaces, benzenethiol is 

adsorbed initially on Ni surfaces as the thiolate, so thiolate desulfurization is the primary 

reaction path for this reaction.[6, 18,231 In-situ soft X-ray absorption studies for hydrogen 

pressures up to 0.01 torr indicate that hydrogen plays NO DIRECTrole in C-S bond breaking. 

Carbon-sulfur bond breaking by the metal surface is clearly indicated by toluene formation 

observed during hydrodesulfurization of co adsorbed methanethiol and benzenethiol.[ 121 Single 

deuterium incorporation for both the methane and benzene products formed also indicates that 

adsorbed methyl and phenyl are formed by C-S bond breaking and are then hydrogenated in a 

later reaction step. Taken together, these results all indicate that hydrogen is not directly 

involved in C-S bond breaking on these Ni surfaces. 

Comparisons between hydrodesulfurization of benzenethiol and cyclohexanethiol on the 

Ni( 100) and Ni( 1 1 1) surfaces reveal that the C-S bond in cyclohexanethiol is broken more easily 

than the C-S bond in benzenethiol.[l8, 21, 23, 321 This correlation between C-S bond strength 

and C-S bond breaking supports a homolytic C-S bond activation process. For benzenethiol, the 

orientation of the adsorbed phenylthiolate intermediate also play an important role in controlling 
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reactivity. Low benzenethiol coverages favor adsorption geometries almost parallel to surface 

plane, which strongly favors dehydrogenation. In contrast, tilted aromatic thiolate intermediates 

formed at intermediate coverages favor low temperature C-S bond breaking. Finally, upright 

thiolates formed near saturation coverages are much less reactive since the C-S bond does not 

interact strongly with the surface. Based on this work, the Ni( 1 1 1) surface favors tilted 

geometries and favors C-S bond breaking. The Ni(100) surface favors more upright 

configurations and is less reactive. Hydrodesulfurization and dehydrogenation are more rapid 

than hydrogenation of aromatic intermediates under the conditions used here so no hydrogenated 

intermediates (e.g. cyclohexylthiolate) with enhanced reactivities are formed. With substantial 

increases in hydrogen pressure, hydrogenation before C-S bond breaking may further enhance 

hydrodesulfurization rates. 

Hydrogenolysis of C-C Bonds 

Major factors controlling C-C bond hydrogenolysis in small cycloalkanes on the Pt( 1 1 1) 

and Ni( 1 1 1) surfaces include ring strain in the cycloalkane, the adsorption strengths of the 

cycloalkane, and the reactivity of the hydrogen species reacting.[7, 16, 17,22,24,25, 3 I] These 

C-C hydrogenolysis studies are focused on characterizing intermediates and reaction pathways 

for hydrogenolysis of C3 through Cg cycloalkanes on Pt and Ni single crystal metal surfaces. In- 

situ studies of cyclopropane hydrogenolysis on the Pt(ll1) surface in 0.01 torr of hydrogen have 

clearly established the dominant intermediate species and reaction pathways. [3 11 During initial 

stages of reaction, cyclopropane undergoes ring opening to form adsorbed metallocyclobutane. 

Hydrogenation of the adsorbed metallocycle results in the formation of adsorbed propyl. With 

increasing temperature propyl is hydrogenated to form the propane product. 
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In low pressure experiments, coadsorbed hydrogen does not react even with strained 

cycloalkanes, since cycloalkane desorption rates are faster than hydrogen addition rates. 

However, for the strained small cycloalkanes, energetic subsurface hydrogen and gas-phase 

atomic hydrogen initiates C-C bond activation on low index platinum and nickel surfaces.[7, 16, 

19,22,24] In contrast, no C-C bond breaking is observed for unstrained cyclic hydrocarbons 

(CS, C6), even though these reactions are thermodynamically feasible with gas-phase atomic 

hydrogen.[8] This clearly indicates that C-C bond breaking is kinetically controlled, even for gas 

phase atomic hydrogen. The mechanism of C-C bond activation in small strained ring systems by 

energetic forms of hydrogen closely parallels the mechanisms proposed during catalytic studies 

on Ni and Pt at higher pressures and moderate reaction temperatures.[44-461 The initial 

hydrogen addition process for adsorbed cyclopropane results in the formation of an adsorbed 

propyl. Adsorbed propyl on the Ni( 1 1 1) surfaces is hydrogenated to form propane near 200 K, 

nearly 80 K higher than previously observed on the Ni(100) surface.[ 19,221 The yield of 

propane from adsorbed propyl on the Pt( 1 1 1) surface is approximately 15 times greater than 

observed for adsorbed propyl on Ni( 1 1 1) indicating that Pt is a superior hydrogenation catalyst. 

Hydrocarbon Oxidation 

Using recently developed soft X-ray methods, oxidation of CZ, C3, and aromatic 

hydrocarbons have been characterized at the molecular level on the Pt(ll1) surface.[29, 30, 33, 

351 Using a combination of ultra soft X-ray spectroscopy for characterizing the structure and 

1 

bonding of reactants and intermediate, temperature programmed fluorescence yield near edge 

methods to determine the stoichiometry of dominant intermediates, and isothermal and isobaric 

in-situ kinetic measurements, reaction pathways can be established over a broad range of 

pressures and temperatures. On the Pt( 1 1 1) surface, oxydehydrogenation preceeds C-C bond 
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oxidation for all of the hydrocarbons studied. Propylene oxidation on the Pt( 1 1 1) surface is 

sequential process with initial oxydehydrogenation forming 1 -methyl vinyl. Methylacetylene 

formed in a second oxydehydrogenation process undergoes rapid skeletal oxidation to form CO 

or CO2.[29, 301 Under steady-state catalytic conditions the dominant surface intermediate is 

methyl acetylene during propylene oxidation. Aromatic oxidation on the Pt(ll1) surface 

proceeds through a series of specific intermediates depending on the substitution of the aromatic 

ring.[35, 361 For instance the first step in benzene oxidation is rehybridization to form a strongly 

adsorbed di-o species from the n: bonded species. Oxydehydrogenation of the di-o species results 

in formation of a tri-o intermediates and firther to a quadra-o species. At this point, oxygen 

addition results in the formation of a phenoxy intermediate which is rapidly oxidized to form CO 

and C02. 

Collaborations 

Collaborative research programs were developed with the National Synchrotron Light Source at 

Brookhaven National Laboratory,[l, 2, 5, 10, 13-15, 18, 30,31, 33, 361 with the Chemistry 

Department at Brookhaven National Laboratory,[26, 281 with the Chemistry Department at Oak 

Ridge National Laboratory, [6 ,  9, 12, 18,20,23, 341 and with the Ford Science Laboratories [29, 

30, 331 in the area of hydrocarbon oxidation. Soft X-ray facilities at National Synchrotron Light 

Source at Brookhaven National Lab were developed as part of the U7A PRT in collaboration 

with the Chemistry Department at Brookhaven and used for in-situ characterization of reaction 

kinetics and reaction intermediates. These facilities provide unprecedented sensitivity and 

flexibility for in-situ characterization of monolayer surface reactions over an extended range of 

temperatures and pressures. 
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